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ABSTRACT

MUHAMMAD SARMAD TARIQ. Optimal Power Flow Management using Unified
Power Flow Controller . (Under the direction of DR. SUKUMAR
KAMALASADAN)

With regards to optimal power flow models of FACTs devices, several models have
been published. These encompass both DCOPF and ACOPF models incorporating
Series as well as Shunt devices. Finding a feasible solution is of utmost importance
with respect to OPF solutions. Feasibility not only encompasses feasibility with
regards to voltage limits and line flows limits but it includes any constraints related
to power flow control devices installed in the power system. These include FACTs
devices. Several models have been published where the constraints have been included
in non-Linear ACOPF models. However, few exist where the power rating constraints
have been incorporated in a Linear ACOPF model.

An LPOPF model is proposed for line loading managment of a power system with-
out any change in real and reactive generation output. The proposed LPOPF model
aims to minimze congestion. The accuracy of the proposed model is improved by
adjusting the control variables depending on the feasibility and accuracy of lineariza-
tion of each LPOPF iteration. Furthermore, in order to obtain larger reduction in
line loading, the solution space of LPOPF is updated at every iteration regardless of
if the solution of the current LPOPF model is feasible or infeasible. This enlarges
the solution space of LPOPF and hence helps in obtaining a feasible solution which
is more optimal. Morevoer, an LPOPF formulation has been proposed which com-
bines UPFC control along generation control. The co-optimization of the two controls
can be used to effectively manage the line loading of the power system. Generation
control considered is of three categories which are real generation control, reactive
generation control and the combined used of real and reactive generation control. By

doing so, the degree of effectiveness of a UPFC can be highlighted in the presence
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of generation control. Furthermore, for optimal location of UPFC, a computation-
ally efficient algorithm,namely the teaching learning based optimization(TLBO) has
been applied. This method is easy to implement relative to other population based
algorithms like particle swarm optimization. The algorithm has been adapted and
modified to obtain the optimal combination of UPFC placements on a power system.
The discrete version of TLBO has been used which is called DTLBO. The DTBLO
has been modified further in order to take into account the combinatorial optimiza-
tion for the placement of 2 UPFCs. Further modifications have been made for the
given DTLBO placement algorithm to improve convergence using steps used in the
continuous TLBO algorithm. To the best of authors knowledge, an easy to implement
algorithm such as the DTLBO has not been used previously to determine the optimal
location of UPFC for line loading management. Lastly, an algorithm is introduced to
find the optimal rating of the UPFC considering three generation control scenarios:
No generation control, real generation control only and reactive generation control
only. A cost-benefit analysis is shown to discuss the trade off between cost of UPFC

and degree of control over line loading of the power system.
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CHAPTER 1: INTRODUCTION

1.1 Transmission Congestion and Costs Associated with it

Congestion Costs are incurred on an electric grid when theire is insuffucient capac-
ity to deliver low cost generation to load buses. Since the load has to be satisfied,
high cost generation is dispatched instead increasing the total generation cost. There
are various measures to manage congestion but the congestion cost is paid by the
consumer in the end. Recnetly, there has been an increase in renewable deployment
which has outpaced the the transmission expanison resulting in an increased conges-
tion. This can be seen in Table.1.1 and Table.1.2 where a large increase in congestion
costs can be seen in the year 2020-2021.

The best way to reduce transmission congestion is to increase transmission capacity
however upgrading the transmission infrastructure is an expensive process. With the
increase in wind and solar PV resources, further there is a need to invest more in the

transmission system to enable greater renewable energy interconnection.

Table 1.1: Nationwide Congestion Costs(Millions of Dollars)

2016 6501

2017 7266

2019 6379

$
$
2018 $ 8776
$
$

2020 6686

2021 §$ 13353




Table 1.2: Nationwide Congestion Costs for RTOs(Millions of Dollars)

RTO 2016 2017 2018 2019 2020 2021

ERCOT 497 976 1260 1260 1400 2100

ISO-NE 39 41 65 33 29 50

MISO 1402 1518 1409 934 1181 2849

NYISO 529 481 596 433 297 551

PJM 1024 698 1310 583 529 995

SPP 280 500 450 457 442 1200

TOTAL 3771 4214 5090 3700 3878 7745

1.2 Flexible AC Transmission System Devices

Flexible AC Transmission System (FACTS) is a concept using the help of power
electronic switching converters and dynamic controllers to increase the power transfer
capability and hence system utilization of the transmission system. It can also be
used to increase the stability, security and reliability of AC power system. The class
of FACTS includes many devices such as thyristor-based controllers, phase shifters,
advanced static VAR compensator, Unified power flow controllers, Interline Power
Flow Controllers and other recently introduced modular devices. The need for FACTs
is ever increasing due to the high cost of constructing new transmission lines and
generation facilities. This has increased the need for better utilization of existing
transmission assets. The FACTs can change the transmission line network parameters
such as the impedance, current and voltage magnitude and hence by doing so they
are able to achieve the above objectives. The FACTs devices are able to change these
system parameters in a fast and effective manner.

The types of FACTs devices can be classified as shown in Table.2.1. They are
divided according to if they are installed in series and shunt across the transmission

line and their control targets. The Shunt controllers are normally used for voltage



Table 1.3: Classification of FACTs Devices

Classification Control Targets FACTs Devices
Shunt Controller Voltage Regulation SVC,STATCOM
Series Controller Real Power Flow Control | TCSC, TCPS,PST,
Distributed SSSCs
Combined Series and Real and Reactive Power | Unified Power Flow
Shunt Controller Flow Control,Voltage Controller
Regulation

regulation on buses by exchanging reactive power to the bus it is installed across. The
series Controllers are used for controlling the flow of real power in the line it is attached
to. This is done by injecting a voltage either leading or lagging with respect to the
current flowing through the line and thus either a capacitive or inductive impedance
is injected into the line. This results in a decrease or an increase in the real power
flow in the line the series controller is installed in. The combined series and shunt
controllers allow maximum control as they allow control of real and reactive power
flow in the line as well as voltage regulation. The UPFC has two voltage sources,
a series and a shunt voltage source. Real Power is exchanged between the series
and shunt voltage source however the UPFC does not consume any real power. The
shunt voltage source exchanges reactive power with the bus to control the voltage.
There exist other subsets of control modes for the UPFC but which are less frequently
utilized. For example, the UPFC can act as a phase shifting transformer if only real
power flow reference is specified. However, the advantage of the UPFC in this control
mode as compared to a phase shifting transformer is that the UPFC also allows
voltage control to the local bus it is installed to. Moreover, another control mode
of the UPFC allows the series injected voltage magnitude and angle to be specified.
Thus, there can exist multiple control modes with other specified references with two
degrees of freedom.

tabularx



1.3 Current Research Gap,Proposed Research and Main Contributions

With regards to optimal power flow models of FACTs devices, several models have
been published. These encompass both DCOPF and ACOPF models incorporating
Series as well as Shunt devices. Finding a feasible solution is of utmost importance
with respect to OPF solutions. Feasibility not only encompasses feasibility with
regards to voltage limits and line flows limits but it includes any constraints related
to power flow control devices installed in the power system. These include FACTs
devices. Several models have been published where the constraints have been included
in non-Linear ACOPF models. However, few exist where the power rating constraints
have been incorporated in a Linear ACOPF model. Ref. [1] modesl the UPFC power
rating and voltage rating constraints in an LPOPF format. However, modifications
can be introduced in this model and enhacements can be made to maximize the
benefit of UPFC in line loading management of a power system.

Based on the literature review, the gaps in the Optimal power low models of FACTs

devices are summarised below:

e There exists a lack of Linear-programming based ACOPF models which incorpo-
rate the physical constraints of the FACTs devices. To be specific, the physical
constraints are determined by the charactersitics of the series and shunt voltage

sources comprising the device.

e To extend the previous point, the co-optimization of FACTs and generation
control in a computationally efficient OPF with the objective of line loading

management needs to be explored.

e Optimization of Allocation of UPFC devices is an area which can be explored
further. Several techniques have been used in the past. The recent introduction
of Teaching Learning Based Optimization is something which can be applied to

UPFC allocation as well.
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e The optimal sizing of the UPFC with regards to line loading management can
be explored. The consideration of the cost of the UPFC is important as it is an

expensive device.

Based on the research gaps discussed above, the summary and contribution of each

chapter is discussed below:

e Chapter 2 provides a literature review of the optimal power flow models of

FACTs devices.

e Chapter 3 provides a background of the existing newton raphson power models
of FACTs devices. Results have been verified and tested for series as well shunt
FACTs devices. This will serve as a basis of the UPFC bus injection model used

in the following chapters.

e In chapter 4, an LPOPF model is proposed for line loading managment of
a power system without any change in real and reactive generation output.
Compared to Ref. [1], the proposed LPOPF model aims to minimze congestion
by improving the model in Ref. [1]. The accuracy of the proposed model is
improved by adjusting the control variables depending on the feasibility and
accuracy of linearization of each LPOPF iteration. Furthermore, in order to
obtain larger reduction in line loading, the solution space of LPOPF is updated
at every iteration regardless of if the solution of the current LPOPF model is
feasible or infeasible. This enlarges the solution space of LPOPF and hence

helps in obtaining a feasible solution which is more optimal.

e In chapter 5, an LPOPF formulation has been proposed which combines UPFC
control along generation control. The co-optimization of the two controls can
be used to effectively manage the line loading of the power system. Generation
control considered is of three categories which are real generation control, reac-

tive generation control and the combined used of real and reactive generation
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control. By doing so, the degree of effectiveness of a UPFC can be highlighted

in the presence of generation control.

In chapter 6, for optimal location of UPFC, a computationally efficient algo-
rithm,namely the teaching learning based optimization(TLBO) has been ap-
plied. This method is easy to implement relative to other population based
algorithms like particle swarm optimization. The algorithm has been adapted
and modified to obtain the optimal combination of UPFC placements on a
power system. The discrete version of TLBO has been used which is called
DTLBO. The DTBLO has been modified further in order to take into account
the combinatorial optimization for the placement of 2 UPFCs. Further modifi-
cations have been made for the given DTLBO placement algorithm to improve
convergence using steps used in the continuous TLBO algorithm. To the best
of authors knowledge, an easy to implement algorithm such as the DTLBO has
not been used previously to determine the optimal location of UPFC for line

loading management.

In chapter 7, an algorithm is introduced to find the optimal rating of the UPFC
considering three generation control scenarios: No generation control, real gen-
eration control only and reactive generation control only. A cost-benefit analysis
is shown to discuss the trade off between cost of UPFC and degree of control

over line loading of the power system.



CHAPTER 2: LITERATURE REVIEW

2.1  Introduction

Flexible AC Transmission System (FACTS) is a concept using the help of power
electronic switching converters and dynamic controllers to increase the power transfer
capability and hence system utilization of the transmission system. It can also be
used to increase the stability, security and reliability of AC power system. The class
of FACTS includes many devices such as thyristor-based controllers, phase shifters,
advanced static VAR compensator, Unified power flow controllers, Interline Power
Flow Controllers and other recently introduced modular devices. The need for FACTs
is ever increasing due to the high cost of constructing new transmission lines and
generation facilities. This has increased the need for better utilization of existing
transmission assets. The FACTs can change the transmission line network parameters
such as the impedance, current and voltage magnitude and hence by doing so they
are able to achieve the above objectives. The FACTs devices are able to change these
system parameters in a fast and effective manner. A summary of the comparison of

a power system with and without FACTs is shown in Fig.2.1.

Without FACTs

Fixed Line Parameters

Area 1l Area 2

With FACTs
Power Electronics + Control(Variable
Line Parameters)

% ot o

Area l Area 2

Figure 2.1: Comparison of Power System with and without FACTs

The key benefits of FACTs devices are listed below:



Improve power transfer capability.

Increase penetration of renewable energy

Balance power between parallel transmission paths to prevent overloading

/underloading.

e Improve stability margins of existing grid

Prevent loop flows

e Achieve fast dynamic voltage regulation and frequency control

The locations where the FACTs devices can be installed in a power system are
shown in Fig.2.2. As can be seen, they can be used in a wide variety of locations de-
pending on the requirements hence there is a great deal of flexibility in the application

of FACTs devices and how you want to tailor it to the system requirements.

(")  Power Plant
—
4 Renewable Energy Resource
Gy Tham gl
e
I E_, Bulk Industrial Load
Area 2 o Possible FACTs Locations
!Eﬂ
@\ /{ i
=/ /
.
.rEn | Areat Area 3
T‘ﬁg
R Area 4
I f@'\
E Tﬁg

Figure 2.2: Possible Application Locations of FACTs



2.2 Types of FACTs Devices and their applications

The types of FACTs devices can be classified as shown in Table.2.1. They are
divided according to if they are installed in series and shunt across the transmission
line and their control targets. The Shunt controllers are normally used for voltage
regulation on buses by exchanging reactive power to the bus it is installed across. The
series Controllers are used for controlling the flow of real power in the line it is attached
to. This is done by injecting a voltage either leading or lagging with respect to the
current flowing through the line and thus either a capacitive or inductive impedance
is injected into the line. This results in a decrease or an increase in the real power
flow in the line the series controller is installed in. The combined series and shunt
controllers allow maximum control as they allow control of real and reactive power
flow in the line as well as voltage regulation. The UPFC has two voltage sources,
a series and a shunt voltage source. Real Power is exchanged between the series
and shunt voltage source however the UPFC does not consume any real power. The
shunt voltage source exchanges reactive power with the bus to control the voltage.
There exist other subsets of control modes for the UPFC but which are less frequently
utilized. For example, the UPFC can act as a phase shifting transformer if only real
power flow reference is specified. However, the advantage of the UPFC in this control
mode as compared to a phase shifting transformer is that the UPFC also allows
voltage control to the local bus it is installed to. Moreover, another control mode
of the UPFC allows the series injected voltage magnitude and angle to be specified.
Thus, there can exist multiple control modes with other specified references with two
degrees of freedom.

tabularx
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Table 2.1: Classification of FACTs Devices

Classification Control Targets FACTs Devices
Shunt Controller Voltage Regulation SVC,STATCOM
Series Controller Real Power Flow Control | TCSC,TCPS,PST,SSSC,
Distributed SSSCs
Combined Series and Real and Reactive Power | Unified Power Flow
Shunt Controller Flow Control,Voltage Controller
Regulation

2.2.1  Series Controllers

The Series Controllers include devices such as the SSSC, TCSC, PST and the re-
cently introduced Distributed SSSCs. They are normally used to control the real
power flow in the transmission line by injecting a voltage in series with the transmis-
sion line which changes the impedance of the line. However they have various other
control modes which will be discussed later. The circuit diagram of a series controller

is shown in Fig.3.1.

Bus i Vie 465, Bus j
Pij + Qi | Zse | Pji + jQji

-
| N [

Vi Vj

Figure 2.3: Series Voltage Model

Other power flow models which can effectively simulate the series controllers include
the Bus Injection Model and the Variable reactance model. These are particularly
applicable to TCSC devices. They will be discussed in detail in the next chapters

however a brief introduction is provided here.
2.2.1.1  Variable Reactance Model

The variable reactance model is shown in Fig.2.4.



XTCSC / Xixed

i
— L/

Figure 2.4: Variable Reactance Model

The impedance of the line between bus i and bus j is given by Eq. 2.1.

1

2k =Tk + J( Xk + Tiese) =
k K+ J(k tesc) 9 + bn

2.2.1.2  Bus Injection Model
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(2.1)

The Bus Injection Model is shown in Fig.2.5. It models the TCSC as extra buses

in the form of a decoupled power flow. Since a series controller is usually used to

control the flow of real power thus an extra bus i’ is added to the real power flow

jacobian matrix. The Reactive power flow jacobian is not affected.

Real and Reactive Pow er

Bus i TCSC BUSJ
| Zij |
Pij —=
Scheduled Line Power
Fi+jQi Pj+jQj
Real Pow er

Bus i Bus i' Bus j
| Zij |

! | P
Pi+Pij _Pij

Reactive Pow er .
Bus i Bus j
Zij |

o e

Figure 2.5: TCSC Bus Injection Model

A brief comparison is provided between the three different models in Table.2.2.

The control modes of a SSSC device are listed below:



Table 2.2: Comparison between Models of Series Controllers
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Advantages

Series Reactance Model

This models the TCSC as a variable
reactance directly which seems
intuitive.

Series Voltage Model

-The voltage model allows the existing
NR code to be used and only adds an
extra separate block to it.

Bus Injection Model

-The convergence of the modified NR
flow is not affected.

Limitations

Series Reactance Model

The change in reactance appears as a
non-linear term which may affect
convergence.

Series Voltage Model

The convergence is dependent on the
initial values of V,. and dq..

Bus Injection Model

Fictitious bus model is not how TCSC
controls real and reactive power.

tabularx

Active Power Flow Control.

Reactive Power Flow Control.

Bus Voltage Control.

Impedance Control.

Distributed FACTs

Recently, a new class of devices called Distributed FACTs or Smart Valves has

been introduced which are modular devices used to control real power flow. They are

similar to conventional TCSC devices in their function however the scale of operation

of DFACT devices is very different from the TCSC devices. The power system model

for a DFACT device is derived from a company called Smart Wires which has its

patent. The smart valve module is shown in Fig.2.6. Fig.2.7 shows the location of

DFACT modules attached to a tranmission line. As can be seen, as compared to a
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single TCSC device, there are multiple DFACT units installed on a transmission line.

Current feedback Transformer Power Line
I Power Supply
Y

I Control —{ Swiching Converer |

Figure 2.6: Distributed FACT Module

D51 Maodales
[

S NS, GO
L A

Figure 2.7: Multiple DFACTs installed on a Transmission System

The DFACT module harvest current from the line, transforms it from AC to DC
and then injects its back in the form of an AC voltage waveform of the specified
frequency. A DFACT module can be operated in three control modes which are listed
as: a) Reactance Mode b) Current Mode c¢) Voltage Mode. In the reactance mode, a
DFACT module is set to output a fixed reactance. Thus, the injected voltage will vary
to keep the reactance fixed as the current in the line changes. In the current mode,
the objective is to keep the line current within a certain range. Thus, if the current
is above a threshold value, the DFACT module can increase its inductive injection.
Likewise, if the current is below a threshold value, the DFACT module can increase
its capacitive injection to increase the current in the line. In the voltage mode, the
DFACT module is set to output a fixed voltage. Thus, the injected reactance will

vary as the line current changes. Since DFACT device injects a voltage in series with
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the line which is either 90 degrees leading or lagging with the current thus leading to
either a capacitive or inductive reactance, there are two ways to model it in a power
flow, which are either as a variable reactance or as an ideal voltage source in series.
Both models effectively model the same device well however normally in AC power
flow models, both a voltage source in series and a variable reactance can be modelled
while in DC power flow models, a variable reactance is the only way to model a
DFACT module. The reactance mode of a DFACT module is modelled in Fig .2.8.
It must be emphasized that the DFACT module should not be modelled as a fixed
reactance or fixed voltage source. However, it should be modelled as a dynamic line

component which responds to power system states and its control objectives.

Monitoring Mode Inductive Injection
+
in =
Vinjected=0 V_injected>0
Xeffective=0 Xinductive

Capacitive Injection
V injected<0
H

"

Xcapacitive

Figure 2.8: Distributed FACTs Control Modes

2.2.2  Shunt Controllers

A STATCOM is usually used to control transmission voltage by reactive power
shunt compensation. In ideal steady state analysis, no active power is exchanged
between the AC system and the STATCOM. Only reactive power can be exchanged
between them. The STATCOM may be used to control one of the following parame-

ters:

e Voltage magnitude of the bus to which STATCOM is connected.

e Reactive Power Injection to the bus to which STATCOM is connected.
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Impedance of the STATCOM.

Reactive Power Flow.

Current magnitude of the STATCOM where the current through the STATCOM

leads the voltage injection of the STATCOM by 90 degrees.

Current magnitude of the STATCOM where the current through the STATCOM
lags the voltage injection of the STATCOM by 90 degrees.

BUS | =——

i Psh + jQsh

Zsh

Vi

Vsh‘i'gsh

Figure 2.9: STATCOM Model

The two new state variables added in the Jacobian Matrix are the magnitude and
anlge of the shunt voltage source. The two new mismatch equations will be the

mismatch in the control reference and the real power consumed by the STATCOM.
2.2.3  Unified Power Flow Controller

The Unified Power Flow Controller consists of two converters. The two converters
are connected via a common DC link. One of the converters is connected with the
transmission line via a series transformer while the shunt inverter is connected to the

the bus i via a shunt connected transformer. The shunt voltage source can generate
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and consume reactive power. It can also provide active power to the series converter
to satisfy the control mode requirements. The circuit diagram of the UPFC is shown

in Fig.2.10.

V.20: V;26;
. Voo 265 =
Zse

Pi+jQi 2eh Pj+jQj

Vsh Lgsh

Figure 2.10: UPFC Model

The UPFC unlike the Series and Shunt Controllers has two degrees of freedom.

The control modes of the UPFC are listed below:
e Active and Reactive Power Flow Control.
e Power Flow Control by Voltage Shifting.
e General Direct Voltage Injection.
e Direct Voltage Injection with Vse in phase with Vi.
e Direct Voltage Injection with Vse in Quadrature with Vi(lead).
e Direct Voltage Injection with Vse in Quadrature with Vi(lag).
e Direct Voltage Injection with Vse in Quadrature with Tij(lead).

e Direct Voltage Injection with Vse in Quadrature with Iij(lag).
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Voltage Regulation with Vse in Phase with Vi.

Phase Shifting Regulation.

Phase Shifting and Quadrature Regulation(lead).

Phase Shifting and Quadrature Regulation(lag).

Line Impedance Compensation.

2.3  Power Flow

The power flow solves for a deterministic solution to the power flow equation given

by Eq.2.2 and Eq.2.3.

S=V)xI (2.2)

S=(V)x (YV)* (2.3)

V is an N-dimensional vector V' = (V,...., V) of phasor voltages at each system
bus. Iis an N-dimensional vector I = (I3, ...., Iy) of phasor currents injected into the

network at each system bus.

Y denotes the bus admittance matrix given by Eq .2.4.

Yio ... Yy

YNl YNN

S denotes the vector of complex power injections at each bus given by P+jQ. At
each bus i, the total injected power is the difference between the generation and the
load.

S; = 8¢ — sk (2.5)

P, +jQi = (PF = PF) +5(QF — Q) (2.6)
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V represents the voltages that characterize the system power flow for a given admit-
tance matrix Y. Conventional Power Flow does not solve for any objective function
but instead it is a feasibility problem. This means that the objective is to compute
the bus voltages and angles for given bus injections(generation except the slack bus
and load). It is an exactly determined problem. The equations which are solved in a

power flow are given by Eq.2.7 and Eq.2.8.

P(V.0) = (Pf) = (P}) VieN (2.7)
Qi(V.0) = (QF) — (QF) VieN (2.8)

To reach a deterministic solution, two out of the four unknown variables for each
bus have fixed values. The four unknown variables for each bus are net real power
injection, net reactive power injection, voltage magnitude and voltage angle. The
variables are fixed according to the bus type which are slack bus, load bus and voltage-
controlled bus. The classification of the buses are shown in Table.2.3.

Table 2.3: Power System Bus types for conventional power flow

Bus Type Slack PQ PV
Known Quantities o,V PQ PV
Unknown Quantities PQ 46,V 46,Q

Number of Equations in PF 0 2 1

At the slack bus, the voltage magnitude and angle are fixed to normally 1 V and
0 degrees to provide a reference for the whole power system. The power injections
are not fixed so that the losses are covered by the slack bus. For the load bus, the
power injections are given but the voltage and angle needs to be calculated. For the
PV buses, the real power injection and voltage magnitude are fixed while the reactive

power injection and the voltage angle needs to be calculated in the power flow.
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The Optimal Power Flow solves for an objective function subject to satisfying the

power flow equations. The presence of the power flow equations is the distinguishing

feature between the optimal power flow and other classes of power system problems

such as unit commitment and economic dispatch. The Optimal power flow formula-

tion is described in the following equations:
Min XC;(P)

P(V,8) = (Pf) — (P}) YieN
Qi(V,0) = (QF) - (QF) VieN
(PE™™) < (PE) < (PO™*)  Vie G
(QF™™) < (QF) < (QF™") Vie G

(V") < (Vi) < (V™) YieN

(87m) < (8;) < (67*") Vi€ N

(2.9)

(2.10)
(2.11)
(2.12)
(2.13)
(2.14)

(2.15)

The power system modelled in the above formulation has N buses connected by a

set of branches L. with generators located at a subset G C N of the system buses.

The operating cost of the generator is a function of its real output power C;(P).

There can be other objective functions as well for the optimal power flow problem

some of which are listed below:

e Total generation cost.
e Total Network Loss

e Active/Reactive power loss.
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Power Transfer Capability.

Optimal Voltage Profile.

System Loadability.

Load Shedding.

e Environment Impact.

Furthermore, control variables can include variables other than real and reactive
generation. The control variables can be discrete or continuous. Some of the control

variables are listed below:
e Real/Reactive generation.
e Regulated Bus Voltage Magnitude.
e Transformer Tap Settings.
e Load Shed
e FACTs Control.
e Line Switching.
e Generator Voltage Control Settings.
e Switched Shunt Reactive Devices.

Optimal power flow problems are also classified according to the solution meth-
ods. Different OPF formulations have different selection of variables, objectives and
constraints which lead to different solution method design. The types of OPF formu-
lations are Non-Linear programming, Linear programming, Quadratic Programming,
Mixed integer linear programming and Mixed integer nonlinear programming. It must

also be kept in mind that an OPF solution method needs to satisfy some requirements
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as the algorithms are becoming more and more complex. The OPF algorithm will be

better if it has the following features:

e Higher Computational Speed.

Reliability of Solution.

Robustness of Solution.

Simple to understand.

Incorporation of Security Constraints.

Incorporation of Multiple Objectives.

2.5 Existing Power Flow and Optimal Power Flow Formulations incorporating

FACTS devices
2.5.1  Power Flow Modelling of DFACT devices

The initial literature published on distributed facts is focused on its power system
modelling and incorporation into the power flow since the main objective of DFACTs
is power flow control and congestion management. Ref [2] has published a DCOPF
based formulation incorporating distributed facts as a variable impedance series facts
devices. The DCOPF formulation is feasible from industry perspective as the day-
ahead and real-time markets use DCOPF-based formulation. Another formulation
published in Reference [3] is the Shift-factor formulation. This has the advantage
of being more computationally efficient as compared to the DCOPF-based formula-
tion as only the congested lines need to be part of the PTDF formulation. Other
formulations incorporating distributed facts are based on sensitivity-based gradients.
Reference [4, 5] has published such formulation. Linearized sensitivities are calcu-

lated for change in power system state variable with respect to a change in line
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impedance using the Jacobian matrix and impedance matrix. Sensitivity of differ-
ent functions can then be calculated with respect to system state variable such as
angle and voltages. Such functions can be power flow on lines, power losses and
other functions of interest. Steepest descent method is then used to reach an optimal
solution for a non-linear optimization problem. This is useful given the fact that
unlike the DCOPF and PTDF based formulation, sensitivity-based method is based
on AC power flow modelling of DFACTs. The steepest descent runs an ACPF power
flow on each step. Another approach presented uses bilinear optimization framework
incorporating facts [6]. The approach does not require any knowledge of line flow
directions. The formulation (SCED DC Load flow) is based on the day-ahead market
since mostly day-ahead dispatch does not include facts optimization hence it is use-
ful in the sense that generation scheduling, and facts can be co-optimized. A mixed
integer quadratic(cost function is quadratic) programming formulation has also been
presented considering flexible transmission line impedance [7]. This model is pretty
similar to Reference [2| in its formulation however the quadratic programming for-
mulation is solved using branch and bound method unlike the LP approach. Another
formulation has been published based on linearized transmission system model [8].
This is based on creating a linearized model by creating a perturbation and look-
ing for a proportional relationship between the system operating point perturbations
and the injected reactance. Unlike the sensitivity-based method [4], this formulation
is based on the DSSCas physical characteristics in the way that it is formulated as
compared to mathematical changes in the reactance of the line. This is due to the
way that the coefficients relating the power system state variables to the change in
impedance of DSSCs are calculated from the power balance equations. Do note that
this model will have increasing errors for large changes in the DSSC reactance and
thus this is only practical for small reactance injected by DSSCs. The paper is limited

in its application of the formulation in the sense that it does not apply it to very large
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systems as it requires computation of a very large set of coefficients. Application of
the linearized model is only limited to generator reactive power reduction, voltage
correction and line current reduction. DFACTs are mainly useful to line current re-
duction or increase and it does not address this application in detail. Furthermore,
line efficacy (a single figure of merit) is introduced which gives an approximate indi-
cation of how effective a DFACTs can be. It is calculated only from the line current
magnitudes and hence is easy to compute, however it is not too useful for very large
systems. Another formulation presented in the earlier stages of DFACTs is based on
steepest descent using DCPF formulation [9]. The method is not efficient as it involves
steepest descent and may not be useful to large systems. Since DFACTs have shown
some potential to be used in stressed loading conditions for post-contingency correc-
tion, an ACPF model of DFACTs under such conditions will be of benefit in power
system modelling. Reference [10] has published a linearised ACPF formulation with
linearized TSCS and SVC models under stressed loading conditions. The formulation
is an ACPF model and divided into two stages. The first stage of the ACPF model
outputs the base generation. In the second stage, after a stressed loading condition
is introduced and this part of the optimization stage involves power adjustments of
generators. It is to be noted that the models of the TSCS devices are also linearized.
As of yet, this model is the closest to Linearised ACPF modelling of TCSC devices
and is very beneficial to model facts under stressed loading conditions. As DFACTs
can be used to increase the total transfer capacity of existing transmission network,
formulation which can calculate the total transfer capacity using DFACTs will be
useful. In [11], a repeated power flow formulation has been presented which shows
how to maximize the power transfer using facts placed using sensitivity factors. A
disadvantage of this approach lies for its application to large systems where it is hard
to judge how the power flow may be affected by changing the reactance of one line.

Furthermore, in meshed networks, the power flow is not directly dependent on the
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reactance of the line.
2.5.1.1  Applications of DFACT devices

Applications of DFACTs include mainly congestion management, renewable en-
ergy curtailment and phase balancing. The application of DFACTs to reduce wind
curtailment has been studied [12|. A stochastic model is used to evaluate various
wind scenarios thus providing a solid basis on the impact of DFACTs on cost sav-
ings. Another study based on ACPF modelling of TCSC devices with the objective
of minimizing wind power spillage has been performed [|. It is a two-stage stochastic
model. The first stage involves the dispatch of generation without considering any
wind scenarios as is the case in the day-ahead market. The second stage takes into
account any uncertainty related to wind scenarios and incorporates TCSC devices
in the ACPF. Since DFACTs are modular in nature, hence they can be deployed in
different lines according to specific requirements. DFACTs can be deployed in some
phases in a higher number as compared to another, which we name as unsymmetrical
deployment. This is to overcome the phase unbalancing caused due to unbalanced
load. Furthermore, multiple high voltage lines operating in parallel will be congested
when the first line, often the lowest voltage line, becomes overloaded [13]. Thus,
DFACTs can be used to push power away from the low voltage line to the high
voltage lightly loaded line [13]. Voltage balancing is another application of DFACTs
however it has found limited use thus far. Further study has also been performed
in [14] regarding deployment of DFACTs with respect to distributed and lumped line
model. Different deployment plans such as deploying DFACTs at the start of the
line, in a distributed manner or at the end of the line has been performed and it is
explored which deployment is the most suitable. Detailed study of voltage balancing
performed by DFACTs is performed in [15]. It is seen that DFACTs placed unsym-
metrically can be used to improve voltage balance. Other applications of DFACTs

which are studied are post-contingency analysis. Though only studied on a system
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level, stability with respect to post-contingency actions of DFACTs is not addressed
in any publications yet. During day-ahead market unit commitment run, the oper-
ator usually checks for a list of contingencies and sees if there any violations(load
shedding or generator over production) In this SCUC, DFACTs are considered in this
formulation as an additional flexibility option in order to increase the deliverability
of reserves and reduce the contingency violations [16]. In this respect, facts have
shown that they can reduce the contingency violation by a considerable percentage.
As with any other grid-enhancing technology, a major question is the deployment
and implementation of such technologies. Any grid-enhancing technology incurs a
cost and hence the number of such devices must be optimized. Various allocation
methods with respect to different objective functions have been implemented for dis-
tributed facts. One of the paper focused on the deployment of DFACTs tries to deploy
DFACTs considering in mind two objective functions, system reliability and system
load ability [17]. Because these two functions are conflicting in nature, thus a pareto
front fuzzy decision-making approach is used to find an optimal solution. A pareto
front is generated to get a solution which satisfies two objectives. Another allocation
algorithm has been presented in [18]. This is an MILP formulation. It basically is
the only allocation formulation for DFACTSs published till yet. The objective function
is generation cost reduction. The allocation is solved as part of the dcopf problem.
It considers variable impedance DFACTs devices and optimizes the transmission line
reactance adjustment range. The model has not been tested for a very large power
system such as the 118 bus system because there will be a lot of variables however the
formulation can be implemented logically for a large system. Moreover, it has been
shown that DFACTs be reallocated letas say in future years based on changing fuel

prices, retirement of old generators and bringing in new renewable energy resources.
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Method Description Limitation Ref
Direct ~ Cur- | Models the tcsc in | The direction of line flow is as- | [2]
rent OPF a dcopf format with | sumed to be remain same in
shorter computa- | TCSC lines for all OPF solu-
tional time tions.
Shift  Factor | Models the FACTs as | Limited to DCOPF modelling | [3]
Structure additional injections | only so it may not accurately
in the shift factor | model the power flow solution
structure format, | in terms of ac volts and angles
Quick  in  terms
of computational
burden
DCOPF Mod- | The model incor- | The model assumes the direc- | [7]
elling porates variable | tion of power flow flowing in
series reactance in a | positive or negative direction.
DCOPF model. The
model is an MIQP
model.
Linearized Incorporates the | This may not be able to ac- | [§]
ACOPF TCSC in a lin- | curately model large-scale sys-
earized ACOPF | tems where relatively large
formulations  using | changes in reactance will be
sensitivities derived | needed for power flow control.

from perturbations

in system states.
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Continuation of Table 2.4

Newton Newton raphson | Jacobian Matrix needs to be | [19]
Raphson power flow model of | modified.
Power Flow UPFC, TCSC and
STATCOM with
extra state variables
added
Newton Newton raphson | Jacobian Matrix needs to be | [20]
Raphson power flow model | modified.
Power Flow with facts devices
Bus Injection | Models the | FACTs device do not control | [21]

Model

UPFC, TCSC and
STATCOM in terms
of bus injections
which  are  mod-
elled as additional
buses(PV or PQ
Bus) depending on
FACTs type.

the power flow in terms of bus
injections thus it does not ac-
curately represent the FACTS

devices physically.
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Continuation of Table 2.4

Steepest De-

scent

Uses the Linear sen-
sitivities with respect
to a change in system
impedance matrix to
optimize an objective
function(e.g. power
losses, voltage con-

trol) using steepest

descent method

Linear sensitivity method may
not be suitable for very large
systems where there can be
multiple TCSC and coordi-

nated control will be hard to

achieve using steepest descent.

[5]

Repeated

Power Flow

Method

Calculate total trans-
fer capability using
repeated power flow
method and Linear

Sensitivity Factors

Inefficient as the reactance of
each TCSC line needs to be
changed seperately in an iter-
ative fashion and thus coordi-

nated control is hard to achieve

[11]

Steepest
Descent

Optimization

This formulation
models the wvariable

series reactance in

terms of a DCOPF
formulation with a
non-linear objective
function(congestion)

solved using steepest

descent.

Computationally burdensome
as it is using steepest descent
assuming objective function is

convex.
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Continuation of Table 2.4

LPOPF (Dr. Models the UPFC in | The methodology can be made | [1]
Vittal’s  pa- | terms of Bus Injec- | more robust to further min-
per) tion Model for an | imize the objective function.
LPOPF model solved | Multiple FACTs devices can be
to increase the sys- | included rather than only one
tem security under | FACTs device for larger sys-
contingencies. tems.
MILP Based | Models TCSC de- [10]
Optimal vices in the form
Power an MILP with Piece-
wise Linearisation in
a Linearised ACOPF
under stressed load-
ing conditions
Non Lin- | This formulation | The formulation is non-linear | [22]
ear ACOPF | models the TCSC | and needs a suitable initial
Optimization | in NLP formulation | point as the objective function

for a non-convex
objective function in
an ACPF represen-

tation.

1S non-convex.
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Continuation of Table 2.4

Non-Liner Models the UPFC | The formulation is non-linear. | [23]
Interior Point | and TCSC devices
OPF Method | in a non-linear OPF

formulation  solved

using Interior Point

Method
Multi-Stage Uses the UPFC to | Only focused on TTC reduc- | [24]
Optimisa- solve for minimizing | tion of a particular path.So
tion(sequential| power losses and in- | TTC reduction for some paths
quadratic pro- | creasing TTC in a | results in TTC reduction for
gramming) two-stage OPF un- | other paths.

der contingency con-

ditions
Linaerised Models the UPFC in | The optimization is done in an | [25]
ACOPF terms of additional | iterative manner which is inef-
Model bus injections in a Ja- | ficient.

cobian matrix format
and minimizing the

power losses

End of Table

2.6

Possible Research Gaps

There are a few research gaps which are worth exploring in the area of modelling

the FACTs devices in optimal power flow:
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2.6.1  Possible Gap in Linearised ACOPF Modelling of FACTs devices

Linearised power flow modelling of FACTs devices has been explored before in either
DC power flow format or in AC power flow. Power flow modelling using DC power
flow equations is thoroughly studied as it is easier to model FACTs devices in a linear
format. AC power flow modelling of FACTs devices has also been studied before in
both non-linear and linear format. Talking specifically of Linearised ACPF modelling
of FACTs devices, achieving a feasible solution is important if one is to achieve the
maximum benefit of the ACPF solution. In order to achieve a feasible solution,
physical constraints of the FACTs devices, which include the ratings of the device,
must be included in the mathematical formulation. Not including the physical limits
of the FACTs device will lead to solutions which are not practically implementable.
Such formulation, which includes the physical constraints of the FACTs devices in a
linearised ACOPF format, has been applied to transmission systems in the context
of using FACTSs devices to correct overloads in [1]. The objective in this case was to
reduce line loading for highly loaded lines. However, this formulation can be made
more beneficial by modifying the algorithm as it does not maximize the reduction
in line loading. The modified algorithm will be able to maximize the utilization of
FACTs devices by trying to achieve a larger reduction in line loading as is possible.
Moreover, the effects of operating real and reactive generation in combination with
FACTs devices can also be explored in this setting. This can be useful in the context

of day-ahead markets where real and reactive generations settings can be changed.
2.6.2  Possible Gap in Distributed FACTs Modelling

Power system models which model either a variable reactance or a lumped voltage
source in an ACPF exist however the maximum utilization of DFACTs will only be
possible if DFACTs are modelled as multiple distributed modules which are able to

vary the reactance by a certain percentage. The equivalency of DFACTs as a single
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lumped variable reactance like the series conventional devices limit the potential of
DFACTs. Each DFACT module should be independently controllable. As is shown
in Table.2.5 | there do exist many similarities between TCSC and DFACT devices
which further emphasizes the importance of an ACPF model with DFACTs . However
the allocation, cost and deployment of these devices is different as shown in Table
.2.6. The same comparison can be drawn between TCSC and DFACT devices as
can be drawn between centralized energy resources and distributed energy resources.
Though both are aimed for the same purpose, their scale of implementation is very
different. DERs or DFACTs are aimed to affect the power system on a much smaller

scale as compared to centralized energy resources or TCSC devices. Thus, a separate

model of DFACTSs is required for the ACPF modelling.

Table 2.5: Similarities between DFACTs and TCSC

Similarities between DFACTs and TCSCs

1. Control Real Power Flow

2. Series Devices

3. Power consumed by the device is zero.

4.Changes the line impedance

5.Modelled as a series voltage source

6.Injects voltage leading or lagging(90 deg) with the current

7.Connected to the line by a series transformer

tabularx
With a larger number of unknown variables (reactance) as is expected in the case of
DFACT modelling, convergence of ACPF is an expected problem. From experience,

DCOPF modelling of DFACT devices with large scale systems such as the Polish

23283 bus system required a large computational time(e.g. 5 mins in Matlab). Thus,
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Table 2.6: Differences between DFACTs and TCSC

TCSC DFACTs

Allocated on a very few lines(e.g. 2-3 Intended to be allocated on multiple

devices on a IEEE 57 bus system) line(e.g. 20-30 percent of the lines on a
IEEE 57 bus system)

Lumped Device Modular device

High one-time capital cost Smaller incremental costs per module

Range of reactance change is high Range of reactance per module is

smaller as multiple modules have to be
added to the line

Redeployment is difficult due to its Can be redeployed as it is containerized
large size module
Large installation time Installation time can be as low as 1 day

per module

this will also be an expected problem with a larger number of unknowns in case of

distributed devices.



CHAPTER 3: FACTS MODELS AND SIMULATION

3.1 Introduction

This chapter applies the various models of FACTs devices to a modified Newton
Raphson power flow. As shown in the previous chapter, the models of the devices are
dependent on if the device is a shunt controller, series controller or a combined series
and shunt controller. The series controllers are usually modelled either as a variable
reactance or a series voltage source. The shunt controllers and combined series and
shunt controllers can also be modelled by voltage sources as shown in the previous
chapter. In this chapter, these models are incorporated in a Newton Rapshon power
flow. Each power flow is given an input which is the control reference of the FACTs
device. The control reference can be either one or two states depending on the type
of device. The output of the power flow also includes the additional states introduced
as a result of the FACTs device. These include the voltage and angle of the respective

voltage source used to model the FACTs device.

3.2 Series Voltage Model for the TCSC

The series voltage model for the TCSC is shown in Fig.3.1.

Bus i VeelOse Bus j
Pij +jQii | Zse |_ Pji +jQji

)
| N [

Vi Vj

Figure 3.1: Series Voltage Model
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The voltage Vse injects a capacitive or inductive voltage with respect to the line
current. Two unknowns variables are introduced which are the voltage magnitude Vse
and the voltage angle thetase. Two new mismatch equations are introduced to the
resulting jacobian matrix. The first mismatch equation is the power flow reference
through the line given by Eq.3.1 and Eq.3.2. The second mismatch equation is the
power consumed by the source which is 0 as the TCSC device is lossless given by

Eq.3.3 and Eq.3.4.

Py = [Vil*gii — ViViYijcos(8i — 6] — ij) — ViVieYijeos(di — 6] — ¢ij) (3.1)

AP(z) = Pj — Py (3.2)

PE = —V,Vi.(gijcos(di — dse) — b;jsin(di — dse)

+ V;Vie(gijeos(67 — dse) — b;jsin(dj — dse)) =0 (3.3)

APE(z) = PE — PE,.; (3.4)

The jacobian matrix is modified as shown Eq.3.5.

J1,J2,J3 and J4 are given by Eq.3.41,Eq.3.42,Eq.3.43 and Eq.3.44.

AF Adse

APE AVse
J1 J2

APy | = Adi (3.5)
J3 J4

AQi AV

APy Adj

AQj AVj




oF OF
Jl = ddse  OVse
OPE OPE
0dse  OVse
oF  OF  9F  OF
J2 — 941 ovi 967 ovyj
OPE OPE 0OPE OPE
941 ovi 947 ovyj
OPi OPi
ddse  OVse
0Q1 oQ1
J3 = ddse  OVse
OPj OPj
ddse  IVse
0Qj  0Qj
| 0dse  IVse ]
oPi  OPi 0P  OPi
941 ovi 965 OVy
Qi Qi 0Qi Qi
J4 — 951 ovi 965 oVy
oPj; 0Pj OPj 0OPj
941 ovi 965 OVy
0Qj 0Qj 0Qj 09Qj
| 064 ovi 965 oVy |
3.2.1  Methodology

Base Case
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(3.6)

(3.7)

(3.8)

(3.9)

A power flow was run with constant impedance in all lines of the system shown in

Fig.3.2.

Z1

Zbase

Z3

24

—

Figure 3.2: Fixed Impedance Model

The power flow in the prospective TCSC line is noted down. For example the real
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power flow in line 2-4 is recorded.(i.e.Pref). The power system is then modified to

include the series voltage model in the Line 2-4 as shown in Fig.3.3.

z1 Zbase

S

Figure 3.3: Fixed Impedance Model with a series voltage source

The power flow reference in the line 2-4 is set as Pref. The Newton Raphson
formulation with the voltage series model is run. Expected Solution is Vse=0 and
thetase= - 90 degrees. This is because the Pref here is the same as the base case
above. Thus there is no need of a change in impedance for the power flow reference

to be satisfied.
Capacitive Case

Another power flow is run with constant impedances in all line of the system but

with reduced impedance in the TCSC line. This is shown in Fig.3.4.

k<1 a4
1 2
21 Z=k x Zbase

O . . ]

Figure 3.4: Fixed Impedance Model with Capacitive Control

In the system above, the impedance in the TCSC line is set to a value which is

lower than the base impedance. The power flow in the TCSC line is recorded. The
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power system below is run with the series voltage model included in the line. This is

shown in Fig.3.5.

z1 Zbase

S

Figure 3.5: Fixed Impedance Model with a series voltage model-Capacitive Control

The expected solution is that the magnitude Vse will be a non-zero and thetase
will be approximately equal to -90 degrees. This is because the modified NR power
flow needs to satisfy the power reference where the impedance in the line was k * Z
base. However, in the second system, the constant impedance in the line is Zbase.
Thus there needs to be an impedance change /reduction of ( Zbase & k*Zbase ) for the
power reference to be satisfied. That change in impedance is a result of capacitive

voltage injection by the series voltage source.
Calculation of Impedance Injected by Voltage Source

Vi,Vj and Vse is obtained from the solution of the NR power flow.Z Fixed is the
base impedance of the line, which is equal to Zbase as mentioned in the diagram

above.

I, = 3.10
Zfia:ed ( )
7. = ‘;86 (3.11)

Znet = Zse + Zfixed (312>
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Inductive Control

Another power flow is run with constant impedances in all line of the system but

with a higher impedance in the TCSC line.This is shown in Fig.3.6.

21 Z=k x Zbase

O . . |

Figure 3.6: Fixed Impedance Model with Inductive Control

In the system above, the impedance in the TCSC line is set to a value which is
higher than the base impedance. The power flow in the TCSC line is recorded. The
power system below is run with the series voltage model included in the line. This is

shown in Fig.3.7.

71 Zbase

O . L]

Figure 3.7: Fixed Impedance Model with a series voltage model-Inductive Control

The expected solution is that the magnitude Vse will be a non-zero and thetase
will be approximately equal to + 90 degrees. This is because the modified NR power
flow needs to satisfy the power reference where the impedance in the line was k * Z
base. However, in the second system, the constant impedance in the line is Zbase.
Thus there needs to be an impedance change/increase of ( k* Zbase & Zbase ) for

the power reference to be satisfied. That change in impedance is a result of inductive
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voltage injection by the series voltage source. For all the systems above, the voltage
and angle of the power flow solution of the system with constant impedances will be
approximately equal to that of the power flow solution of the system where the series

voltage model is included.
3.2.2 5 bus system results
The Series Voltage model is applied on a 5 Bus system shown in Fig.3.8.
Base Case

In the base case, the power reference in the TCSC line is the same as the power
flowing in the 5 bus system without any TCSC. Thus, since the power flow is the same
as the default 5 bus system, thus TCSC does not inject any voltage. The results for

the base case are shown in Table.3.1 and Table.3.2.

2-

Figure 3.8: 5 Bus System Diagram Base Case

Capacitive Case

The power flow reference in the capacitive case is higher as compared to the power
flow in the 5 bus system without any TCSC. Since Zactual and Znet are approximately

the same, this shows that the newton raphson algorithm is accurate.In the capacitive



Table 3.1: 5 Bus System Base Case Power Flow Solution

Bus No Voltage(Volts) Angle(Degrees)
1 1 0

2 1 -2.6596

3 0.9865 -2.4850

4 0.9834 -3.5035

) 0.9793 -4.0521

Table 3.2: 5 Bus System Base Case TCSC Parameters

Vse

0

556

-76 deg

TCSC line

3-4

TCSC Impedance

0.03+0.061
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case, the angle of voltage source injection is around -90 degrees since the injection is

capacitive. The results are shown in Table.3.3 and Table.3.4.

Table 3.3: 5 Bus System Capacitive Case Power Flow Solution

Bus No Voltage(Volts) Angle(Degrees)
1. 1 0

2. 1 -2.6366

3. 0.9867 -2.5115

4. 0.9832 -3.4288

D. 0.9792 -4.0031

Table 3.4: 5 Bus System Capacitive Case TCSC parameters

Vse.

0.0032

686

-78.93 degs

TCSC Impedance.

0.03 + 0.06* 0.8 j

7 actual.

0.030 + 0.0480i

Znet.

0.029 +0.04891
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Inductive Case

The power flow reference in the inductive case is lower than the the power flow

in the 5 bus system without any TCSC. In the inductive case, the angle of voltage

source injection is around +90 degrees since the injection is inductive. Since Zactual

and Znet are approximately the same, this shows that the newton raphson algorithm

is accurate. The results are shown in Table.3.5 and Table.3.6.

Table 3.5: 5 Bus System Inductive Case Power Flow Solution

Bus No Voltage(Volts) Angle(Degrees)

1. 1 0

2. 1 -2.6797

3. 0.9863 -2.4564

4. 0.9837 -3.5732

5. 0.9794 -4.0961

Table 3.6: 5 Bus System Inductive Case TCSC parameters

Vse. 0.0032
686 106 degs

TCSC Impedance. 0.03 + 0.06% 1.2 j

7 actual. 0.0289 + 0.0729i

7Znet. 0.03 +0.0721

3.2.3 9 bus system

The 9 bus system diagram with the TCSC connected in line4-5 is shown in Fig.3.9.
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3 6 7 8 2
0
5 9

Figure 3.9: 9 Bus System Diagram Base Case

Base Case

In the base case, as the was the case for the 5 bus system, the power reference is
equal to power flowing in the 9 bus system without any TCSC. The voltage source

magnitude is very close to zero. The results are shown in Table.3.7 and Table.3.8.

Table 3.7: 9 Bus System Base Case Power Flow Solution

Bus No Voltage(Volts) Angle(Degrees)

1. 1.04 0

2. 1.025 5.6998
3. 1.025 0.6521
4. 0.9721 -1.7670
d. 0.9302 -2.515
6. 0.9468 -2.972
7. 0.9624 0.5699
8. 0.9384 -1.9696

9. 0.96973 -1.37259
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Table 3.8: 9 Bus System Base Case TCSC parameters

Vse. 0.0032
Oge -139 degs
TCSC line 4-5
TCSC Impedance. 0.03 + 0.06
Pref 43 MW

Capacitive Case

In the capacitive case, the power reference(45 MW) is higher than the power flowing

the base case(43 MW). The series voltage magnitude is around 3 times the series

voltage magnitude of the base case. The angle is around -90 degrees as the injection

is capacitive. The results are shown in Table.3.9 and Table.3.10.

Table 3.9: 9 Bus System Capacitive Case Power Flow Solution

Bus No Voltage(Volts) Angle(Degrees)
1. 1.04 0

2. 1.025 6.016

3. 1.025 0.8117

4. 0.9710 -1.7415

5. 0.9334 -2.186

6. 0.9463 -2.881

7. 0.9637 0.857

8. 0.939 -1.7447

9. 0.9697 -1.214




Table 3.10: 9 Bus System Capacitive Case TCSC parameters

Vse. 0.0086
Ose -143 degs
TCSC line 4-5

TCSC Impedance. 0.03 + 0.06*0.8i

Pref 45 MW
Zactual. 0.0340.048i
Znet. 0.0289+0.04731

Inductive Case
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In the inductive case, the power reference(41.3 MW) is higher than the power

flowing the base case(43 MW). The series voltage magnitude is around 3 times the

series voltage magnitude of the base case. The angle is around +90 degrees as the

injection is inductive. The results are shown in Table.3.11 and Table.3.12.

Table 3.11: 9 Bus System Inductive Case Power Flow Solution

Bus No Voltage(Volts) Angle(Degrees)

1. 1.04 0

2. 1.025 5.4046
3. 1.025 0.5039
4. 0.973 -1.792
d. 0.9272 -2.822
6. 0.9473 -3.057
7. 0.9612 0.302
8. 0.9377 -2.179
9. 0.9697 -1.520
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Table 3.12: 9 Bus System Inductive Case TCSC parameters

Vse. 0.0072
Ose -315 or 45 degs degs
TCSC line 4-5

TCSC Impedance. 0.03 + 0.06*0.8i

Pref 41.3 MW
Zactual. 0.03-+0.0721
Znet. 0.0291-+0.07131

3.2.4 30 bus system

The TCSC installed in the 30 bus system is shown in Fig.3.10. The TCSC is
installed between a bus 5 which is a PV bus and bus 7 which is a PQ bus. In
the base case, the voltage source magnitude is zero. In the capacitive case, the net
impedance after the voltage source injection is lower than the base impedance of the
base case(i.e. 0.09281 is less than 0.1160i). In the inductive case, the net impedance
is larger than the base impedance(i.e. 0.1369i is larger than 0.1160i). In this case,
the voltage source magnitude for the inductive and capacitive case is negative as
the direction of the voltage source is in the opposite direction. The results for the
base case, capacitive case and inductive case are shown in Table.3.13,Table.3.14 and

Table.3.15 respectively.



Figure 3.10: 30 Bus System Diagram Base Case

Table 3.13: 30 Bus System Base Case Solution

Base Case

Vse 0

Ose -114 degs
TCSC line 5-7

TCSC Impedance.

0.0460-+0.1160 j

47
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Table 3.14: 30 Bus System Capacitive Case Solution

Capacitive Case

Vse -0.0042

Ose -66 deg

Actual Impedance 0.0460 + 0.0928 j

Table 3.15: 30 Bus System Inductive Case Solution

Inductive Case

Vse -0.0022

Ose 115 deg

Actual Impedance 0.0662 + 0.1369j

3.2.5 5 bus system with Multiple TCSCs

The series voltage model is applied on a 5 bus system with multiple TCSCs in-
stalled. In this case 2 one TCSC is installed between bus 3 and bus 4 and the second

TCSC is installed between bus 4 and bus 5. This is shown in Fig.3.11.

TCSC

JS21

Figure 3.11: 5 Bus System Diagram with two TCSCs
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Base Case

The results for the base case are shown in Table.?? and Table.3.17.

Table 3.16: 5 Bus System Base Case Power Flow Solution(Multiple TCSCs)

Bus No Voltage(Volts) Angle(Degrees)

1. 1 0

2. 1 -2.6615
3. 0.9865 -2.4826
4. 0.9834 -3.5106
d. 0.9793 -4.0554

Table 3.17: 5 Bus System Base Case TCSC Parameters(Multiple TCSCs)

TCSC 1 TCSC 2

Vse 0 0

Ose -76 -91

Actual Impedance 0.034-0.06] 0.03+0.06]

Net Impedance 0.03+0.065 0.03+0.06j

Mixed Operation Case 1-Capacitive and Inductive

In this case, TCSC 1 is in capacitive mode and Tcsc 2 is in inductive mode. This can
be seen from the fact that the impedance for Tesc 1 is less than the base impedance
and the impedance for TCSC 2 is larger than the base impedance. The results are

shown in Table.3.18 and Table.3.19.
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Table 3.18: 5 Bus System Mixed Operation Case 1 Power Flow Solution

Bus No Voltage(Volts) Angle(Degrees)

1. 1 0

2. 1 -2.633
3. 0.987 -2.522
4. 0.983 -3.358
d. 0.979 -4.043

Table 3.19: 5 Bus System Mixed Operation Case 1 TCSC Parameters

TCSC 1 TCSC 2
Vse 0.0051 -0.0042
Ose -81 -82

Actual Impedance  0.03+40.042j 0.03+4-0.078;

Net Impedance ~ 0.0279+0.0424j 0.0242 + 0.089j

Mixed Operation Case 2-Capacitive and Inductive

In this case, TCSC 1 is in capacitive mode and Tcsc 2 is in inductive mode. This can
be seen from the fact that the impedance for Tcsc 1 is less than the base impedance
and the impedance for TCSC 2 is larger than the base impedance. The results are

shown in table.3.20 and Table.3.21.
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Table 3.20: 5 Bus System Mixed Operation Case 2 Power Flow Solution

Bus No Voltage(Volts) Angle(Degrees)

1. 1 0

2. 1 -2.682
3. 0.986 -2.454
4. 0.984 -3.637
d. 0.979 -4.046

Table 3.21: 5 Bus System Mixed Operation Case 2 TCSC Parameters

TCSC 1 TCSC 2
Vse 0.0029 -0.0038
Ose -73 -97

Actual Impedance  0.03+40.042j 0.03-+0.078j

Net Impedance 0.0329+-0.0426] 0.0291+0.0755j

3.2.6 30 bus system with Multiple TCSCs

Multiple TCSCs are installed on a 30 Bus System in this section.The 30 Bus system

diagram with multiple TCSCs are shown in Fig.3.12.



Figure 3.12: 30 Bus System Diagram with two TCSCs

Base Case

The results for the base case are shown in Table.3.22.

52
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Table 3.22: 30 Bus System Base Case TCSC Parameters(Multiple TCSCs)

TCSC 1 TCSC 2
Vse 0 0
Ose -115 -118

Actual Impedance 0.06620 + 0.130400i 0.32021 + 0.6027i

Net Impedance 0.0662 + 0.1304i 0.32021 + 0.60271

Mixed Operation Case 1-Capacitive and Inductive

In this case, TCSC 1 is capacitive and TCSC 2 is inductive. The reactance in case
of TCSC 1 is less than the base impedance. The reactance for TCSC 2 is larger than

the base impedance. The results are shown in Table.3.23.

Table 3.23: 30 Bus System Mixed Operation Case 1 TCSC Parameters

TCSC 1 TCSC 2
Vse 0.00350 -0.00812
Ose -118.5 -116.3

Actual Impedance  0.066 + 0.1043j;  0.3202 + 0.7232i

Net Impedance 0.0634 4 0.12931 0.31741 + 0.6017i

Mixed Operation Case 2-Capacitive and Inductive

In this case, TCSC 1 is inductive and TCSC 2 is capacitive. The reactance in case
of TCSC 2 is less than the base impedance. The reactance for TCSC 1 is larger than

the base impedance. The results are shown in Table.3.24.
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Table 3.24: 30 Bus System Mixed Operation Case 2 TCSC Parameters

TCSC 1 TCSC 2
Vse 0.00326 0.008973
Ose 67.345 -121

Actual Impedance 0.06620 + 0.156481 0.3202 + 0.48216i

Net Impedance 0.106338 + 0.1420i 0.3603 + 0.61438i

3.3  Variable Series Reactance Model for the TCSC

In this section, the TCSC is modelled as a variable reactance in series with the line

impedance as shown in Fig.3.13.

VI XTCSC/ Xixed | V]
/ |‘

/

Figure 3.13: Variable Series Reactance Model

The impedance of the line between bus i and bus j is given by Eq. 5.1.

1
2 =Tk + J(Th + Tese) = 3.13
k K+ J(x tesc) 9+ bn ( )
The conductance and susceptance are given by Eq.5.2 and Eq.5.3.
7"’Il’I'TL
J r%m + (xnm + xtcsc)z ( )
o = (xnm + xtcsc) (315)

r%m + (‘rnm + xtcsc)Q
3.3.1  Modified NR power flow with Variable Reactance Model

A thyristor controlled series capacitor can be modelled in the Newton Raphson

power flow using a variable reactance model. Additional variables need to be added
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to the existing power flow method without modifying the existing Newton Raphson
code by a great degree. Each variable introduces an additional mismatch equation.
This is shown by the diagram below where jacobian terms are augmented to the
existing jacobian of the AC Network. The additional mismatch equations are F1 to

FnF and the additional variables are r1 to Rnf. This is shown in Fig.3.14.

e YA n FaF

Ji

AC network

1 FACTS

controllers

F nl

Figure 3.14: Augmented Jacobian with the Variable Reactance Model

Now different FACTS controllers have different terms which they introduce to the
existing power flow depending on their control variable. TCSCs control real power
by varying the line reactance. Thus the additional mismatch equation will be in the
form of real power while the additional variable will be the variable reactance. A line
in which the TCSC is installed can be modelled in the form of a variable reactance
as previously shown in Fig.3.13. The reactance can either capacitive or inductive
depending on the mode of operation.

The transfer admittance matrix of the series compensator is shown in Eq.3.16.

Ik ' B | Biom VEk
_ JDkk  JDk (3.16)

Im JBmk 1 Bmm Vm
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For inductive operation, the term By, and By, are given by Eq.3.17 and Eq.3.18.

By, =

Bkm - Bmk -

Bmm -

-1
Tiese

1

Tiese

(3.17)

(3.18)

The reactance is variable which is equal to Xtcsc. The power flow equations for bus

k are given by Eq.3.19 and EQ.3.20.

Qr = (Vk)ZBkk - VkaBkmCOS(fsk - 5m)

(3.19)

(3.20)

In the Newton Raphson power flow, the two terms given by Eq.3.19 and Eq.3.20 are

added to the existing Jacobian in the form of an additional row and additional column

for each TCSC added in the system. In order to do that, an additional mismatch

equation needs to be added which is given by the power flow reference given by

Eq.3.21.

A-Pk:m - Pkm,ref - Pkm,calc

(3.21)

As shown below, the modified jacobian contains the derivatives of this term with

respect to the voltage and angle states given by Eq.3.22 and Eq.3.3.1. The additional

variable we are solving for is the TCSC reactance which is able to satisfy the given

power flow reference.

0Pk 0Pk OPk 0Pk 0Pk
ok adm oVk oVm 0Xtesc
dPm OPm  9Pm IPm dPm
ok adm oVk oVm 0Xtese
J = 0Qk 0Qk 0Qk 0Qk 0Qk
ok adm oVk aVm 0Xtese
oQm oQm  9Qm oQm oQm
ok adm oVk oVm 0Xtesc
aszfr;:sc i:rclsc z:rclsc apszr;:sc aszTtncsc
L 06k adm oVk oVm 0Xtese |

(3.22)
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N [ AS |
AP, A6y,
AQ. | =7 | A (3.23)
AQ,, AV,

APXEese| | AN

A flow chart of the entire modified TCSC newton Raphson code is shown in Al-

gorithm 1.

Algorithm 1 NR Algorithm incorporating TCSC

1: Initialize the network.
2: Initialize the TCSC data including the sending end, receiving end, power flow
reference. Make the Y bus network excluding the TCSC line.

3: Run a warm-start power flow excluding the TCSC line.

4: while do(Tol) < (le —5)

5: Calculate PCAL, QCAL.(Calculated Power)

6: Calculate the TCSC bus power injection(bus k and m).

7 Calculate the Power Mismatches(DP and DQ).

8: Calculate the TCSC Power Mismatches. ( Power flow reference mismatch).
9:

10: if abs(DPQ) < Tol then

11: Power Flow has Converged.

12: end if

13: Calculate the Newton Raphson Jacobian.

14: Calculate the TCSS Jacobian.

15 D= (JAC)™' x DPQ

16: Update the State Variables and the TCSC Reactance.
17: Check Impedance Limits.

18: end while

It must be noted that the existing power flow data is modified by removing the
line k-m which contains the TCSC in the Y bus since it is a variable reactance. The
Y bus is used for modelling the fixed reactances. Since the Y bus does model the
TCSC line, thus in order to account for the power flowing through line k-m, separate

functions need to be added in the default NR power flow. Similarly, separate function
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must be added to calculate the power mismatches for bus k and m as the TCSC is
modelled by line k-m. It must be remembered that the TCSC reactance is changing
after every iteration in the form of delta X thus the Y bus can not be used to model
a variable reactance and hence the need for additional functions.

An example showing the addition of a new bus is shown below for a two bus system.

Fig.3.15 shows a sample two bus power system without any TCSC installed.

Bus i Bus m
i Z=R +iX

Figure 3.15: Fixed Impedance between Bus i and Bus m

Now if a TCSC needs to be installed between Bus i and Bus m, then the additional
bus needs to be added between the two buses bus i and bus m. Line km models the

TCSC reactance which is shown in Fig.3.16.

Busi I=R+ ¥ Buls k ﬂ Bus m

s
Hicsc

Figure 3.16: TCSC added to the Fixed Impedance between Bus i and Bus m

Thus the Simple Newton Raphson power functions and the Y bus models the fixed
reactances only shown in Fig.3.17 while the additional functions are used to model
the variable reactance shown in Fig.3.18. The two combined model the whole network
shown in Fig.3.19.

Separate functions are added to a Newton Raphson power flow.These function
modify the existing NR power flow to accommodate the addition of the TCSC line.

A brief description of each additional function is given below.The function converges



' Bus and Simple MR Power Flow

Bus i Z=R+jX Bus|; k Bus m

|I_l
i

Figure 3.17: Fixed Impedance only between Bus i and Bus m
TC3C Functions
Busi Bus k 4 Busm
| —4
L |

| Xtcsc

Figure 3.18: TCSC only between Bus i and Bus m
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when the power mismatches including the power flow reference mismatch is less than

a certain tolerance. The description of the additional TCSC functions are shown in

Algorithm 2, Algorithm 3 and Algorithm 4.

1. TCSS Data: This adds an extra bus to the power system and modifies the

existing power system.

2. TCSC calculated power: This function calculates the power flow in line k-m

and adds that power flow to the default NR bus power injections.

3. TCSC power mismatches: This calculates the term delta Pkm and adds it to

the last row of the power mismatches term.

4. TCSC jacobian : The TCSC jacobian calculates the derivatives of the state

variables with respect to the power flow reference ( real power through line km

) . The additional state variable is the TCSC variable reactance.
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TCSC Newton Raphson Power Flow

i B
Busi Z=R+JX Bus k /4 usm
L — | A ]
o | 7
rd
Aicsc

Figure 3.19: TCSC and Fixed Impedance Combined between Bus i and Bus m

3.3.2 IEEE 4 Bus System

The system used in this section is a modified version of the IEEE 4 bus radial
system. The system configuration is shown in Fig.3.20. The system data is given in

Table.3.25 and Table.3.26.

Figure 3.20: 4 Bus System Diagram

Table 3.25: 4 Bus System Data

Bus No. Bus Type
1. Slack bus
4. PQ bus with zero load
2. PQ bus with zero load

3. PQ bus with load PL + j Q L




61

Algorithm 2 TCSC Calculated powers
1: for i =1 to NTCSC(NumberofTCSC's) do
2 Bpm = —1/X (i) and B =1/X(ii) .(calculate the TCSC admittance)
3 for kk =1 to 2(kk = 1(sendingbus) and kk = 2(recievingbus) do
4: Calculate the real and reactive power flow throughout the TCSC line.
5
6

A = VA ( TCSC sending bus ) — VA ( TCSC receiving bus) .
Pew = VM(TCSCsendingbus) x VM(TCSCreceivingbus) X By X

sin(A)
7: Qe = —VM(TCSCsendingbus)?® x B, x VM(TCSCsendingbus) x
VM (TCSCreceivingbus) X By, X cos(A)

8: Update the bus injection vector.

9: Pea(TCSCsendingbus) = Py (TCSCsendingbus) + Py
10: Qeat(TCSCsendingbus) = Qe (TCSCsendingbus) + Qecal
11: Update the TCSC PQ power flow
12: if kk==1 (if the bus is the TCSS sending bus) then
13: TCSC PQ sending end = Pcal + 1 x Qcal
14: else
15: TCSC PQ recieving end= Pcal + j x Qcal
16: end if
17: Reverse the sending and receiving buses
18: end for
19: end for

Table 3.26: 4 Bus System Line Data

Branch No. From Bus To Bus R X B

1. 1 4 .003 .006 O
2. 4 2 003 .006 O
3. 2 3 .003 .006 O

3.3.3  Results for the IEEE 4 Bus System: Running Base case and TCSC code in

tandem and comparison between the results

In order to verify the algorithm discussed in the previous section, several case
scenarios were calculated by which different conclusions were obtained. The system
studied in this section is a radial system which is a modified version of the IEEE 4

bus system. This is shown in Fig.3.21.
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Algorithm 3 TCSC power mismatches
if (It >1) then
for ii = 1 to NTCSC(NumberofTCSC's) do

1:
2
3 if Tcsc power flow control is ON then

4: for kk =1 to 2(kk = 1(sendingbus) and kk = 2(recievingbus)) do
5.

6

A= VA ( TCSC sending bus ) — VA ( TCSC receiving bus)
: P = VM(TCSCsendingbus) x VM(TCSCreceivingbus) X
Bk X sin(A)

7 if ( Flow is positive and the bus is TCSC sending bus ) or ( Flow
is negative and the bus is the TCSS recieving bus) then

8: TCSC power mismatch = TCSC Power Flow reference — TCSC
Calculated power

9: Break

10: else

11: Exit the if loop.

12: end if

13: Reverse the sending and receiving buses.

14: end for

15: else

16: TCSC power mismatch = 0(TCSC is bypassed)

17: end if

18: end for

19: end if
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Algorithm 4 TCSC Jacobian

1: for i =1 to NTCSC(NumberofTCSC's) do

2 for (Sending Bus and Receiving Bus ) do

3 A= VA ( TCSC sending — TCSC receiving)

4: (Hkm = - VM(Sending bus) x VM(Receiving bus) x Bmm X cos(A))
5: (Nkm = VM(Sending bus)x VM (Receiving bus) x Bmm xsin(A))
6.
7
8
9

Modify Jacobian
if ([t > 1) then
if ( Power flow control is on) then
: if (kk= Sending bus and Flow = Positive or kk= Receiving bus and
Flow = Negative ) then

10: (Add JAC elements)

11: end if

12: (Add JAC elements)

13: else

14: (Jac x dPkm/dXtesc=1)

15: end if

16: Switch Sending and receiving buses
17: end if

18: end for

19: end for

4 2 o
O | | /] |
| | T
Figure 3.21: Modified version of IEEE 4 Bus System

The TCSC is installed on the line 2-5. The extra bus added is bus no 5 due to
the addition of the TCSC. The 4 bus system without any tcsc installed is shown in
Fig.3.22.

The Flow Chart of the procedure is shown in Fig.3.23.
Scenario 1

For the base case, the Power flow through the line 2-5 is 0.4006 units shown in
Fig.3.24. The Power flow reference input into the TCSC code is 0.4006 units. How-
ever, the main difference is that instead of the Line 2-5 having a fixed reactance, the

Line 2-5 has a variable reactance as shown in Fig.3.25.
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Figure 3.22: Original version of 4 Bus System

Install a Fixed Reactance intheto-be TCSCline,

Solveasimple MR Power

Obtain the Power flow through the fixed reactance.

Input Power flow as a TCSC Power flow reference

Xtcse starting value = Xbase

Run the TCSC MR Power flow

The output isthe TCSC reactance,

Figure 3.23: Flow of the Procedure used for comparing TCSC code with the base
code

1 4 % D 3

O | I |
‘ | | X=0.0015 | | ‘

P25=0.4006

04+02]

Figure 3.24: Base Case Scenario 1
The TCSC reactance of the converged NR power flow is 0.1971 j. Thus, there exist

two different reactances which are able to satisfy a given power flow(i.e. a fixed load)

in a radial system. One reactance is the solution of the TCSC code and the other
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1 4 2, 5 3
O | | v |
| | /] |
¥o=0.0015] Y
Pref=0.4005 0.4+02]

Figure 3.25: TCSC Case Scenario 1

reactance is a fixed reactance which was part of the base case shown in Table.3.28.
However, the voltages and angles of the 5 buses are different in the base case solution
and the TCSC solution shown in Table.3.27.

Table 3.27: Power Flow Solution Scenario 1

Bus No Base Case VM TCSC System VM Base Case VA TCSC System VA

1. 1.05 1.05 0 0

2. 1.0454 1.0449 -0.0033 -0.0031
3. 1.0428 1 -0.0055 -0.0803
4. 1.0477 1.0475 -0.0016 -0.0015
D. 1.0451 1.0024 -0.0038 -0.0785

Table 3.28: Reactance Parameters Scenario 1

Case Power FLow in Line 2-5(pu) Reactance of Line 2-5(pu)
Base Case 0.4006 0.0015
TCSC Code 0.4006 0.1971

Scenario 2

Another case scenario was studied to verify the above pattern with a different radial
load as compared to Scenario 1. The second case scenario is discussed in this section.
The Base Case system diagram is shown in Fig.3.26. The power flow reference is

0.6011 pu and the value of the fixed reactance is 0.0020 j. The starting value of the
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reactance for the TCSC code is 0.0020 j. The TCSC system diagram is shown in

Fig.3.27.
1 4 2 5 3
O | | | | |
‘ | ‘ ¥=0.0020 ] | | i
P25=0 6011
06+0.2]
Figure 3.26: Base Case Scenario 2
1 4 2 5 3
O | | /] |
| | |/ | i
X0=00020 |
0.6+02]

Figure 3.27: TCSC Case Scenario 2

Table 3.29: Power Flow Solution Scenario 2

Bus Base Case VM TCSC VM Base Case VA TCSC VA

1. 1.05 1.05 0 0
2. 1.0442 1.0443 -0.0055 -0.0055
3. 1.0409 1.0445 -0.0093 0
4. 1.0471 1.0471 -0.0027 -0.0027
5. 1.0438 1.0473 -0.0066 -+0.0033

Table 3.30: Reactance Parameters Scenario 2

Case Power FLow in Line 2-5 Reactance of Line 2-5

Base Case 0.6011 0.0020

TCSC Code 0.6011 -0.0161
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As can be seen above, the voltage magnitude and angles of the base case and
TCSC system are different as are the reactance of the line 2-5 however the power flow

is still the same in both system through the TCSC line 2-5. The results are shown in
Table.3.29 and Table.3.30.

3.3.3.1  Verification of the TCSC and Base Case Solutions through Matpower

Since the solution coming out of the TCSC code was different than the base case
solution, a second check was performed to see if the TCSC solution actually existed
if an equivalent fixed reactance was replaced in the system with its value being equal
to the solution of the TCSC reactance. The system was then run in matpower to see
if the voltages and angles from the matpower solution were the same as the TCSC

solution. This is shown in Fig.3.28.

Solve TCSC Power Flow with a

Sohve using Mat power

Chtain Watpower solution

Compare Matpower Solution and
the TCSC Power FLow solution

Figure 3.28: Verification of the TCSC and Base Case Solutions through Matpower
procedure

This was done for the two systems studied in the earlier section. The results for the

Matpower and the variable TCSC power flow were matching, thus the solution of the
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variable TCSC code is correct. The verification results are shown here for Scenario 2.
Matpower verification of the Base Case

The base case system diagram for Scenario 2 is shown in Fig.3.29.

1 4 2 5 3

O | | | | |
‘ | | H=00020 | | |

P25=06011

06+0.2]

Figure 3.29: Base Case System Diagram Scenario 2

Matpower case format data is shown below which is same as the base case data
input shown in Table.3.31. The comparison between Matpower solution and the base
case solution are shown in Table.3.32 and Table.3.33.

Table 3.31: Base Case System Data Scenario 2

Branch No. From Bus To Bus R X B

1. 1 4 .003 .006 O
2. 4 2 .003 .006 0O
3. 2 ) 0 .002 O
4. 5t 3 .003 .006 O

Table 3.32: Base Case Scenario 2 Matpower Verification Results

Bus Base Case VM Matpower VM Base Case VA  Matpower VA

1. 1.05 1.05 0 0

2. 1.0442 1.0442 -0.0055 -0.0055
3. 1.0409 1.0409 -0.0093 -0.0093
4. 1.0471 1.0471 -0.0027 -0.0027

D. 1.0438 1.0438 -0.0066 -0.0066
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Table 3.33: Base Case Scenario 2 Reactance Verification Results

Case Power flow in Line2-+5 React. of Line 2-5
Base Case 0.6011 0.0020
Matpower case 0.6011 0.002

Matpower verification of the Variable Reactance Solution

The system diagram for the TCSC system is shown in Fig.??. The comparison
between Matpower solution and the base case solution are shown in Table.3.30 and
Table.3.34. As can be seen, the matpower results are the same as the TCSC code
which again shows that there exist two different reactances which can satisfy the same

power flow reference.

1 4 2 5 3
| | -/
O— | 7T 1

Xo=0.0020

]
Xtess end = -0.0161 06+0.2)

Figure 3.30: TCSC Case 1 System Diagram Scenario 2

Table 3.34: TCSC Case Scenario 2 Matpower Verification Results

Bus Base Case VM Matpower VM Base Case VA  Matpower VA

1. 1.05 1.05 0 0
2. 1.0443 1.0443 -0.0055 -0.0055
3. 1.0445 1.044 50 0
4. 1.0471 1.0471 -0.0027 -0.0027

d. 1.0473 1.0473 +0.0033 +0.0033
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Table 3.35: TCSC Case Scenario 2 Reactance Verification Results

Case Power FLow in Line2-5 Reactance of Line 2-5
Base Case 0.6011 -0.0161
TCSC Code 0.6011 -0.0161

3.3.4  Comparison of TCSC reactance keeping the load fixed and multiple fixed

reactances

Two base cases with two different fixed reactances are shown in Fig.3.31. The load
was kept fixed. As can be seen, the power flow through the line 2-5 is still the same
for both cases since the real load is the same for bus 3. Thus, it means that the real

power flow is determined by the load and is same irrespective of the fixed reactance.

[ A R
I
Q | ‘ ‘x=0.nn15j ‘ ‘ l
F25=0 400& 04+ D.QJ
1 4 2 5 3
O | | | |
| | |_ - ]
Wy 0.4+02

Figure 3.31: Two Base Cases with Fixed Reactances

Now the power flow reference which is 0.4006 pu for the above system is entered
into the Variable TCSC code and the line 2-5 will be a variable reactance. Thus for

both the base cases above, the solution of the variable TCSC code is given in Fig.3.32.
3.3.5  Region of Convergence

The TCSC code needs to be provided a maximum and a minimum limit for the
variable reactance. This is important in terms of the convergence characteristics of

the code. For the two systems studied in the first section, the region of convergence
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Pref=0.4006 04+02)
Atosc=01871

Figure 3.32: Variable Reactance Solution in case of Two Different Fixed Reactances
was checked. The maximum and minimum limit for the variable reactance were +1

and -1. For one system, the variable reactance solution is 0.1917 between x min=-0.9

and x max—=+0.9. It is shown in Fig.3.33.

+0.9

AMese=0.1971

-0.9

Figure 3.33: Region of Convergence Scenario 1

For the second system, the region of convergence is shown in Fig.3.34.
Thus overall, the solution of the variable TCSC code always converges to the same
value sometimes within a certain percentage and sometimes between the maximum

and minimum limit of the variable reactance.
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_ +0.9
Diverge
T +0.05

Xtcsc=-0.0161

l -0.4
Diverge

-0.9

Figure 3.34: Region of Convergence Scenario 2

3.3.6  Increasing the number of loads in the radial system for the 4 Bus System

The analysis performed in the previous sections was done on a radial system with
only one fixed load. The same results are now obtained for 2 loads in the radial
system instead of one. The two loads are located such that one load is located at a
bus towards the left of the tcsc line and one load is located at a bus towards the right

of the tcsc line. The system diagram is shown in Fig.3.35.

1 4 P..=04006 3
O | | 0006 | | ‘
T I
0470 2] 04+02]j
Xise=0.1770
'|I 4 2 ;Erzfczu.auus ‘5 T’
O—1— —
0.4+0.2]
04+02]

Figure 3.35: Base Case and TCSC Case with two loads Scenario 1

Similar pattern of results were obtained for the two loads as compared to the single

load. The voltages and magnitudes of the base case and the variable TCSC code
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are shown below as well as the summary of the results. The results are shown in
Table.3.36 and Table.3.37.

Table 3.36: Power Flow Solution Scenario 1(Multiple Loads)

Bus Base Case VM Matpower VM Base Case VA Matpower VA

1. 1.05 1.05 0 0

2. 1.0407 1.0403 -0.0066 -0.0064
3. 1.0372 1.000 -0.0105 -0.0762
4. 1.0454 1.0452 -0.0033 -0.0032
d. 1.0396 1.0024 -0.0088 -0.0744

Table 3.37: Reactance Parameters Scenario 1(Multiple Loads)

Case Power FLow in Line2-5 Reactance of Line 2-5
Base Case 0.4006 0.006
TCSC Code 0.4006 0.1770

Thus, there exist two reactance which are able to satisfy a given power flow, one of
them is the fixed reactance and one of them is the solution of the variable tcsc code.
Another system studied but with different loads is shown in Fig.3.36. Similar pattern
in results as the previous case scenario is obtained.

Table 3.38: Power Flow Solution Scenario 2(Multiple Loads)

Bus No Base Case VM Matpower VM Base Case VA Matpower VA

1. 1.05 1.05 0 0

2. 1.0408 1.0403 -0.0039 -0.0037
3. 1.0414 1.00 0 -0.0735
4. 1.0454 1.0452 -0.0019 -0.0018

5. 1.0437 1.0024 +0.0017 -0.0717
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Figure 3.36: Base Case and TCSC Case with two loads Scenario 2

Table 3.39: Reactance Parameters Scenario 2(Multiple Loads)

Case Power FLow in Line2-5 Reactance of Line 2-5
Base Case 0.4006 -0.0015
TCSC Code 0.4006 0.1770

Another case study was performed with two loads located at bus 5 and 3 after the

tese bus shown in Fig.3.37.

1 4 P_,=0.8006 5 3
O \ | |><:n.nuaj
| | | — 1]
04+D2] 04+02]
Xtcse=0 0878
1| ‘} P:esfczo_enoa S T
O——1T 1~ |
j 04+02]

04 +02]

Figure 3.37: Base Case and TCSC Case with two loads Scenario 3
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Table 3.40: Power Flow Solution Scenario 3(Multiple Loads)

Bus Base Case VM Matpower VM Base Case VA Matpower VA

1. 1.05 1.05 0 0

2. 1.0407 1.0399 -0.0066 -0.0062
3. 1.036 1.00 -0.0127 -0.0755
4. 1.0453 1.0450 -0.0033 -0.0031
D. 1.0384 1.0024 -0.0110 -.0737

Table 3.41: Reactance Parameters Scenario 3(Multiple Loads)

Case Power FLow in Line2-5 Reactance of Line 2-5
Base Case 0.8006 0.006
TCSC Code 0.8006 0.0878

Another case study was performed with two loads located at bus 5 and 3 after the

tese bus shown in Fig.3.38.

1 4 2 5 3
|

| | | illl

04+02] 02+02]

1 ¥tcsc—=0.1580

4 2 porgsom D 3
O | | |/ |

04 +02]

02+02]

Figure 3.38: Base Case and TCSC Case with two loads Scenario 4
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Table 3.42: Power Flow Solution Scenario 4(Multiple Loads)

Bus Base Case VM Matpower VM Base Case VA Matpower VA

1. 1.05 1.05 0 0

2. 1.0419 1.0427 -0.0044 -0.0048
3. 1.0378 1.0954 -0.0083 -0.0782
4. 1.0459 1.0464 -0.0022 -0.0024
D. 1.0396 1.0971 -0.0077 -0.0787

Table 3.43: Reactance Parameters Scenario 4(Multiple Loads)

Case Power FLow in Line2-5 Reactance of Line 2-5
Base Case 0.6002 0.006
TCSC Code 0.6002 -0.1589

3.3.7  Parallel Radial System

Furthermore, a modified radial system was tested with multiple TCSCc installed
in a single line. This was done in order to check if multiple TCSC installed in one
line will converge to different reactance or to equal value. The first system shown in
Fig.3.39 has one tcsc installed and the power flow reference is 0.2 MW for line 2-4.

The converged value of the xtcsc is 0.1232.

1.39 MW Pref= 0.2 MW N
1 2 srec=n1232) 4 3

O } | A |0.025j\

0.025]

Figure 3.39: Parallel Radial System Diagram(One TCSC)
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The second system shown in Fig.3.40 is the same as above but with 2 tcsc installed
in series. The power flow reference is still the same. The reactance of one tcsc
converges to a different value than the other. However it must be noted that the sum

of the two reactances is equal to 0.1232 which was the solution with 1 tcsc only.

1.39 MW Pref=0.2 MW
1 2 veset=00344  Aypesr=008) 5 _ 3
O | / | A ‘ 0.025) |
| | | |
0.025]
1.39 MW Pref=0.2MW
1 2 vese=01232] 4 3
O } | A | 0.025] |
}—‘ 0.025]

Figure 3.40: Parallel Radial System Diagram(Two TCSC)

With 3 tescs installed in the line, each tcsc converges to a different value dependent
upon the position shown in Fig.3.41. The sum of the three reactances is still equal

to the value of the first system.

1.39 MW Pref= 0.2 MW/
—_—
1 2 teci005y 4 s-0mss D sk B 3
O Al A A o
| | | | l
0.025] |

Figure 3.41: Parallel Radial System Diagram(Three TCSC)

The main takeaway is that the distribution of the reactance in unequal. The above
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analysis was carried out with capacitive operation as well shown in Fig.3.42 and

Fig.3.43.
145 M Pref=1.2 MW
1 2 wes=0meaj 4 3
O \ | N | 0.0125 |
Y
0.0125]

Figure 3.42: Parallel Radial System Diagram(Two TCSC) Capacitive Operation Base
Case

1.45MW__ Pref=1.2 M

_—

1 2 yoromsy 4 o0 9 3
O i | A } A | 0% |

00125

H

Figure 3.43: Parallel Radial System Diagram(Two TCSC) Capacitive Operation
TCSC Case

Similar analysis was done for the capacitive operation as well. Again the capacitive
reactance converges to unequal values but the sum is still equal to what the value of

one capacitive reactance converges to in the first system.
3.3.7.1  Singularity issue with 2 TCSCs in series in one line

If two tcsc are installed in series in one line one after another, then the code
discussed above has singularity error. This was done for a radial system. In order
to see what is causing the singularity, sparsity was used as a possible solution to the

singularity error however, that is not the case.
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3.3.8  TWO TCSCs radial system

Two TCSCs were installed in the radial system for the IEEE 4 bus system. The two
teses are independently controlled. The results will be shown for several scenarios.

Overall, the results are summarized below:

e There exist two different solutions for the same power flow reference. One
solution exists in case of fixed reactance(base case). The other solution exists
in the case of variable reactance TCSC code. Since the reactance are different
for a given power flow reference in the base case and TCSC case, the voltage

and angles for the base case and TCSC power flow solution are different.

e Another important point which is different from the single tcsc case is that
there exist several different solutions for the tcsc reactances depending on the
starting point of the TCSC reactance. This is the case for a given power flow
reference. In all such solutions, the voltage and angles of all buses except the
two buses linking one tcsc to the second tcsc are same. This creates the two
different solutions. The sum of the two reactance still remains the same across

different solutions. .

3.3.8.1 Results
Scenario 1

The base case for scenario 1 is shown in Fig.3.44. The system diagram with TCSCs

for scenario 1 is shown in Fig.3.45.The results are shown in Table.3.44 and Table.3.45.

12 Pref=0.4006 04+02]

Figure 3.44: Base Case Scenario 1(Multiple TCSCs Radial System)
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oI Al

Pref=0.4012 Pref=0.4006
Xtesc start=0.006 Xicsc start=0.006
¥tesc end=-0.0525 Xtese end=0.0042

Figure 3.45: TCSC Case Scenario 1(Multiple TCSCs Radial System)

0.4+0.2]

Table 3.44: Power Flow Solution Scenario 1(Multiple TCSCs Radial System)

Bus Base Case VM Matpower VM Base Case VA  Matpower VA

1. 1.05 1.05 0 0

2. 0.9975 0.9976 -0.0036 -0.0018
3. 0.9878 1 -0.0121 0.0121
4. 0.9975 0.9953 -0.0018 -0.0037
D. 0.9914 1.0032 -0.0079 0.0156
6. 0.9939 1.0056 -0.0060 0.0174
7. 0.9902 1.0024 -0.0121 0.0139

Table 3.45: Reactance Parameters Scenario 1(Multiple TCSCs Radial System)

Case Power FLow in Line4-6 Reactance of Line 4-6
Base Case 0.4012 0.006
TCSC Code 0.4012 -0.0525
Case Power FLow in Line 5-7 Reactance of Line 5-7
Base Case 0.4006 0.006
TCSC Code 0.4006 0.0042

Scenario 2

The base case system diagram is shown in Fig.3.46. The system diagram with

TCSC is shown in Fig.3.47. The results are shown in Table.3.46 and Table.3.47.
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Figure 3.46: Base Case Scenario 2(Multiple TCSCs Radial System)

1 4 2 6 5 7 3

| | | | | | |

| | | | | | ]
0.

Pref=0.8050 Pref=0.8025
¥tese start=0.006 Xtesc start=0.006

Kicse end=-0.0166 Hiese end=0.0178

Figure 3.47: TCSC Case Scenario 2(Multiple TCSCs Radial System)

Table 3.46: Power Flow Solution Scenario 2(Multiple TCSCs Radial System)

Bus No Base Case VM Matpower VM  Base Case VA Matpower VA

1. 1 1 0 0

2. 0.99 0.9901 -0.0072 -0.0073
3. 0.9751 0.9798 -0.0246 -0.0157
4. 0.9950 0.9951 -0.0036 -0.0036
d. 0.9825 0.9921 -0.0158 0.0027
6. 0.9875 0.9971 -0.0122 0.0063
7. 0.9800 0.9847 -0.0208 -0.0119

Scenario 3(same as scenario 2 except different x start- same x base and

same power flow ref)

The base case system diagram is shown in Fig.3.48. The system diagram with

TCSCs is shown in Fig.3.49. The results are shown in Table.3.48 and Table.3.49.



82

Table 3.47: Reactance Parameters Scenario 2(Multiple TCSCs Radial System)

Case Power FLow in Line2-6 Reactance of Line 2-6
Base Case 0.8050 0.006
TCSC Code 0.8050 -0.0166
Case Power FLow in Line 5-7 Reactance of Line 5-7
Base Case 0.8025 0.006
TCSC Code 0.8025 0.0178
1 2 4 6 5 7 3
O | | | | 1 |
| | | x=u.ﬂ[:n5j| r=ril N
Pref=0.8050 Pref=0.8025 0.8 + 0.4 ]

Figure 3.48: Base Case Scenario 3(Multiple TCSCs Radial System)

Pref=0.8050 Pref=0.8025

Xtese start=0.01 Xtesc start=0.01
Ytese end=-0.0189 Xtesc end=0.0201

Figure 3.49: TCSC Case Scenario 3(Multiple TCSCs Radial System)

Table 3.48: Power Flow Solution Scenario 3(Multiple TCSCs Radial System)

Bus No Base Case VM Matpower VM  Base Case VA Matpower VA

1. 1 1 0 0

2. 0.99 0.9901 -0.0072 -0.0073
3. 0.9751 0.9798 -0.0246 -0.0157
4. 0.9950 0.9951 -0.0036 -0.0036
5. 0.9825 0.9921 -0.0158 0.0027
6. 0.9875 0.9971 -0.0122 0.0063
7. 0.9800 0.9847 -0.0208 -0.0119
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Table 3.49: Reactance Parameters Scenario 3(Multiple TCSCs Radial System)

Case Power FLow in Line2-6 Reactance of Line 2-6
Base Case 0.8050 0.006

TCSC Code 0.8050 -0.0189

Case Power FLow in Line 5-7 Reactance of Line 5-7
Base Case 0.8025 0.006

TCSC Code 0.8025 0.0201

3.3.9  Verifying the solution of the base case solutions through a Delta Pkm

solution

Another method used by to verify the solution of the TCSC code was using a
modified version of the Newton Raphson power flow solution. The modified Newton
Raphson Power flow solution is shown in Alglorithm.5 where the Steps 4,5,6 and 7 are
the steps involved in a normal Newton Raphson power flow while Steps 8,9,10,11,12,13
and 14 are the additional steps added in the modified version of the NR power flow.
The idea here is to calculate the mismatch between the Power flow reference and the
actual real power flowing in the TCSC line and then based on the mismatch calculate
the change in reactance needed for the power flow solution to converge to the power
flow reference in the TCSC line. The mismatch and the update in the TCSC reactance
is performed within a Newton Raphson iteration after the state variables are updated.
Since the TCSC reactance is updated in each iteration, the Y bus needs to be updated
in each iteration also. This step is unlike the normal power flow where the Y bus
remains the same for a Newton Raphson power flow.

The application of this code to a radial system is shown in the next section.

The power flow in the line k-m is given by Eq.3.24.

Pk = VkaBkmsm(5k — 5m) (3.24)
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Algorithm 5 Modified NR Power Flow

1
2
3

4:

10:
11:
12:
13:
14:

15

. Initializing the Power FLow Data + Y bus

. Initialize the Power FLow Reference (Pref) in the TCSC Line
: while Tol > 0 do

Calculated Powers

Power Mismatches

Newton Raphson Jacobian

D=JAC/DPQ

State Variable Update

Calculate the Actual Real Power in the TCSC line
Calculate the Power Mismatch in the TCSC Line dPkm=Pref- Pact
Calculate dPk/dXtcsc

Calculate dXtcsc = dPkm / (dPk/dXtcsc)

Xtese new=Xtcsc old + delta Xtcsc

Update the Ybus with Xtcsc new.

: end while

The derivative dPkm/dXtcsc in the line k-m is given by Eq.3.25.

dPym : 1
= ViV ok —om)———
dXtcsc kv SZ”( m) (XtCSC>2

The change in reactance AXtcsc is given by Eq.3.26.

P.., — P,
AXtese = kW;Tmref

dXtesc

3.3.9.1  Applying the Internal Reactance change to a radial system

Scenario 1

The system diagram for the base case is shown in Fig.3.50.

1 4 2 5 3

O | | | | |
| | ‘ X=0.0015] | | i

F25=0.4006

04+02]

Figure 3.50: Scenario 1 Base case internal reactance change

(3.25)

(3.26)
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The Power flow through the line 2-5 is 0.4006 units. The reactance in the line
2-5 is fixed at 0.0015j. The Power flow reference input into the TCSC code is 0.4006
units. However, the main difference is that instead of the Line 2-5 having a fixed
reactance, the Line 2-5 has a variable reactance in the modified NR power flow. Xo

is the starting reactance of the line which is 0.0015 j.

1 4 2 5
O— /]
| | /] ]
Xo=0.0015 |
Pref=0.4006 04+02]

Figure 3.51: Scenario 1 TCSC case internal reactance change

The TCSC reactance of the converged NR power flow is 0.0015j.
Scenario 2

A second case was tested as shown in Fig.3.52 with a different fixed reactance. All

other system parameters remain the same as scenario 1.

1 4 2 5 3

O e l

P25=0.4006

0.4+02]

Figure 3.52: Scenario 2 Base case internal reactance change

The Power flow through the line 2-5 is 0.4006 units. The reactance in the line 2-5
is fixed at 0.006j.The Power flow reference input into the TCSC code is 0.4006 units.

Xo is the starting reactance of the line which is 0.006 j. This is shown in Fig.3.53.
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1 4 2 5 3
O | | /] |
| | /] | l
Xo=0.006j .
Pref=0.4006 04+02]

Figure 3.53: Scenario 2 TCSC case internal reactance change

The TCSC reactance of the converged NR power flow is 0.006j. Summarizing
scenario 1 and 2, both cases have the same Power flow reference which 0.4006 units.
The base reactance for case 1 and 2 is 0.0015i and 0.006i respectively. The Power
flow reference is determined by the load at bus 3 and thus is same for case 1 and 2
irrespective of the base reactance. This results in the TCSC code giving the solution
of the variable reactance the same as the base reactance in case 1 and case 2 which
0.00151i and 0.006i as both reactances will satisfy the power flow reference of 0.4006

units.
3.3.9.2  Applying the Internal Reactance change to a Parallel Radial System

Algorithm.5 is applied to a parallel radial system. The system diagram is shown

in Fig.3.54. The system data is shown in Fig.3.55.

Pa5=0.0987
X=0.006 j
1 2 4 5 3
O | I I |
| | | I
0.4+0.2j
P23=0.3017

Figure 3.54: Base case Parallel Radial System Internal Reactance Change
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MATPOWER CASE DATA
Branch data
Branch # From bus To bus R x B
1 1 2 0.003 0.006 0
2 2 4 0.003 0.006 ]
3 4 5 ] 0.006 ]
4 5 3 0.003 0.006 0
5 2 3 0.003 0.006

Figure 3.55: Base case Parallel Radial System System Data

The base case results in a power flow of 0.0987 pu in the line 4-5 and 0.3017 pu in
line 2-3. Algorithm.5 was run on the system and the results are shown in Fig.3.56.
Pref=0,0987

Xstart=0.01 j
Xtcsc=0,006 j

Figure 3.56: TCSC case Parallel Radial System Internal Reactance Change

The power reference in line 4-5 is set as 0.0987. The starting reactance of the TCSC
is set as 0.01j. The TCSC reactance converges to 0.006j which is the base reactance.

The results for the first 14 iterations are shown in Fig.3.57.
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lteration TSCC Reactance Power Flow in line 4-5
1 0.01 0.09163
2 0.0092 0.09163
3 0.0079 0.08595
4 0.0072 0.090931
5 0.0068 0.093598
4] 0.0065 0.095219
7 0.0064 0.096272
3 0.0063 0.096984
9 0.0062 0.097476
10 0.0061 0.0975821
11 0.0061 0.098067
12 0.0061 0.098242
13 0.0060 0.095368
14 0.0060 0.095459

Figure 3.57: Iteration Convergence

Another case scenario was tested with the system diagram shown in Fig.3.58.

Pref=0.0987
Xstart=0.01j
Xtese=0.006 j

Figure 3.58: TCSC System Diagram Case 2 Parallel Radial System Internal Reactance
Change

The starting reactance of the TCSC was 0.01 j and the TCSC reactance converges
to 0.006j. The TCSC power flow converges to 0.0987 units which is the base power
flow in line 4-5. Given the above two cases, it can seen that the TCSC code is able

to converge to the base reactance within a wide range of TCSC starting reactance.

3.4 UPFC Models

A Newton Raphson Power Flow Model incorporating UPFC Model is formulated
in this section. A UPFC has additional power flow control capabilities as compared

to a TCSC. A UPFC is able to provide the following controls:
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e [t can control the voltage at bus i at which the shunt voltage source is attached.

e It can control the real and reactive power through the transmission line con-

necting bus i and bus j.

3.4.1 UPFC Circuit Model

The UPFC circuit model is shown in Fig.3.59 and Fig.3.60. The model shown
in Fig.3.59 shows the shunt and series voltage sources along with the series and
shunt transformer impedances. Bus i is the bus at which the voltage is controlled by
exchnaging reactive power with the shunt voltage source. The series voltage source
controls the flow of real and reactive power by injecting either a capacitive or inductive
impedance in the transmission line. An equivalent model which can also be used in
the Newton Raphson Power flow is shown in Fig.3.60. It models the UPFC in terms
of a PV and a PQ bus where the PV Bus models bus i and PQ bus models bus j in
Fig.3.59.

V: 26; V;6;
o Vee £0se
Ise
() |
N |
Pi+jQi 7sh Pj+jQj
Vsh ‘iash

Figure 3.59: Circuit Diagram of UPFC-Series and Shunt Voltage Source
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Power System

PV BUS PQ BUS

Pi+jQi Pi+jQj

Figure 3.60: UPFC Bus Injection Model

Eq.3.27,Eq.3.28 and Eq.3.29 show the real reactive and apparent power capacity of

the series voltage source respectively.

P, = Vie[Vjsin(dse — 65) — Visin(dse — 6i)]/ Xse (3.27)
Qse = Vie[Vicos(dse — i) — Vjcos(dse — 0i) — Vie]/ Xse (3.28)

MV Ay = \/ Pse? + Qse? (3.29)

Eq.3.30,Eq.3.31 and Eq.3.32 show the real reactive and apparent power flow through

the shunt voltage source respectively.
Psh = V;;JWSZ?’L(&S;‘L — (SZ)]/XS}L (330)
Qsn = Vin[Vicos(dsh — 0i) — V| / Xean (3.31)

MV Ag, = / Psh? + Qsh? (3.32)

Eq.3.33 is the total real power consumed or generated by the UPFC. It is zero since

the UPFC neither consumes nor generates any real power but can only control the
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flow of real power.

Py + P, =0 (3.33)

Eq.3.34 and Eq.3.35 are the real and reactive power reference for the UPFC which
will be the real and reactive power flowing through Bus j. Eq.3.36 indicates that the
real power flowing through bus i and bus j is equal which stems from the fact that

the UPFC neither consumes nor generates any real power.

P; = Vj[Viesin(0j — dse) — Visin(0j — 8i)]/ Xse (3.34)
Q; = V;[Vicos(0j — i) — Viecos(dj — dse) — Vj|/ Xse (3.35)
P—P =0 (3.36)

Eq.3.37,Eq.3.38 and Eq.3.39 show the reactive power flowing through bus i,reactive
power flowing through the transmission line ij and the reactive power flowing through

the shunt voltage source respectively.

Qi = Qij + Qisn (3.37)
Qi; = Vi[Vi + Vjcos(0i — 6j) — Viecos(0i — dse)] /X (3.38)
Qish = Vi[Vi — Vipcos(8i — dsh)|/ Xan (3.39)

In order to incorporate the Above UPFC equations into the Newton Raphson power
flow model, four new state variables need to be added which are the series and shunt
voltage source magnitude and angles. For each UPFC model added, there will be
four new state variables. Since there are four new state variables, there needs to be
four extra mismatch equations. The four mismatch equations can be obtained from

the following references:

e The Real Power Flow Reference at bus j.
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e The Reactive Power Flow Reference at bus j.
e The Voltage Reference at bus i.

e The Real Power Exchanged between the shunt and series voltage source.

The Jacobian matrix for the modified NR power flow model is shown in Eq.3.40.

Eq.3.41,Eq.3.42,Eq.3.43 and Eq.3.44 show the expanded version of J1,J2,J3 and J4

of Eq.3.40.
AF Adse
AG AV se
APE Adsh
(Vi — Ve AV sh
J1 J2
- (3.40)
J3 J4
APj Adi
AQi AVi
APj ASj
AQj AVj
or oF oF or |
ddse JdVse ddsh OV sh
G e el oG
Jl = ddse JdVse 0dsh OVsh (3 41)
9Ps OPs 0Ps oPs, .
ddse OV se ddsh OV sh
a(‘/i*‘/;pec) 8(‘/7:7‘/;51)60) a(‘/’ii‘/ispeC) a(‘/ii‘/ispez:)
ddse JdVse 0dsh OVsh
oF or oF or ]
951 ovi 967 ovyj
G 909G oG 9G.
J2 — 941 ovi ddj oVy (342)
ory ory oPy oPy
941 ovi 967 ovyj
8(‘/2__‘/;'speC) 8(‘/1'_‘/1'51766) 8(‘/1__‘/;8}760) 8(‘/1__‘/;.81766)
041 ovi 967 ovyj ]
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OPi OPi OPi OPi
ddse OVse Odésh OVsh

0Qi  0Qi 0Qi Qi
a8 ov d6sh  OVsh

J3 = | OV Osh OV (3.43)

OPj OPj OPj OPj

ddse OVse Odésh OVsh

0Q; 0Qj 9Qj 9Qj
L 0dse OVse 0Odésh  OVsh |

obPi  OPi  OPi  QPi

961 ovVi 955 0V

0Qi  0Qi  9Qi  9Qi
961 ovi 96 oVy

J4 = ¢ l J J (3.44)

oPj 0Pj O0OPj OPj

961 ovVi 955 0V

0Qi 0Qj 0Qj 0Qj
| 96 avi ds; vy

The four extra mismatch equations which are added in Eq.3.40 are expanded below.
Eq.3.45 and Eq.3.46 are the real power mismatch equation.Eq.3.47 and Eq.3.48 are
the reactive power mismatch equation. Eq.3.49,Eq.3.50 and Eq.3.51 are the mismatch
equation which shows the real and reactive power exchanged between the series and

shunt voltage sources. The reference value for this is zero.

Pji = (V)2 gij — ViVj(gijc0s8ji + bijsindi) + ViVie(gijcos (3 — dse) +bijsin(; — de))
(3.45)

AF =P

Ji Pref (346)

Qji = —(V))biy — ViVi(gissindsi — bijcosdsi) + V;Vie(gijsin(8; — dse) =

bijcos(0; — 0se)) (3.47)

AG = jS - QTef (348)
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PE;. = —V;Vie(gijcos(0i — dse) — b;jsin(0i — dse)

+ V;Vie(gijcos(0j — dse) — b;jsin(0j — dse)) (3.49)

PEg, = (Van)?gs — ViVin(gscos(8i — §sh) — bgsin(6i — 6sh)) (3.50)

APy = PE,, — PE,, (3.51)

3.4.2 5 Bus System

The Modified NR power flow model was simulated on a 5 bus system as shown in

Fig.??. THe UPFC is installed between bus 4 and bus 5.

J4dN

Figure 3.61: 5 Bus system with 1 UPFc

The reference values are shown in Table.3.50. The UPFC State Variables are shown

in Table.3.51. The power flow solution is shown in Table.3.52.



Table 3.50: Sp
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ecified Parameters for the UPFC 5 Bus System

Specified Parameters for the UPFC

Pref -18 MW
Qref -1.5 MVAR
Vspec 0.9954 V

Table 3.51: UP

FC State Variables for the UPFC 5 Bus System

UPFC Parameters

Ve 0.0545 V
Sse 71.6238 deg
Vi 1.0139 V
Osh -2.5314 deg

Table 3.52: 5 Bus System Volts and Angles

Bus No Voltage Angle(Degrees)

1. 1 0

2. 0.99 -2.2185
3. 0.9919 -2.1059
4. 0.9954 -2.5422
D. 0.9823 -4.9702

3.4.3 30 Bus System

The modifed NR power flow is also simulated on a 30 Bus system. 2 UPFCs are

installed on the 30 Bus system. Thus 8 new state variables are added in the modified

jacobian. The specified parameters for the two UPFCs are shown in Table.3.53. The

UPFC state variables are

shown in Table.3.54.



Figure 3.62: 30 Bus system with 2 UPFc

Table 3.53: Specified Parameters for the UPFC 30 Bus System

Specified Parameters for UPFC 6-8

P, 30.08 MW
Qref 12 MVAR
Vpee 1.0121 V

Specified Parameters for UPFC 10-21

Pef 18.66 MW

Qrey 3.27 MVAR

Vpee 1.0438 V

96
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Table 3.54: UPFC State Variables for the 30 Bus System

UPFC Parameters for UPFC 6-8

Ve 0.0019 V
Ose -102.52 deg
Vin 1.0126 V
Osh -11.09 deg

UPFC Parameters for UPFC 10-21

Ve 0.0016 V
Ose -159.4 deg
Van 1.0440 V
Osh -15.73 deg

3.5 Summary

In this chapter, the different models of FACTs devices were simulated in a Newton
Raphson power flow. The Newton Raphson power flow has to be modified to take into
account the control references of the FACTs devices. Additional state variables are
introduced for the magnitude and angle of the voltage sources used to model either a
series or a shunt voltage source. This Newton Raphson power flow is easy to use as it
utilizes the NRPF formulation which already exists. Furthermore, it can be used in
OPF formulations where FACTs devices are modelled as bus injections. The solution
of the OPF can be divided into two steps where the first step involves calculating
the external variables of the power system. The second step involves calculating the
internal variables of the FACTs devices using the models as explained in this chapter.

An application of this is shown in the next chapter.



CHAPTER 4: OPTIMAL POWER FLOW METHODOLOGY WITH UPFC
INTEGRATED POWER GRID FOR LINE LOADING OPTIMIZATION

4.1  Introduction

The OPF Problem is frequently used by power sytem operators to find an optimal
solution to a certain objective function. The LPOPF is more effective and robust
to use among different OPFs as it uses a linearised version of the ACPF equations
in its formulation. With respect to the application of FACTs devices, the LPOPF
is an effective choice. The LPOPF can be used to determine the operating settings
of FACTs devices with respect to a given objective function. In most cases, the
FACTs devices are either used to reduce congestion or solve bottlenecks. These can

be included in terms of line inequality constraints.
4.1.1  Main Contributions

In this chapter, a LPOPF based formulation incorporating FACTS devices specif-
ically UPFC has been described. The objective of the OPF model is to reduce the
stress on the power system by reducing the line loading ratio on heavily loaded lines.
This can be done by rerrouting power flow from heavily loaded lines to lightly loaded
lines as much as possible. Since the main objective of the LPOPF is to reduce line
loading ratio of high loaded lines, the target of the OPF is to obtain as high a re-
duction as possible with more accuracy and more speed. The following modifications

and features of the LPOPF help to achieve the above:

e The LPOPF model is able to obtain maximum reduction in line loading ratio by
improving accuracy in each LPOPF iteration. This is made sure by making the

solution of each iteration accurate so that the iterations can be continued on for
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as much as possible. The LPOPF model incorporating UPFC devices with the
objective function of reducing line loading improves accuracy by adjusting the
control variables in small steps according to the accuracy of the linearisation
of the equations included in the LPOPF. The accuarcy of the linearisation is
judged using a gradient method. Some iterations may more more accurate as
compared to others. If the accuracy of the linearisation is higher in one iteration,
a higher change in control variables can be allowed while if linearisation is less

accurate, a smaller change in control variables should be allowed.

The LPOPF model uses the Bus injection model of UPFC in the ACPF equa-
tions. The bus injection model of UPFC models the UPFC as a PV and PQ
Bus. The PV and PQ buses are already part of a normal power system so the
existing LPOPF models do not need to be modified much. The PV and PQ
bus then can model the real and reactive injections of the UPFC. This makes
it easy to model the UPFC in the LPOPF model. The incorporation of the
Bus injection model of the UPFC makes the LPOPF robust. As compared to
the Bus injection model, if the equivalent circuit model of UPFC is included
in terms of the Series and Shunt Voltage Sources, there will be two more line

equations and four more state variables.

After each LPOPF iteration, if the solution of the LPOPF is not feasible, the
sensitivities are still updated at the infeasible operating point. The infeasible
operating point is passed on to the next LPOPF iteration. The solution of
the next iteration may or moay not be feasible. In both cases, this gives a
larger solution space for the LPOPF. This will allow the LPOPF to run more
iterations and hence possibly obtain a larger reduction in line loading in some
cases. Do remember that it is important to arrive at a solution that is feasible

when it converges however the intermediate LPOPF iteration solutions can be



infeasible.

4.2  Problem Formulation
4.2.1 UPFC Bus Injection Model

The UPFC Circuit diagram is shown in Fig.4.1.

VILBE V}LB_)

Zse

Pi+jQi Zsh Pj+jQj

Vsh Lgsh

Figure 4.1: Circuit Diagram of UPFC

Equations 3.1-3.14 model the UPFC circuit digram effectively.

Py = Vie|[Vjsin(dse — 6j) — Visin(dse — 64)]/ Xse
Qse = Vie[Vicos(dse — i) — Vjcos(dse — 0i) — Vie]/ Xse

Qse = Vie[Vicos(dse — 6i) — Vjcos(dse — 0i) — V] / Xse

MV A, =/ PSQ6 + Qge
Py, = V[ Visin(0sp, — 6;)]/ Xsn

Qsh = Van[Vicos(0sn — 6;) — Van] / Xsn

MV Ay, = £/ P2 + Q%

100



Py, + Pe =0
Pj = Vj[Viesin(d; — 0se) — Visin(d; — 6;)]/ Xse
Q; = Vj[Vicos(6; — 6;) — Viecos(j — dse) — Vi1 / Xse
P—=P;=0
Qi = Qij + Qisn
Qij = Vi[Vi + Vicos(8; — 0;) — Vsecos(0; — 0se)]/ Xse

Qish = Vz'[Vz' - VshCOS(@ - 5sh)]/Xsh

101
(4.8)

(4.9)
(4.10)
(4.11)
(4.12)
(4.13)

(4.14)

The UPFC Bus injection Model is shown in Fig.4.2 and Fig.4.3. It consists of a

PV bus and a PQ bus. The PV Bus is located at the bus where the shunt voltage

source 1s located.

Power System

PV BUS PQ BUS

i UPFC MODEL I

Figure 4.2: Connection of UPFC with the Power SYstem
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Power System

PV BUS PQ BUS

Pi+jQi Pi+jQj

Figure 4.3: UPFC model in Power FLow Calculation

The UPFC parameter equations linking the external UPFC and internal UPFC

parameters can be represented by a vector as shown in Eq. 4.15, Eq.4.16 and Eq.4.17.

F(xupfe, xzp) =0 (4.15)
Tupfe = [‘/sha ‘/sea 5sh7 (sse] (416>
Tp = [V}, 0i 5]'7 Qi Viesireds Paesired, Qdesired] (417)

The vector F in Eq. 4.15 is a set of equations. These equations are expressed in Eq

A4.18-Fq.77.
Vj[Vsesin(d; — 0se) — Vaesireasin(d; — 6;)]]/ X se — Piesirea = 0 (4.18)
V,] [V:iesiredcos(éj — 61) - ‘/seCOS((Sj — 586] — Vj]/Xse - Qdesz’red =0 (4]-9>

Vse[‘/}Sin((sse_5j)_‘/;iesiredSin(ése_(si]/Xse_V;h‘/desiredsz.n(ésh_éi]/Xsh =0 (420)
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Vdesired[vdesired + ‘/jCOS(éi - 53) - ‘/;eCOS((Si - 586)]/X8€Vd68i7'6d

+ Vdesired[‘/:iesired - ‘/sh605<§i - 6sh)]/Xsh - Qz =0

4.2.2  LPOPF Formulation of LPOPF incorporating UPFC

The state variables in the LPOPF are voltages and angles. The control variables are
the real generation, reactive generation and UPFC power injections. The objective

function of the LPOPF model is given by Eq.4.21.

1 XMVA

Min Average Loading ratio = — o=
in Average Loading ratio = — SMV Apas

(4.21)

Let MV A; denote the apparent power on a given line i, MV A; ... denote the
maximum apparent power on a given line i,nl denote the number of lines. The

objective function is linearised as given by Eq.4.22.

Min Az = Z%—AXA@ (4.22)

=

x denote the system state variable vector and deltax is the change in the system state
variable vector. This vector will contain the change in each system state variable,such
as the change in each angle and each voltage of the power system state. Since the
apparent power on a line can be calculated both from the receiving end or the sending
end of the line, Eq.4.22 is modified to define the apparent power on a line as the
average of both the sending and recieving end of the line. The new equation is given

by EQ.4.23.

4.2
(2nl) X MV Apas (423)

k=1

In the study, only the lines whose loadings are greater than 0.5 are included in the
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objective function. The reason for this is that under stressful power system state,
it is important to reduce the loading on high loaded lines as those lines are directly
affecting system security. It is not important to reduce the averge loading on all
lines as sometimes by reducing the average loading on all the lines, it could mean
sometimes that the loading on some highly loaded lines may increase. The equality
constraints included in the LPOPF are the real power and reactive power balance
constraints.

The real power balance constraint is given by EQ.4.24.
dP dP dP dP

A+ Ay APy Y CAQg=0 424
@ SOt gy BV T gpy X TAPat ga X —AQ (424)

The reactive power balance constraint is given by EQ.4.25.

dQ dQ dQ dQ
— Ad+ —= A — X —APg+ —— x —AQg = 4.2
75 + ¥ G V+ iPg X g+ 10 X Qg=0 (4.25)

The real power balance constraint on the UPFC PV and UPFC PQ Bus are dis-
cussed next. The Real Power Balance on the UPFC PQ Bus is given by Eq.4.26.
dP dP dP

— Ad+ — A —— x —APg = 4.2
7 (H—dV V+dpg>< g=0 (4.26)

The Real Power Balance on the UPFC PV Bus is given by Eq.4.27.

dP dP dP dP
— A — A A —— X —APg = 4.2
75 o+ ¥ V + TVdes Vdes + Py X g=0 (4.27)

The Reactive Power Balance on the UPFC PQ Bus is given by Eq.4.28.

dQ dQ dQ _
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The Reactive Power Balance on the UPFC PV Bus is given by Eq.4.29.

d@ dQ d@ d@
@ A5+ WA AVdes + 22« _AQqg = 4.
@ D0 gy BV quges BVdes g, X TAWI =0 (4.29)

The difference between the UPFC PQ and PV bus is that the injection on the PQ
bus is treated like negative generation and the bus injection on the PV bus is treated
like positive generation. The negative generation on the PQ bus is in fact mimicing
a load but in the LPOPF it is more easier to model the load as negative generation
because the OPF modelling already includes generation variables. The Vdes variable
in the equations above is the voltage at the PV bus of the UPFC model. Since the
UPFC does not consume nor produce any real power,Eq.4.30 and Eq.4.31 is included
in the OPF.

Power injection at PQ bus = Power injection at PV bus (4.30)

Pi = Pj (4.31)

Eq.4.31 needs to be linearised to be included in the LPOPF. The linearised equation
is given by Eq.4.32.
APi=APj (4.32)

If the change in the real injections at both PQ and PV bus are equal and the real
injection at the start of OPF is the same then the real injection after the LPOPF
converges will also be same.

The inequality constraints included are the line flow constraints and the UPFC rat-
ing constraints. The inequality constraints of the UPFC include the series and shunt
MVA ratings of the converters, maximum voltage of the series and shunt converters.
Since the UPFC is modelled as a PQ and a PV bus and its internal parameters which

are the voltage and angles of the series and shunt converters are not included directly
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in the OPF model and furthermore,the inequalities of the UPFC’s internal parameters
need to be included in the LPOPF model, a linearised mathematical relation needs to
be made between the UPFC’s ratings and the UPFC’s external parameters. Keep in
mind that the a nonlinear mathematical relation already exists between the UPFC’s
ratins and the UPFC’s external parameters but a linearised mathematical relation
needs to be derived since the model is Linearised OPF. This linear relation is neces-

sary for the UPFC inequality constraints to be formulated. The inequality constraints

of the UPFC which represent the UPFC ratings are given by Eq.4.33-Eq.4.37.

Pshyin < Psh(x) + ap;h Az < Pshygs (4.33)
MVashp, < MV Ash(x) + % Ax < MV Ashygz (4.34)
MV Asepin < MV Ase(x) + % Ax < MV Ase s (4.35)

Vshpmin < Vsh(z) + % Ax < Vshpmas (4.36)

Vsemin < Vse(x) + 0V;e Az < Vsenar (4.37)

In order to calculate the derivatives of the UPFC Internal Parameters with respect
to the state variables of the power system, the partial derivatives of the vector set
of equations F in Eq.4.15 needs to be taken using the chain rule. This is shown in

Eq.4.38 and Eq.4.39.
oF 8$Cupfc

pu— 4-
Oxypre  Oxp I+ Ox,, 0 (4.38)
. 8F -1 8F . 6xupfc (4 39)
OTypre * Oz,  Om, '

From Eq.4.39, Eq.4.40 and Eq.4.41 can be obtained. These represent the partial

derivatives of Vse and Vsh with respect to the state variables of the power system.
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axupfc a‘/se
= 4.40
Oz oz, (440)

axupfc - 8‘/sh,
or, 0=,

(4.41)

The partial derivatives of UPFC Shunt real Power(Psh), Shunt MVA Rating
(MVAsh) and Series MVA Rating(MVAse) with respect to the state variables need

to be calculated. The vector H is given in Eq.4.42 and Eq.4.43.

Psh
H= |MVA,, (4.42)
MV A,

Ven[Visin(dsn — 6:)]/ Xsn
H = \/m (4.43)
VPL+ Q%
Using the chain rule applied on vector H, the partial derivatives of UPFC Shunt
real Power Psh, Shunt MVA Rating MVAsh and Series MVA Rating MVAse with

respect to the state variables are calculated given by Eq.4.44 and Eq.4.45.

OH OH  Oxypre OH
= ke | (4.44)
oz, OTypre  Oxp oz,
M — [aPsh OMVAs, OMVAse OVse avsh] (4.45)
(‘3xp dzp ' Ozp o Ozp 0 Ozp 7 Oxp

4.2.3  Flow Chart of LPOPF algorithm

The flow chart of LPOPF algorithm is shown in the Fig.4.4. The algorithm is

started with an initial UPFC operating Point. The algorithm contains a while loop
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which stops itearting when the convergence criterion is reached. The convergence is
reached when the reduciton in line loading ratio is less than the Tolerance and the
operating point is feasible. The objective function is described in Eq.??. After the
while loop, the sensitivities and the partial derivatives are calculated. These include
the sensitivities given in Eq.4.45. The LPOPF is solved in Matlab using LINPROG.
The state variables are updated. The control variables in his algorithm are the UPFC
bus injections at the PV and PQ bus, Real and Reactive Generation and the Gener-
ation Bus Voltages. These are entered as an input to the ACPF data. The ACPF is
run with the updated control variables. The ACPF solution is obtained. The LPOPF
solution and ACPF solution will not be exactly the same as the LPOPF is a linearised
version of the ACPF equations so there will be some error between the two solutions.
The solution passed on to the next iteration is the ACPF solution. At this point, the
new objective function cost is calculated given by Eq.4.46.

Then, Sigma is calculated which represents the accuracy of the LPOPF solution

given by Eq.?77.

(objective startpoint — objective newpoint

Sigma = (4.46)

objective startpoint — objective linear proj

The value of delta which is the maximum change allowed in variables is updated

based on Sigma. At this point, the following three checks are made:

e if the new operating point is feasible e.g. most common violation is that the

line flow is exceeding line flow maximum MVA
e if sigma is greater than zero which means that the LPOPF is accurate

e if (objective startpoint - objective linear proj) is reducing which means that the

LPOPF estimates the gradient of objective function in the right direction

If all of these are true, then the new operating point cost reduction is stored. How-

ever, if any of these are not true, the new cost reduction is not acceptable. Still, in
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both cases, the solution is passed on to the next LPOPF iteration as discussed previ-
ously. This give the LPOPF a larger solution space. In cases where the solution the
current iteration is infeasible, updating the sensitivities allows the LPOPF to proceed
towards a feasible solution in the proceeding iterations. The LPOPF converges when
there is no more further reduction in the objective function cost,sigma is greater than
zero and the current operating point is feasible. All these three conditions need to be
true at the end of the LPOPF iteration if the LPOPF has to reach convergence. The

algorithm flow is shown in Algorithm.9.

Data Input

Initial Starting Point
of UPFC

!

Calculate all
Sensitivities

!

- Run LPOPF

3
Obtain New

Operating Point

Update all the
sensitivities Check the solution
L with AC Power Flow

'
No / ThesnluﬂonlsAC>

\ feasible?
y Yes
No
Is Tol<le-5?
Yes
L
LPOPF

has Converged

Figure 4.4: Flow Chart of the LPOPF algorithm
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Algorithm 6 Proposed LPOPF Algorithm

Initialize network parameters.
Initialize the UPFC Operating Point.
Run ACPF.
Find which lines have Loading Ratio more than 0.5. Calculate the Objective Func-
tion Loading Ratio.
while do(iter) < (Maxiterations)
Calculate the Objective Function Start Point.
Calculate the Sensitivity/partial derivatives.
Set up the LPOPF equations in matrix form.
Solve the LPOPF.
Obtain the New Operating Point. (Pes, Qdes, Vies: Pyen, Qgens Vv )-
Input the New Operating Point in ACPF. (Pyes, Quess Vies, Pyens Qgen, Vow)-
Run ACPF.
The solution of the ACPF is obtained.
Calculate the new V., e, Vin, Osh.
Calculate Sigma.

if Sigma > 0.1 then
Increase the maximum change in control Variables.

else if Sigma < 0 then
Reduce the maximum change in Control Variables.

else if (objectivestartpoint — objectivelinearproj) < 0 then
Reduce the maximum change in Control Variables.

end if

if  Sigma > 0.1 and (objectivestartpoint — objectivelinearproj) > 0 and
(LineLimitsnotexceedingin AC' PFsolution) = 0 then
The new operating point is feasible and the objective function cost reduction
is stored.
else
The new operating point is not feasible. The objective function cost change
is not stored.
end if

if  (Tol = (objectivestartpoint — objectivenewpoint)) < (le — 5) and (Oper-
ating Point is feasible) then
The LPOPF has Converged.
else
Continue with the next iteration.
end if
end while
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4.2.3.1 Parameters of the Model

The inputs and outputs of the algorithm are listed below: The inputs are:

e Initial Operating Point of UPFC(Pref,Qref, Vref)

Real and Reactive Generation Setpoints(Pgen,Qgen)

Voltage and Angle of Buses

Power System Line Parameters(R,X)

Line Flow Limits(MVAmax)

UPFC Max Ratings(MVAsh,Psh,MVAse)

Loading Ratio before OPF

List of High Loaded Lines
The outputs are:
e Optimal Operating Point of UPFC(Pref,Qref, Vref)
e Real and Reactive Generation Setpoints
e Optimal Line Flows
e Loading Ratio after OPF

4.2.4  Comparison with the Previous Models

A comparison is provided in the flow charts between previous model published by
Dr.Vijay and the proposed formulation in Fig.4.5. The differences are summarised in

Table.4.1.



Dr. Vijay’s Model

Data input
Contingency analysis

Fird overload or
woltage violation

Calculate initial operating
point for UPFC

Update all
sensilivites

Check the sclution
with AC power flaw

Yes

is feasible ?

Maximum iteration
count is reached 7
Yes

FACTS control Recond the
doss nal work aptmal soluion

Al conbngences
are analyzed 7

top and
prind resulis

Proposed Formulation

Initial Starting Point
of UPFC

Update all the
sensitivities

Check the solution
with AC Power Flow

No

The solution is AC
feasible?

Is Tol<le-57

Yes
Yes

Figure 4.5: A side by side comparison of the
Proposed Model with Dr.Vijay’s Model

Table 4.1: Summary of Comparison between
Proposed Model and New Model

Proposed Model

Dr.Vijay’s Model

The main objective of
the proposed algorithm
is to maximize reduction
in line loading of heavily
loaded lines. Convergence is
achieved when the change

in loading ratio is less than

le-5.

Previous model converged
when the overload/voltage

violation was corrected.
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Continuation of Table 6.1

The proposed formulation
has to maintain accuracy
in its solutions as it runs
iterations com-

for more

pared with Dr.  Vijayas
model.Solutions of the pro-
posed OPF need to be accu-
rate in order for the LPOPF

to transfer solutions across

iterations.

Dr. Vijayas model runs for
maximum 2 iterations since
the LPOPF converges when

the overload/voltage viola-

tion is corrected.

The proposed algorithm al-
lows real and reactive gen-

eration to vary in one the-

Dr. Vijayas model does not
allow any change in real and

reactive generation.

sis chapter. The proposed
algorithm needs to maintain
its accuracy if the generation

has to be allowed to change.

4.2.5  Results

The algorithm was tested on a 39 bus system and a 118 bus system.

4.2.5.1 39 Bus System

The 39 Bus system has 10 generators and 46 lines. Since the objective of the case
study was to show that the UPFC is able to reduce the line loading under stressed
loading conditionss, thus the line 4-5 is switched out. This increases the loading on

highly loaded lines(lines with loading ratio more than 0.5) from 0.6181 to around
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Figure 4.6: 39 Bus System

The UPFC ratings are shown in the table 4.2 below. The ratings are particularly
important since they will determine the reduction in loading that is possible. The
series voltage source rating (MVASE) determines how effectively the UPFC is able to
change the amount of power flowing through the line or under some circumstances, if
it is able to change the direction of power flowing through the line. The shunt power
rating(MVASH) is relevant to the reactive power support that the UPFC is able to
offer in terms of how much reactive power it is able to absorb or supply. By doing so,
it is able to change the voltage at the PV bus and hence it can also aid in rerouting
power by controlling the voltage. Another important factor to keep in mind for later
is that the more higher the rating of the UPFC, the higher the cost. This is not
considered for now. The list of branches which have loading more than 50 percent

are shown in Table 4.3.
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Table 4.2: UPFC Ratings

Parameter Min Max
Ve 05V 0.5V
Van 0.8V 1.5V
MVA,, 0 MVA 200 MVA
MVA,, 0 MVA 200 MVA
Py, -80 MW 80 MW

Table 4.3: List of Highly Loaded Branches 39 Bus System

From Node To Node

13 14
4 14
15 16
2 3
29 38
28 29
25 37
23 36
23 24
22 35
21 22
2 25
6 7
10 13
10 32
16 19
16 21
19 33

20 34
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Case A 1 UPFC

In Case A, a UPFC was installed on line 16-17. The reduction in loading is shown
in Table 4.4.

Table 4.4: Change in Loading Ratio Case A

UPFC Location Line 16-17

Loading Ratio before OPF 0.6645

Loading Ratio after OPF 0.6393

Reduction in Loading Ratio 0.0252

The loading of all lines for Case A before and after OPF is shown Fig. 4.7. As
shown in Fig. 4.7, the UPFC is able to reduce the loading ratio in 2 to 3 lines. Some
lines have the same loading ratio before and after opf. That is because the UPFC
can not effect a change in loading in those lines which are located far away from the

UPFC.

Line Loading Ratio of all lines

1
0.9

o 08 \ A r

=07 I |

® 06 \ ‘

'-t.g 05 \ ‘ A | \ 'ﬂ,\-

i | N, U \
: . v

0.2
01
1 <] 11 16 21 26 31 36 41 46

0

Line Number

——Loading Ratio before OPF ——Loading Ratio after OPF

Figure 4.7: Loading Ratio for Lines Case A

The line locations with the highest reduction are shown in Fig.4.8. As seen, the

lines are located close to the location of the UPFC.
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Figure 4.8: Lines with Highest Reduction Case A

Bus 6

The UPFC operating point before and after the OPF is shown in the table 4.5.
The main thing to note here is that the UPFC rating for the series voltage ource
changes from 10 MVA to 65 MVA respectively. Since the initial start point for the
OPF is the normal power flowing through the line 16-17 in the 39 bus system, thus
the UPFC series rating is comparatively lower(10 MVA) and the voltage Vse is 0.0439
V. Since the OPF changes the power flowing through the line 16-17 in order to reduce
the loading ratio, the UPFC reroutes power flow by injecting a series voltage which
is 0.2570 at an inductive angle. Thus the UPFC series power rating increases from
10 MVA to 65 MVA. The shunt rating of the UPFc increases from 21 MVA to 38
MVA as the desired voltage at the PV bus is raised from 0.991 V to 1.0428 V. The
shunt source has to provide some reactive support. This indicates that the UPFC is

effective at reducing the line loading ratio.
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Table 4.5: UPFC operating point in Case A

UPFC Parameter(16-17 Upfc) Before OPF  After OPF

Ve 0.0439 0.2570

Ose 87 deg 61 deg

MVA,, 10 MVA 65 MVA
MVA,, 21 MVA 38 MVA
P, 0.9 MW 27 MW
P ges 238 MW 458 MW
Qdes -66 Mvar -47 Mvar
Vies 0.991 V 1.0428 V

Since the case only only studies the effect of UPFC only on the change in loading ra-
tio, thus the real and reactive generation is not allowed to change during each LPOPF
iteration. However, it must be noted that the LPOPF is a linear approximation of the
actual ACPF equations. Thus, after each iteration when the LPOPF output is en-
tered as an input to the ACPF, there are bound to be differences between the LPOPF
output(LPOPF Real and Reactive Generations Setpoints) and ACPF output(ACPF
Real and Reactive Generation Setpoints). In other terms, this can also be called
the error of the LPOPF which is the difference between the ACPF Real Generation
setpoint and LPOPF Real Generation setpoints and the same is the case for Reactive
Generation setpoints. This difference between the LPOPF and ACPF output can
accumulate over several iterations of the LPOPF till the LPOPF converges. The
ideal situation will be that the before OPF Real and Reactive Generation Setpoints
should be same as after OPF Real and Reactive Generation Setpoints. However, as
discussed before, there will be error. This error is shown in Fig. 4.9 and Fig. 4.10
respectively. The highest error is at bus 31 which is the slack bus. These errors may

seem at high first but if seen from a percentage point of view are relatively small.
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The percentage error is shown in 4.6. Both errors are less than 3.5 percent which is

acceptable from LPOPF point of view.

Change in Real Generation Beforeand After OPF{hW
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Figure 4.9: Change in Real Generation before and after OPF in MW

Change in Reacitve Generation Before and After OPF{RVAR)
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Figure 4.10: Change in Reactive Generation before and after OPF in MVar



120

Table 4.6: Percentage Change in Pgen and Qgen

Bus 31 Pgen before OPF 683.06 MW

Bus 31 Pgen after OPF 665 MW

Percentage Error in Pgen at Bus 31 2.6 percent

Bus 31 Qgen before OPF 174 MW
Bus 31 Qgen after OPF 168 MW
Percent error in Qgen Bus 31 3.4 percent

Case B 1 UPFC
The UPFC is installed on line 3-4 in Case B. The reduction in loading ratio is shown
in Table 4.7. The reduction is significant given the real and reactive generation is not
allowed to change.

Table 4.7: Change in Loading Ratio Case B

UPFC Location Line 3-4

Loading Ratio before OPF 0.6682

Loading Ratio after OPF 0.6341

Reduction in Loading Ratio  0.0341

The reduction in loading ratio is brought about by reducing the loading on certain
lines. Do note that the loading ratio can increase in some lines after opf. In this case,
as you can see in Fig. 4.11, few lines which have loading ratio less than 50 before
the OPF have loading ratio more than 50 after the opf. This is understandable given

that power flow will be rerouted from heavily loaded lines to lightly loaded lines.
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Line Loading Ratio of all lines
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Figure 4.11: Loading Ratio for Lines Case B

The line locations with the highest reduction are shown in Fig.4.12. As seen, the

lines are located close to the location of the UPFC.

o UPEC Location Lmes‘ wnfh the I-Iilghest.
Reduction in Loading Ratio

Bus 30 o~ Bus 37 & — <

Bus 26 Bus 28 Bus 29

Bus 27 Bus 38

Bus 9 =

Bus 8

Bus 7

Bus 6

Figure 4.12: Lines with Highest Reduction Case B

The UPFC operating point before and after the OPF is shown in table .4.8. As

can be seen, as discussed for Case A, the series voltage source magnitude increases
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from 0.0311 V to 0.2926 V. The relatively low series voltage magnitude before OPF
is again due to the reason that the power flow in line 3-4 is the same as in the 39 bus
system. However, after the OPF, both the series voltage source magnitude and the
series power flow rating increases significantly. This shows that the UPFC is essential

to reducing the line loading ratio. The shunt voltage source power rating increases

from 66 MVA to 113 MVa to support the higher voltage at the PV Bus.

Table 4.8: UPFC operating point in Case B

UPFC Parameter(3-4 Upfc) Before OPF After OPF

Ve 0.0311 0.2926

Ose 42 deg 57 deg

MVA,, 6 MVA 59 MVA
MVA,, 66 MVA 113 MVA
Py -2 MW 36 MW
Pes 88.00 MW 316 MW
Ques 160 Mvar 295 Mvar
Vies 0.952 V 1.036 V

The error in Real and Reactive Generation setpoints for Case B are shown in
Fig.4.13 and Fig.4.14. The maximum error is 3.5 percent which is acceptable for the
LPOPF. The errors are given in Table.??.
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Figure 4.13: Change in Real Generation Case B

Change in Reactive Generation Before and After OPF{MVAR)
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Figure 4.14: Change in Reactive Generation Case B

Table 4.9: Percentage Change in Pgen and Qgen Case B

Bus 31 Pgen before OPF 683.06 MW

Bus 31 Pgen after OPF 668 MW

Percentage Error in Pgen at Bus 31 2.53 percent

Bus 31 Qgen before OPF 174 MVar
Bus 31 Qgen after OPF 167 MVar
Percent error in Qgen Bus 31 3.43 percent

The Fig.4.15, Fig.4.16, Fig.4.18, Fig.4.19,Fig.4.20,Fig.4.21 and Fig.4.22 show the
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convergence pattern of the control parameters and the objective function cost.As
can be seen the LPOPF takes 26 iterations to converge. As can been from Fig.4.20
and Fig.4.21, the value of Pdesired oscillates around 300 MW and the value of Qdes
oscillates around 300 MVAR before they both settle at their final values. This shows
that the limiting characterisitics must be related to the maximum real and reactive
injection allowed at the UPFC Buses. Since none of the UPFC ratings are near their
limits, thus the other factor limiting the UPFC injections are the line flow limits of
the lines connecting the UPFC buses to its neighbouring buses. If the loading ratio
of the lines are seen after the OPF converges, then it can be seen that from Fig.4.23,
that the loading ratio for this line is at 1. Thus this is the limit factor in this case
limiting further reduction in Objective function cost. However, the limit factor is

case-dependent.

Series Voltage Source Magnitude(Vse)
0.35

0.3
0.25
0.2
0.15

Vse (Volts)

0.1
0.05

1 6 11 16 21 26
Iteration Number

Figure 4.15: Series Voltage Source Magnitude Vse
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Figure 4.18: UPFC Shunt Power Ratings
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Case C 1 UPFC(Less Ideal UPFC Location)

In Case C, the UPFC is installed on line 13-14. The reduction in loading in this
case is 0.0066 which is shown in Table.4.10. It is comparatively less than Case A
and Case B where it was 0.0252 and 0.0341 respectively. This shows that the UPFC
location is important. Lines selected in Case A and Case B were 16-17 and 3-4 which
were transmission corridors and thus more helpful in rerouting power flow and hence
reducing the loading ratio. Other factors which affect the effective UPFC location

include topology and other parameters as well.



Table 4.10: Change in Loading Ratio Case C

UPFC Location 13-14

Loading Ratio before OPF  0.6581

Loading Ratio after OPF 0.6515

Reduction in Loading Ratio 0.0066
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The UPFC parameters are shown in Table .?7?7. The series voltage source power

rating increases from 50 MVA to 125 MVA and the series voltage source magnitude

changes from 0.0999 to 0.2402. Furthermore, the shunt voltage source power rating

increases from 24 MVA to 151 MVA. Thus, the UPFC is utilizing the series and

shunt power rating capacity by more than 60 percent. Do keep in mind that the

reduction in loading is comparitiviely lower in Case C as compared ot Case A and

B. This indicates that the algorithm allowed the UPFC to utilize it’s capacity at its

maximum to reduce the loading ratio. This again emphasizes the conclusion made

previously that the location of the UPFC is not optimal in this case.

Table 4.11: UPFC operating point in Case C

UPFC Parameter(13-14 Upfc) Before OPF  After OPF

Ve 0.0999 0.2402
Ose 42 deg 57 deg
MVA,. 50 MVA 125 MVA
MVA,, 24 MVA 151 MVA
Pap 3 MW -10 MW
P ges 481.00 MW 318.48 MW
Ques -34.0 Mvar  -68.45 Mvar
Vides 0.957 V 0972 V

The change in real and reactive generation for Case C are shown in Fig. 4.24 and
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Fig. 4.25. The maximum error in Fig. 4.24 and Fig. 4.25 is 4 MW and 4 MVAR
respectively. This shows that the LPOPF is indeed accurate to an acceptable extent

for Case C.
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Figure 4.25: Change in Qgen for Case C

4.2.5.2  Comparison with Previous Model

A comparison is made between the previous model and the proposed model shown
in Table.4.12. It can seen that the proposed model obtains a reduction in loading
ratio which is 2.5 times that of the previous model. Thus, there is an improvement

in the results.
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Table 4.12: Loading Ratio Comparison of Dr.Vijay’s Model and Proposed Model

UPFC Location 16-17

Reduction in Loading Ratio(Dr.Vijay’s Model) 0.014

Reduction in Loading Ratio(Proposed Model) 2.5 times 0.014

4.2.5.3 118 Bus System

The LPOPF code was simulated on a 118 Bus system. The 118 Bus system diagram
is shown in Fig. 4.26. It is a relativly larger system as compared to the 39 Bus system.
It has 186 branches and 54 generators. The generation is evenly spread out across
the whole system thus there are no specific generation centers. As a result, there are
no specific transmission corridors connecting the generation centers to load centers.
The 118 bus system was simulated for four cases. In the first two cases, one UPFC
is installed while in the other two cases,two UPFCs were installed. Since the 118 bus
system is a large system compared to the 39 Bus System, thus one UPFC only will
be less beneficial as compared to two UPFCs to create an effect in line loading for
a bunch of lines. One UPFC may be sufficient to overcome the bottleneck on one
line but may not help in reducing the line loading ratio on a number of lines. It may
also be added that the high loaded lines may not necessarily lie in close vicinity thus
one UPFC alone located far away may not be able to effect the line loading on lines

located far away from the UPFC.
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Figure 4.26: 118 Bus System

The UPFC ratings selected were 200 MVA series and shunt ratings. The maximum
and minimum series voltage ratings were 0.5V and -0.5V respectively. The maximum
and minimum shunt voltage ratings were 1.5V and 0,8V respectively. They are shown
in Table.4.13.

Table 4.13: UPFC Ratings in the 118 Bus SYstem

Parameter Min Max
Ve 0.5V 0.5V
Van 0.8V 1.5V
MVA,. 0 MVA 200 MVA

MVAy, 0 MVA 200 MVA
P -80 MW 80 MW




Table 4.14: List of Highly Loaded Branches 118 Bus System

From Node To Node
3 5
5 6
8 9
8 5
9 10
5) 11
17 18
23 25
25 27
30 17
26 26
26 30
23 32
37 39
38 65
64 65
47 69
68 69
69 7
78 77
85 89
89 92
110 112

132
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Case A

In Case A, the UPFC was installed on line 81-80. The reduction in line loading is
shown in Table. 4.15. The location of the UPFC installed is shown in Fig.4.27.

Figure 4.27: Location of UPFC Case A 118 Bus System

Table 4.15: Change in Loading Ratio for Case A-118 Bus System

UPFC Location 81-80
Loading Ratio before OPF 0.6489
Loading Ratio after OPF 0.6305

Reduction in Loading Ratio after OPF 0.0184

Number of LPOPF iterations 4

The loading ratio of all lines in Case A before and after opf is shown in Fig.4.28.
As can be seen, a couple of lines have lower loading after opf as compared to before
opf power flow solution but majority of lines have around the same loading ratio after

LPOPF converges as it was at the start of the OPF.
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The lines where the highest reduction in line loading ratio takes place are shown

in Fig.4.29. AS can be seen, they are located at close to the UPFC location.

o UPFC Location GEmm®

Figure 4.29: Lines with the Highest reduction in line loading Case A

Lines with the Highest
Reduction in Loading Ratio

The change in UPFC Parameters is shown in Table.4.16.
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Table 4.16: UPFC 81-80 Parameters Case A

UPFC Parameter(81-80 UPFC) Before OPF  After OPF

Ve 0.0288 0.3088
Ose 55.8 deg -52.42 deg
MVA,, 1 MVA 14 MVA
MVA,;, 17 MVA 30 MVA
P -0.1 MW 10 MW
Pges 34.000 MW -104.56 MW
Qges 33 Mvar 65.38 Mvar
Vdes 1.050 V 1.077 V

The Fig. 4.30 and Fig. 4.31 show the change in Real Generation and Reactive
Generation setpoints before and after the LPOPF converges.As discussed for the 39
Bus case, this should ideally be zero. However, since LPOPF inherently has an error
due to linear modelling of the ACPF equations, there is some change in the Real and
Reactive Generation setpoints. The error in Case A is negligible.

Change in Real Generation Beforeand After OPF(W)
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Figure 4.30: Change In Real Generation(MW) Case A
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Figure 4.31: Change In Reactive Generation(MVAR) Case A

Case B

In Case B, a UPFC was installed on line 30-17. The location of the UPFC installed
is shown in Fig.4.32.

o UPFC Location

39

Figure 4.32: Location of UPFC Case B 118 Bus System

The reduction in loading ratio is shown in Table.4.17. It is higher as compared to

Case A.



Table 4.17: Change in Loading Ratio for Case B-118 Bus System

UPFC Location

30-17

Loading Ratio before OPF

0.6491

Loading Ratio after OPF

0.6279

Reduction in Loading Ratio after OPF 0.0212

Number of LPOPF iterations

5

The change in UPFC Parameters is shown in Table.4.18.

Table 4.18: UPFC 30-17 Parameters Case B

UPFC Parameter(30-17 UPFC) Before OPF  After OPF
Ve 0.1223 0.43

Ose 55.8 deg 109 deg
MVA,. 31 MVA 105 MVA
MVAg, 56 MVA 128 MVA
P, -2 MW -55 MW
Py 942.00 MW 418.72 MW
Qdes 54.00 Mvar -44.22 Mvar
Vies 0.991 V 0.949 V
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The loading ratio of all lines in Case B before and after opf is shown in Fig.4.33.

In Case B, only a few lines have smaller loading after opf as compared to before opf.
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Line Loading Ratio of all lines
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Figure 4.33: Loading Ratio Case B

The location of lines with the highest reduction in line loading ratio is shown in
Fig.4.34. Compared to Case A, the lines with the highest reduction in line loading
have different location as the UPFC location has changed. They are now located

close to where the UPFC is located.

O UPFC Location @ Lines with the Highest Reduction
in Loading Ratio

Figure 4.34: Lines with the Highest reduction in line loading Case B

The error in real and reactive generation setpoints is shown in Fig.4.35 and Fig.4.36.

In Case B, this error is negligible.
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Figure 4.35: Change In Real Generation(MW) Case B
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Figure 4.36: Change In Reactive Generation(MVAR) Case B

Case C

Two UPFCs were installed on the system on line 63-64 and 80-81. The locations
are shown in Fig. 4.37.

O UPFC Location

Figure 4.37: Location of UPFC Case C 118 Bus System
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The reduction in loading ratio is shown in Table .4.19. The reduction in loading
ratio is significant given the 118 Bus system is a large power system. The 39 Bus
system Case A had a reduction in loading ratio of 0.0252 and Case B had a reduction

of 0.0341. The reduction is comparable to that for the smaller 39 Bus System.

Table 4.19: Change in Loading Ratio for Case C-118 Bus System

UPFC Locations 63-64 and 80-81
Loading Ratio before OPF 0.6499
Loading Ratio after OPF 0.6146
Reduction in Loading Ratio after OPF 0.0353
Number of LPOPF Iterations 30

The Loading ratio of all lines before and after opf are shown in Fig. 4.38. As
seen for the 39 Bus system, some lines have higher loading before opf versus after opf
while some lines have the opposite pattern. However, overall there is a reduction in
the loading ratio for high loaded lines.

Line Loading Ratio of all lines
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£03
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Line Number

——Loading Ratio before OPF ——Loading Ratio after OPF

Figure 4.38: Loading Ratio Case C

The location of lines with the highest reduction in line loading ratio is shown in

Fig.4.39.
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O UPEC Location @ Lines with the Highest Reduction
in Loading Ratio

Figure 4.39: Lines with the Highest reduction in line loading Case C

The UPFC operating point before and after the OPF are shown in the table .4.20
and table .4.21. As can be seen in table .4.20 and table .4.21, the voltage source
magnitude and series voltage source power rating increase after the OPF for both
UPFC locations emphasizing the facr that UPFC is essential to reducing the line
loading when the real and reactive gen setpoints are not allowed to change in Case
A. The shunt voltage source power rating also increases because the desired voltage

increases at the two UPFC’s PV bus locations.
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Table 4.20: UPFC Parameters for UPFC 63-64

UPFC Parameter(63-64 UPFC) Before OPF  After OPF

Ve 0.0499 0.1483
Ose -90 deg 81 deg
MVA,, 8 MVA 26 MVA
MVA,, 21 MVA 56 MVA
P 1.5 MW -3 MW
P ges -165.00 MW -40.66 MW
Ques -33.00 Mvar 11.02 Mvar
Vies 1.013V 1.010 V

Table 4.21: UPFC Parameters for UPFC 81-80

UPFC Parameter(81-80 UPFC) Before OPF  After OPF

Ve 0.0148 0.2816
Ose -68 deg 114 deg
MVA,. 0.7 MVA 15 MVA
MVAg, 32 MVA 45 MVA
P -0.4 MW 10 MW
Pes -34 MW 101.10 MW
Ques -33 Mvar  -53.07 Mar
V des 1.04 V 1.071 V

The Fig. 4.40 and Fig. 4.41 show the change in Real Generation and Reactive
Generation setpoints before and after the LPOPF converges. As discussed for the
39 Bus case, this should ideally be zero. However, since LPOPF inherently has an
error due to linear modelling of the ACPF equations, there is some change in the

Real and Reactive Generation setpoints. In Case A, the maximum error in Real
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Generation setpoint occurs at bus 69 and that for the Reactive Generation setpoint
occurs at bus 59 as shown in Table .4.22. The percent error is 0.13 percent in case
of Real Generation while that for the reactive generation is 8.3 percent. This is also
acceptable given that there are 54 generators and the average error is significantly

less than 8.3 percent as can be judged from Fig .4.41.
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Figure 4.41: Change In Reactive Generation(MVAR) Case C

Table 4.22: Maximum Percentage Change in Pgen and QGen Case C

Bus 69 PGen before OPF 761.66 MW

Bus 69 PGen after OPF 762.69 MW

Percentage Error in PGen at Bus 69  0.13 percent

Bus 59 QGen before OPF 97.00 MVAR

Bus 59 QGen after OPF 105.39 MVAR

Percent error in QGen Bus 59 8.3 percent
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Case D

The location of the UPFCs installed are 65-68 and 30-17. The locations are shown
in Fig. 4.42.

O UPFC Location

39

Figure 4.42: Location of UPFC Case D 118 Bus System

The reduction in loading ratio is shown in Table. 4.23.

Table 4.23: Change in Loading Ratio for Case D-118 Bus System

UPFC Location 65-68 and 30-17
Loading Ratio before OPF 0.6516
Loading Ratio after OPF 0.6208
Reduction in Loading Ratio after OPF 0.0308

The UPFC operating point before and after the OPF is shown in the Table .4.24
and Table .4.25.
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Table 4.24: UPFC 65-68 Parameters

UPFC Parameter(65-68 UPFC) Before OPF  After OPF
Ve 0.0226 0.0759
Ose -113 deg 125 deg
MVA,. 2 MVA 7.5 MVA
MVAg, 34 MVA 40 MVA
P -0.1 MW 6.5 MW
Pes -69.00 MW -37.04 MW
Qdes -72.00  -51.44 Mvar
V o 1.012 'V 1.010 V

Table 4.25: UPFC 30-17 Parameters

UPFC Parameter(30-17 UPFC) Before OPF  After OPF
Ve 0.1237 0.4348
Ose 82.0807 deg 109 deg
MVA,, 31 MVA 103 MVA
MVAg, 29 MVA 102 MVA
P, 0.9 MW -58 MW
Pes 242.00 418.68 MW
Ques 54.00 -50.39Mar
Vges 1.005 V 0.958 V

The loading ratio for Case D is shown in Fig.4.43.
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Figure 4.43: Loading Ratio Case D(118 BUS)

The location of lines with the highest reduction in line loading ratio is shown in
Fig.4.44. In this case, no line is located near UPFC 65-68 signifying that it is not an
optimal location for the UPFC. All the lines are located near UPFC 30-17 signifying

that it is an effective UPFC location.

. Lines with the Highest
o UPFC Location Reduction in Loading Ratio

Figure 4.44: Lines with the Highest reduction in line loading Case D

The error in real and reactive generation setpoints is shown in Fig.4.45 and Fig.4.46.
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Figure 4.45: Change In Reactive Generation(MVAR) Case D
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Figure 4.46: Change In Real Generation(MW) Case D

4.2.5.4  Summary and Main Contribution

The Main contribution of this chapter is listed below:

e The proposed LPOPF algorithm is able to optimally manage the power flow in
a system by providing a feasible solution which is accurate and computationally
efficient. The solution is feasible with regards to the UPFC power and voltage
ratings defined in the LPOPF. Compared with the model already published, it
is giving a larger reduction in the line loading ratio thus it is able to show that
it maximises the benefit of UPFC towards achieving the optimal power flows
in a power system. The results have been verified for the 39 Bus and 118 Bus

System thus the algorithm is effective for larger systems as well.

The summary of the cases studied thus far is shown in Tabel.6.21.



Table 4.26: Summary of the Cases studied

39 Bus System
Location of | Loading Ratio | Loading Ratio | Reduction in
UPFC Before OPF After OPF Loading Ratio
16-17 0.6645 0.6393 0.0252
3-4 0.6682 0.6341 0.0341
13-14 0.6581 0.6515 0.0066

118 Bus System
Location of | Loading Ratio | Loading Ratio | Reduction in
UPFC Before OPF After OPF Loading Ratio
81-80 0.6489 0.6305 0.0185
30-17 0.6491 0.6279 0.0212
63-64 and 80-81 | 0.6499 0.6146 0.0353
65-68 and 30-17 | 0.6516 0.6208 0.0308

Some Points can be concluded from this chapter which are discussed below:
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e The choice of the location of the UPFC is vital for bringing an effective reduction

in the loading ratio. UPFC located on lines which are transmission corridors

connecting generation centers to load centers produce the most optimal results.

39 Bus System 1 UPFC Case B has the largest reduction in loading ratio as the

location of UPFC in this case is more optimal as compared to 39 Bus SYstem

1 UPFC CAse A and Case C. Similar conclusion can be made for the 118 Bus

System where Case B has a larger reduction compared to Case A. This algorithm

can provide quantitative insight into what are the optimal locations for the

UPFC if the objective is to reduce the line loading ratio in high loaded lines.

There are other factors which are important as well. Topology of the power

system is another important factor. In 118 Bus system, since the generation
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and load is evenly distributed across the entire system, thus there is no specific
transmission corridor which is vital to reducing the line loading ratio. In such
a topology, furthermore, high loaded lines may be spread out across different
zones. Thus, it is important to locate UPFCs in those zones so that bottlenecks
can be solved and line loading could be reduced further. This was seen when
the UPFC is located in line 81-80 as opposed to the case where the UPFC is
located in line 30-17. The UPFCs are located in different zones in both cases

as the high loaded lines are located around different locations.

It can be seen that even for larger 118 bus system, the reduction in loading ratio
is comparable to that for the 39 Bus system. If you compare 39 Bus System
1 UPFC Case A and B with the 118 Bus system 2 UPFC Case C and D, the
reduction in loading ratio is almost in the same range. Thus, if the objective
of the power system operator is to reduce the line loading ratio in high loaded
lines, it can be useful even for larger systems keeping in mind the cost. The
118 Bus system has 186 branches while the 39 Bus system has 47 branches,
however only one more UPFC is required for the 118 bus system to produce the
same reduction in line loading ratio as that for the 39 Bus system. As was seen
from the discussion in previous subsections, the UPFC capacity was not fully
utilized in all the cases. Given the recent introduction of Distributed FACTs
devices, modular SSSCs can be installed which have comparitively lower ratings
as compared to traditional UPFCs and hence lower costs. This can be useful for
larger power systems such as the 118 Bus system where multiple modular SSSCs
will be more beneficial to reduce the line loading and reduce congestion. The
results of this chapter can be used further study the effect of modular SSSCs

on line loading ratio.



CHAPTER 5: OPTIMAL POWER FLOW METHODOLOGY WITH UPFC AND
SYNCHRONOUS GENERATOR FOR LINE LOADING OPTIMIZATION

5.1  Introduction

The line loading is an important parameter for mainting system security. In case
of contingencies, it is important to maintian as large a security margin as is possible.
In order to increase the security margin, the line loading of the heavily loaded lines
must be reduced. FACTs devices offer control of power flow and hence are useful to
control loading levels of lines in proximity to where the FACTSs is installed. Varying
the generation can change power flows and hence reach a power flow solution which
is more secure speaking from the line loading level. Combining the use of generation
and UPFCs can bring advantages to reducing the line loading than using each of
them individually. Generation offers a large degree of control of line flows over a
large region in the power system. UPFC can provide more direct control over a more
smaller region which covers the neighbouring lines adjacent to the line the UPFC is
installed on. Thus, it is important to optimize the use of generation and UPFCs in a
single OPF formulation to gain a more optimal solution.

The major contributions of this chapter are:

1. A formulation has been presented which finds out the optimal parameter set-
tings of UPFC when generation control is allowed. The objective of the LPOPF
formulation is to manage the line loading of the power system. Generation con-
trol is divided into three categories which are real generation control, reactive
generation control and the combined used of real and reactive generation con-

trol.
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5.2  Formulation

In this chapter, an LPOPF formulation has been presented which outputs the
optimal parameter settings of the UPFC when generation control is allowed. The
generation control is allowed into three categories which are real generation control,
reactive generation control and the combined use of real and reactive generation
control. The formulation used in this chapter is similar to the formulation used in
the last chapter except that within each LPOPF iteration, generation is allowed to
vary depending on which generation control category is being used. The categories

are defined below:

e Scenario 1: All Real generation and Only Slack Bus Reactive Generation can
Vary during the LPOPF. The input to the LPOPF includes reactive generation

setpoints from all generators(other than the slack bus).

e Scenario 2: All Reactive generation and Only Slack Bus Real Generation can
Vary during the LPOPF.The input to the LPOPF includes real generation

setpoints from all generators(other than the slack bus).

e Scenario 3: All Reactive and Real Generation can Vary during the LPOPF.

Table 5.1: Generation Control Description

Scenario Pgen Control Qgen Control

1 All Pgen Slack Qgen
2 Slack Pgen All Qgen
3 All Pgen All Qgen

A flow chart of the algorithm has been presented below:
The line loading gained as an output from the LPOPF incorporating UPFC and

Generation control needs to be compared with a benchmark. The benchmark is the
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line loading gained as an output from the LPOPF incorporating only Generation
Control. Thus, in this manner if we compare the two line loadings, the contribution
of UPFC to the reduction in line loading is obtained. This way, the effectiveness of the
UPFC is obtained under the circumstances when the generation control is allowed.
This is shown in Table.5.2. The effectiveness of the UPFC can be compared as shown

below:

e If (A-B) > (A-C) then the UPFC is not effective in reducing line loading ratio
when generation control is allowed. This suggests that UPFC should not be

installed in the system.

e If (A-B) < (A-C) then the UPFC is effective in reducing line loading when
generation control is allowed. This suggests that UPFC should be installed in

the system.

Table 5.2: Comparison of Change in Loading Ratio

LPOPF With Generation Control Only(Base Case)

Loading Ratio before OPF A

Loading Ratio after OPF

Reduction in Loading Ratio (A-B)

LPOPF With Generation Control and UPFC Control Only

Loading Ratio before OPF A
Loading Ratio after OPF C
Reduction in Loading Ratio (A-C)

5.3  Results for 39 Bus System

In this section, the 39 Bus System is studied. It is assumed that the line 4-5 is
not in operation. Thus, the system is more constrained. The location of the heavily

loaded lines in the system are shown in Fig.5.1.
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Figure 5.1: Location of High Loaded Lines 39 Bus System

5.3.1  Base Case(No UPFC)

In this case, no upfc is installed in the system. The results of this case will be used

as a benchmark for comparison with cases where a UPFC is installed in the system.
5.3.1.1  Base Case Scenario 1: All Pgen+Slack Bus Qgen

The line loading ratio for this scenario is shown in Table.5.3. Since the real gen-
eration at all generation buses is allowed to vary, thus there is considerable change
in real power flow before vs after opf as shown in Fig.5.3. The reactive power flow
changes slightly due to the change in Slack bus reactive generation. This can be seen

in Fig.5.4.
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Table 5.3: No UPFC Case : Scenario 1 Loading Ratio Results

Generation Control Before OPF After OPF

All Pgen + Slack Bus Qgen 0.7289 0.6163
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Figure 5.2: Base Case Scenario 1 Line Loading Ratio
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Figure 5.3: Base Case Scenario 1 Real Power Flow
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Figure 5.4: Base Case Scenario 1 Reactive Power Flow

5.3.1.2  Base Case Scenario 2: All Qgen-+Slack Bus Pgen

In this scenario, the reactive generation at all generation buses is allowed to vary.

The real power almost remains the same before vs after opf as only the slack bus real
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generation is allowed to change as shown in Fig.5.6. The reduction in line loading is

significantly less in scenario 2 compared with scenario 1 as the line flows comprise a

larger percentage of the real power flow compared with the reactive power flow.

Table 5.4: No UPFC Case : Scenario 2 Loading Ratio Results

Generation Control Before OPF After OPF

All Qgen + Slack Bus Pgen 0.7289 0.7267
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Figure 5.5: Base Case Scenario 2 Line Loading Ratio
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Figure 5.6: Base Case Scenario 2 Real Power Flow

5.3.1.3

Base Case Scenario 3: All Pgen+All Qgen

Table 5.5: No UPFC Case : Scenario 3 Loading Ratio Results

Generation Control Before OPF After OPF

All Pgen + All Qgen  0.7289 0.6070
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Figure 5.7: Base Case Scenario 3 Line Loading Ratio
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Figure 5.8: Base Case Scenario 3 Real Power Flow

5.3.2 Case A: UPFC Installed on Line 3-18
5.3.2.1 Case A Scenario 1: All Pgen+Slack Bus Qgen

In this case, a UPFC is installed on Line connecting buses 3 and 18.As can be seen
in Table. 5.6, the UPFC provides additional reduction in line loading in Scenario 1.
Thus the UPFC is beneficial in this scenario. Since the real generation setpoints are
allowed to change during the LPOPF, the real power flow has more leverage to vary
during the OPF as shown in Fig.5.10. The change in loading ratio and the change in
reactive power flow are shown in Fig.5.9 and Fig.5.11. It is important to note that
the reducing the loading ratio of heavily loaded lines can not occur without increasing
the loading ratio of lighty loaded lines. This can be seen in Fig.5.9, where some lines
which loading ratio more than 0.5 before opf have loading ratio after opf less than 0.5
and vice versa. Thus, power is rerouted from heavily loaded lines to lightly loaded
lines. However, this is not the case necessarily as lines connecting generation buses

to rest of power system can not have power rerouted as there is no alternate route.
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For these lines, loading ratio will likely remain above 0.5.

Table 5.6: Case A : Scenario 1 Loading Ratio Results

LPOPF With Generation Control Only

Loading Ratio before OPF 0.7289

Loading Ratio after OPF 0.6163

LPOPF With Generation Control and UPFC Control Only

Loading Ratio before OPF 0.7289

Loading Ratio after OPF 0.5433

Table 5.7: UPFC 3-18 Parameters Case A: Scenario 1

UPFC Parameter(3-18 UPFC) Before OPF  After OPF

MVA,. 0.1 MVA 100 MVA
MVAg, 1 MVA 20 MVA
Py 0.4 MW -2 MW
Qun 0.5 MVAR 5 MVAR
1
"E 0.8 ) \
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Figure 5.9: Case A Scenario 1 Line Loading Ratio
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Figure 5.10: Case A Scenario 1 Real Power Flow
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Figure 5.11: Case A Scenario 1 Reactive Power Flow

As can be seen in Fig.5.12, the voltage limits are being met after the OPF.
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Figure 5.12: Case A Scenario 1 Voltages

5.3.2.2  Case A Scenario 2: All Qgen+Slack Bus Pgen

In this scenario, the UPFC is able to provide a larger reduction in line loading
compared with without UPFC case. The line loading ratio, the real power flow and
reactive power flow are shown in Fig.5.13, Fig.5.14 and Fig.5.15. As can be seen in
Fig.5.14, the real power flow is not changing signficantly compared with Scenario 1

because in Scenario 2, only the real generation at the slack bus is allowed to vary



159
during the OPF. Thus, there is less leverage for the real power flow to change. How-
ever, the reactive power flow is changing more in scenario 2 compared with scenario
1 since in scenario 2, the reactive generation can vary in all generation buses thus
there is more leverage for the reactive power flow to change. Since the real power flow
comprises a larger portion of the line flows, thus there is less reduction in line loading
in scenario 2 compared with scenario 1 because in scenario 1, the real generation at
all generation buses is allowed to vary during the OPF. The important point to note
is that even with the limited control provided by reactive generation in scenario 2,
the UPFC provides additional control to help reduce the line loading ratio of heavily
loaded lines.

Table 5.8: Case A : Scenario 2 Loading Ratio Results

LPOPF With Generation Control Only

Loading Ratio before OPF 0.7289

Loading Ratio after OPF 0.7267

LPOPF With Generation Control and UPFC Control Only

Loading Ratio before OPF 0.7289

Loading Ratio after OPF 0.695

Table 5.9: UPFC 3-18 Parameters Case A: Scenario 2

UPFC Parameter(3-18 UPFC) Before OPF  After OPF

MVA,, 0.1 MVA 50 MVA
MVAgy, 1 MVA 250 MVA
P, 0.4 MW 15 MW

Qsn 0.5 MVAR -250 MVAR
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Figure 5.14: Case A Scenario 2 Real Power Flow
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Figure 5.15: Case A Scenario 2 Reactive Power Flow

5.3.2.3  Case A Scenario 3: All Qgen+All Pgen

In this scenario, both real and reactive generation is allowed to vary during the
OPF. The line loading ratio for the with and without UPFC cases is shown in
Table.5.10. Comparing the results with Scenario 1, the line loading is approximately
similar after OPF in both with and without UPFC cases for Scenario 1 and Scenario
3. This can be attributed to the fact that Scenario 1 is "All Pgen+ SLack Bus Qgen"

and Scenario 3 is "ALL Qgen+ All Pgen". Since most of the line flows are determined
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by the real power flow thus the additional control offered by the reactive generation
is very less towards reducing the line loading ratio. Thus, as can be seen the results
are similar to Scenario 1.

Table 5.10: Case A : Scenario 3 Loading Ratio Results

LPOPF With Generation Control Only

Loading Ratio before OPF 0.7289

Loading Ratio after OPF 0.6070

LPOPF With Generation Control and UPFC Control Only

Loading Ratio before OPF 0.7289

Loading Ratio after OPF 0.5416

Table 5.11: UPFC 3-18 Parameters Case A: Scenario 3

UPFC Parameter(3-18 UPFC) Before OPF  After OPF

MVA,, 0.1 MVA 150 MVA
MVA,, 1 MVA 250 MVA
Pg 0.4 MW 40 MW
Qsn 0.5 MVAR -250 MVAR
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Figure 5.16: Case A Scenario 3 Line Loading Ratio
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Figure 5.18: Case A Scenario 3 Reactive Power Flow

A summary of Case A results is shown in Table.5.12.

Table 5.12: Summary of Case A Results

Generation Control

UPFC Installed Before OPF After OPF

All Pgen + Slack Qgen No 0.7289 0.6163

All Pgen + Slack Qgen Yes 0.7289 0.5433

All Qgen + Slack Pgen No 0.7289 0.7267

All Qgen + Slack Pgen Yes 0.7289 0.695

All Qgen + All Pgen No 0.7289 0.6070

All Qgen + All Pgen Yes 0.7289 0.5416
5.3.2.4 Case D
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In this section, load is varied with the UPFC installed on the same line. A few

select loads on some buses are increaseed in load. Loads on Bus 12,15,16,23, 25 and

26 are increased by 2 percent for both real and reactive power.
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Table 5.13: Case D Load Variation

Bus No. Real Load Reactive Load Percent Increase

12 15 38 9
15 350 153 9
16 350 33 9
23 249 85 9
25 224 48 9
26 139 17 9
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Figure 5.19: Case D 39 Bus system

The line loading ratios of the system for various control scenarios are shown in
Fig.5.21, Fig.5.20 and Fig.5.22. As can be seen that in Fig.5.20, the line loading of
all lines before and after opf is the same. Thus for Scenario 2, there is no change in
the power system state. This is because one of the lines has a loading ratio almost 1.

Thus, the presence of UPFC is not able to help in this case.



Table 5.14: Case D : Scenario 1 Loading Ratio Results

LPOPF With Generation Control Only

Loading Ratio before OPF 0.7915

Loading Ratio after OPF 0.7004

LPOPF With Generation Control and UPFC Control Only

Loading Ratio before OPF 0.7915

Loading Ratio after OPF 0.5852

Table 5.15: Case D : Scenario 2 Loading Ratio Results

LPOPF With Generation Control Only

Loading Ratio before OPF 0.7915

Loading Ratio after OPF 0.7915

LPOPF With Generation Control and UPFC Control Only

Loading Ratio before OPF 0.7915

Loading Ratio after OPF 0.7915

Table 5.16: Case D : Scenario 3 Loading Ratio Results

LPOPF With Generation Control Only

Loading Ratio before OPF 0.7915

Loading Ratio after OPF 0.6873

LPOPF With Generation Control and UPFC Control Only

Loading Ratio before OPF 0.7915

Loading Ratio after OPF 0.5553
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Figure 5.21: Case D Scenario 3 Line Loading Ratio

Line Loading Ratio of all lines

0 5 10 15 20 25 30 a5 40 45
Line Number

——Loading Ratio before OPF ——Loading Ratio after OPF
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Table 5.17: UPFC 3-18 Parameters Case D: Scenario 1

UPFC Parameter(3-18 UPFC) After OPF

MVA,. 106 MVA
MVAg, 110 MVA
Vse 0.3250 V

Table 5.18: UPFC 3-18 Parameters Case D: Scenario 3

UPFC Parameter(3-18 UPFC) After OPF

MVA,, 113 MVA
MVA;, 250 MVA
Vse 0.3374 V

5.3.3  Case B: UPFC Installed on Line 11-12
5.3.3.1  Case B Scenario 1: All Pgen+Slack Bus Qgen

In this case, a UPFC is installed on Line connecting buses 11 and 12.As can be
seen in Table. 5.19, the UPFC provides reduction in line loading ratio additional
to the generation controls. Thus the UPFC installed on this location is effective in
this scenario. Note that the additional reduction provided by the UPFC is small.
However this must be taken in perspective as the control provided by UPFC is within
its neighbouring region of installation while the control offered by real generation at
the 9 generation buses collectively is across the entire power system. The paramters
of the UPFC are shown in Table.5.20. As was discussed for Case A Scenario 1, the
real generation control at all generation buses allows more leverage for the real power
flow to change as compared with the reactive power flow. This can be seen in Fig.5.24

and Fig.5.25. The line loading ratio is shown in Fig.5.23.



Table 5.19: Case B : Scenario 1 Loading Ratio Results

Generation Control

UPFC Installed Before OPF After OPF

All Pgen + Slack Bus Qgen

No 0.7289 0.6163

All Pgen + Slack Bus Qgen

Yes 0.7289 0.6044

Table 5.20: UPFC 11-12 Parameters Case B: Scenario 1

UPFC Parameters

Before OPF After OPF

MVA,, 0.05 MVA 200 MVA
MVA,, 30 MVA 4 MVA
P, 0.4 MW -4 MW
Qsh -30 MVAR 1 MVAR
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Figure 5.23: Case B Scenario 1 Line Loading Ratio
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Figure 5.24: Case B Scenario 1 Real Power Flow

167



168

200

100 “ ) A / \
! A v . p /N
0 Y A 4 ra /\ \w g \‘. 1 \/ ___/ \
-100 \/ ‘ \ .

\ \d

-200

-300

Reactive Power Flow{MVAR)

1 ] 11 16 21 26 31 36 41
Line Number
——Reactive Power Flow hefore OPF Reactive Power FLow after OPF with UPFC

Figure 5.25: Case B Scenario 1 Reactive Power Flow

5.3.3.2  Case B Scenario 2: All Qgen-+Slack Bus Pgen

In this scenario, the UPFC is able to provide additional reduction in line loading
ratio compared with the without UPFC case. The UPFC parameters are shown in
Table.5.22. As can be seen, UPFC utilizes its reactive capacity support by providing
250 MVAR to the power system. As was discussed previously for Case A, since
only the slack bus real generation is allowed to vary, the real power flow does not
change signficantly during the OPF. Since the reactive generation can change at all
generation buses, thus the reactive power flow changes significantly during the OPF.
This can be seen in Fig.5.28 and Fig.5.27.

Table 5.21: Case B : Scenario 2 Loading Ratio Results

Generation Control UPFC Installed Before OPF  After OPF
All Qgen + Slack Bus Pgen No 0.7289 0.7267
All Qgen + Slack Bus Pgen Yes 0.7289 0.6997

Table 5.22: UPFC 11-12 Parameters Case B: Scenario 2

UPFC Parameters Before OPF  After OPF

MVA,, 0.05 MVA 200 MVA
MVA,, 30 MVA 250 MVA
P 0.4 MW 40 MW

Quh 30 MVAR  -250 MVAR
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Figure 5.28: Case B Scenario 2 Reactive Power Flow

5.3.3.3  Case B Scenario 3: All Qgen-+All Pgen

In this scenario, all real and reactive generation can vary. The UPFC is providing
additional reduction in line loading as shown in Table.5.23. Compared with Scenario
1 where only slack bus qgen is allowed to vary, in this scenario UPFC is able to provide
additonal reactive support since the all reactive generation can vary in Scenario 3.
This allows more leverage for the reactive flows to change and hence more leverage

for the UPFC PV and PQ buses to change its reactive injections. This can be seen
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in Table.5.24 where the UPFC reactive power rating is 220 MVA compared with

Scenario 1 where it is 4 MVA.

Table 5.23: Case B : Scenario 3 Loading Ratio Results

Generation Control UPFC Installed Before OPF After OPF

All Qgen + ALL Pgen No 0.7289 0.616

All Qgen + ALL Pgen Yes 0.7289 0.5886

Table 5.24: UPFC 11-12 Parameters Case B: Scenario 3

Line Loading Ratio

Real Power Flow(MW)

UPFC Parameters Before OPF  After OPF

MVA,. 0.05 MVA 210 MVA
MVA,, 30 MVA 220 MVA
Py, 0.4 MW 30 MW
Qsn -30 MVAR  -220 MVAR
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Figure 5.31: Case B Scenario 3 Reactive Power Flow

A summary of Case B results is shown in Table.5.25.

Table 5.25: Summary of Case B Results

Generation Control UPFC Installed Before OPF After OPF

All Pgen + Slack Qgen No 0.7289 0.6163
All Pgen + Slack Qgen Yes 0.7289 0.6044
All Qgen + Slack Pgen No 0.7289 0.7267
All Qgen + Slack Pgen Yes 0.7289 0.6997
All Qgen + All Pgen No 0.7289 0.6070
All Qgen + All Pgen Yes 0.7289 0.5886

5.3.3.4 Case E

In this section, load is varied with the UPFC installed on the same line. A few
select loads on some buses are increaseed in load. Loads on Bus 12,15,16,23, 25 and

26 are increased by 2 percent for both real and reactive power. The load variation is

shown in Table.5.26 and in Fig.5.32.
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Table 5.26: Case E Load Variation

Bus No. Real Load Reactive Load Percent Increase

12 15 38 9
15 350 153 9
16 350 33 9
23 249 85 9
25 224 48 9
26 139 17 9
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Figure 5.32: Case E 39 Bus system

The loading ratio before and after opf for all three control scenarios are shown
in Table.5.27, Table.5.28 and Table.5.29. It is seen that the UPFC is beneficial in
all three control scenarios. The UPFC parameters for control scenarios 1 and 3 are
shown in Table.5.33 and Table.5.34. The line loading ratio for the control scenarios

1 and 3 are shown in Fig.5.33 and Fig.5.34.



Table 5.27: Case E : Scenario 1 Loading Ratio Results

LPOPF With Generation Control Only

Loading Ratio before OPF 0.7915

Loading Ratio after OPF 0.7004

LPOPF With Generation Control and UPFC Control Only

Loading Ratio before OPF 0.7915

Loading Ratio after OPF 0.6636

Table 5.28: Case E : Scenario 2 Loading Ratio Results

LPOPF With Generation Control Only

Loading Ratio before OPF 0.7915

Loading Ratio after OPF 0.7915

LPOPF With Generation Control and UPFC Control Only

Loading Ratio before OPF 0.7915

Loading Ratio after OPF 0.7915

Table 5.29: Case E : Scenario 3 Loading Ratio Results

LPOPF With Generation Control Only

Loading Ratio before OPF 0.7915

Loading Ratio after OPF 0.6873

LPOPF With Generation Control and UPFC Control Only

Loading Ratio before OPF 0.7915

Loading Ratio after OPF 0.6433

173



Table 5.30: UPFC 11-12 Parameters Case E: Scenario 1

UPFC Parameter(11-12 UPFC) After OPF

MVA,, 183 MVA
MVAg, 15 MVA
Vse 0.56 V

Table 5.31: UPFC 11-12 Parameters Case E: Scenario 3
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5.3.4  Case C: UPFC Installed on Line 16-17
5.3.4.1 Case C Scenario 1: All Pgen+Slack Bus Qgen

The UPFC is installed on the line connecting buse 16 and 17. This location is
effective as it can be seen that the UPFC brings additional reduction in line loading
ratio. The parameters of the UPFC are shown in Table.5.33. The loading ratio, the

real flow and reactive flow are shown in Fig.5.35, Fig.5.36 and Fig.5.37.

Table 5.32: Case C : Scenario 1 Loading Ratio Results

Generation Control UPFC Installed Before OPF After OPF
All Pgen + Slack Bus Qgen No 0.7289 0.6163
All Pgen + Slack Bus Qgen Yes 0.7289 0.6062

Table 5.33: UPFC Parameters Case C: Scenario 1

UPFC Parameters Before OPF After OPF

MVA,. 2.5 MVA 200 MVA
MVA,, 2 MVA 80 MVA
Py, 0.4MW  -25 MW
Qun 1 MVAR 70 MVAR
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Figure 5.35: Case C Scenario 1 Line Loading Ratio
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Figure 5.37: Case C Scenario 1 Reactive Power Flow

5.3.4.2

Case C Scenario 2: All Qgen-+Slack Bus Pgen
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The UPFC is effective in this scenario as well where it is able to provide additional

control of the loading ratios in additon to the generation control. Since the reactive

generation at every generation bus is allowed to change, thus the UPFC has more

leverage for providing reactive support through its shunt source compared with Sce-

nario 1. However, since real power flows are limited by change in Slack bus Pgen only,

thus the series power rating MVAse of the UPFC is less in Scenario 2(70 MVA) versus

Scenario 1(200 MVA). The UPFC has less leverage to reroute power in Scenario 2 as

the line flows comprise a larger portion of the real power compared with the reactive

power flow.

Table 5.34: Case C : Scenario 2 Loading Ratio Results

Generation Control

UPFC Installed Before OPF After OPF

All Pgen + Slack Bus Qgen

No 0.7289 0.7267

All Pgen + Slack Bus Qgen

Yes 0.7289 0.7166
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Table 5.35: UPFC Parameters Case C: Scenario 2

UPFC Parameters Before OPF  After OPF
MVA,, 2.5 MVA 70 MVA
MVA,, 2 MVA 180 MVA
Pan 0.4 MW -35 MW
Qsn 1 MVAR -160 MVAR
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Figure 5.38: Case C Scenario 2 Line Loading Ratio

600

100

-400

-900

1 6 11 16 21

26 31 36 41

Line Number

——Real Power Flow before OPF

——Real Power FLow after OPF with UPFC
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5.3.4.3  Case C Scenario 3: All Qgen+ALL Pgen

In this scenario, the UPFC is not effective in providing additional control over the
line loading as shown in Table.5.36. This is mainly because this scenario allows real
and reactive generation to vary at all generation buses thus the control offered by
generation is significantly more than the UPFC. Thus the effectiveness of UPFC is
negligible. The parameters of the UPFC are shown in Table.5.37.

Table 5.36: Case C : Scenario 3 Loading Ratio Results

Generation Control UPFC Installed Before OPF  After OPF
All Pgen + Slack Bus Qgen No 0.7289 0.6070
All Pgen + Slack Bus Qgen Yes 0.7289 0.6085

Table 5.37: UPFC Parameters Case C: Scenario 3

UPFC Parameters Before OPF  After OPF

MVA,, 2.5 MVA 200 MVA
MVA,, 2 MVA 200 MVA
P, 0.4 MW 70 MW
Qun 1 MVAR  -180 MVAR
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Figure 5.41: Case C Scenario 3 Line Loading Ratio
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A summary of the results for Case C are shown in Table.5.38.

Table 5.38: Summary of Case C Results

Generation Control

UPFC Installed Before OPF After OPF

All Pgen + Slack Qgen No 0.7289 0.6163
All Pgen + Slack Qgen Yes 0.7289 0.6062
All Qgen + Slack Pgen No 0.7289 0.7267
All Qgen + Slack Pgen Yes 0.7289 0.7166
All Qgen + All Pgen No 0.7289 0.6070
All Qgen + All Pgen Yes 0.7289 0.6085

5.3.5

9.3.6

A Discussion on Voltage Improvement with UPFC 39 Bus system

A Discussion on UPFC Control REgion

Overall, the UPFC in combination with generation control is able to create a larger

reduction in line loading ratio compared with generation control only(no UPFC case).
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However, the location of the UPFC must be effective in order for the UPFC to be
effective. The optimal location of the UPFC depends on several factors. The most
important factor is loading levels and the system topology. In the system studied in
this section, most of the heavily loaded lines are located in the center region of the
system(6 lines of the 19 lines) denoted by the red rectangle shown in Fig.??. The
other heavily loaded lines are branches connecting the generators to the rest of the
system. These are shown by the lines marked inside the green circles. To reduce the
line loading of the lines inside the green circle, generation can be adjusted at respective
buses. The line loadings of the lines located in the center region can be controlled by
adjusting generation. However,the degree of generation control reduces as we move
inwards from the generation buses towards the area inside the red rectangle. Thus,
if a UPFC is located within the red rectangle, additional control can be provided for
lines located in proximity to UPFC location. This will help reduce the line loading
further for these lines in particular.The results confirm what has been discussed so far.
The UPFC installed on Line 3-18,16- 17 and 11-12 give higher reductions compared

to without UPFC cases.
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Figure 5.44: Control Region of UPFC

5.4  Results for 118 Bus System

The 118 bus system is a larger system as compared to the 39 bus system. It has 54
generators and 183 branches. The generators are located across the 118 bus system
unlike the 39 bus system where generators were located on the outer buses of the

system.
5.4.1  Base Case(No UPFC)
5.4.1.1  Base Case Scenario 1: All Pgen+Slack Bus Qgen

In scenario 1, all the real generation can vary. The change in line loading ratio
for high loaded lines is shown in Table.5.39. The line loadings, the real and reactive
power flow are shown in Fig.5.45.Fig.5.46 and Fig.5.47. As can be seen, the reactive
power flow does not change signficantly. THe change in line loading ratio can be

mostly attributed to change in real power flow.



182
Table 5.39: Base Case : Scenario 1 Loading Ratio Results

Generation Control UPFC Installed Before OPF After OPF

All Pgen + Slack Qgen No 0.6552 0.4507
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Figure 5.45: Base Case(118 Bus) Scenario 1 Line Loading Ratio
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Figure 5.46: Base Case(118 Bus) Scenario 1 Real Power Flow
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Figure 5.47: Base Case(118 Bus) Scenario 1 Reactive Power Flow
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5.4.1.2  Base Case Scenario 2: All Qgen+Slack Bus Pgen

In scenario 2, all the reactive generation is allowed to vary. The change in loading
ratio for high loaded lines is shown in Table.5.40. The reduction in line loading is
lesser as compared to scenario 1. The line loadings, the real and reactive power flow

are shown in Fig.5.48, Fig.5.49 and Fig.5.50.

Table 5.40: Base Case : Scenario 2 Loading Ratio Results

Generation Control UPFC Installed Before OPF After OPF

All Qgen + Slack Pgen No 0.6552 0.5948
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Figure 5.48: Base Case(118 Bus) Scenario 2 Line Loading Ratio
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Figure 5.49: Base Case(118 Bus) Scenario 2 Real Power Flow
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5.4.1.3  Base Case Scenario 3: All Pgen+All Qgen

In this scenario, all the real and reactive generation is allowed to vary. Since the
118 bus system is a large system, thus this scenario results in the largest reduction in
line loading ratio. For larger systems, varying real and reactive generation together
will give more control over line loading than varying only real generation. This is
because the system is larger. The loading ratio, the real and reactive power flow are

shown in Fig.5.51, Fig.5.52 and Fig.5.53.

Table 5.41: Base Case : Scenario 3 Loading Ratio Results

Generation Control UPFC Installed Before OPF After OPF

All Qgen + All Pgen No 0.6552 0.1453

.E 0.3
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Figure 5.51: Base Case(118 Bus) Scenario 3 Line Loading Ratio
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Figure 5.52: Base Case(118 Bus) Scenario 3 Real Power Flow
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Figure 5.53: Base Case(118 Bus) Scenario 3 Reactive Power Flow

The summary of the base case results is given in Table.5.42.

Table 5.42: Summary of Base Case(118 Bus) Results

Generation Control UPFC Installed Before OPF After OPF

All Pgen + Slack Qgen No 0.6552 0.4507
All Qgen + Slack Pgen No 0.6552 0.5948
All Qgen + All Pgen No 0.6552 0.1453

5.4.2  Case A: UPFC Installed on Line 30-17
5.4.2.1 Case A Scenario 1: All Pgen+Slack Bus Qgen

In Case A, the UPFC is installed between buses 30 and 17. The change in line
loading ratio is shown in Table.5.43. The UPFC is effective in reducing the line loading

more as compared with the base case even for larger systems. Thus the addition of
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the UPFC is effective. Note that for larger systems, choosing an effective location
of the UPFC is very important. The choice of determining the effective location of
the UPFC depends on the system topology as well as the location of the high loaded
lines. The change in UPFC parameters is shown in Table.5.44. The line loading, the

real and reactive power flow are shown in Fig.5.54,Fig.5.55 and Fig.5.56.

Table 5.43: Case A 118 Bus : Scenario 1 Loading Ratio Results

Generation Control UPFC Installed Before OPF After OPF

All Pgen + Slack Qgen No 0.6552 0.4507

All Pgen + Slack Qgen Yes 0.6552 0.2784

Table 5.44: UPFC Parameters Case A 118 Bus: Scenario 1

UPFC Parameters Before OPF After OPF

MVA,, 33 MVA 155 MVA
MVA,;, 33 MVA 180 MVA
P, 0.4 MW 7T MW
Qs 41 MVAR 162 MVAR
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Figure 5.54: Case A(118 Bus) Scenario 1 Line Loading Ratio
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Figure 5.56: Case A(118 Bus) Scenario 1 Reactive Power Flow

5.4.2.2  Case A Scenario 2: All Qgen+Slack Bus Pgen

The change in line loading ratio is shown in Table.5.45. The UPFC is effective in
reducing the line loading more as compared with the base case. Thus the addition
of the UPFC is effective. The change in UPFC parameters is shown in Table.5.46.

The line loading, the real and reactive power flow are shown in Fig.5.57,Fig.5.58 and

Fig.5.59.

Table 5.45: Case A 118 Bus : Scenario 2 Loading Ratio Results

Generation Control UPFC Installed Before OPF After OPF

All Qgen + Slack Pgen No 0.6552 0.5948

All Qgen + Slack Pgen Yes 0.6552 0.5762
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Table 5.46: UPFC Parameters Case A 118 Bus: Scenario 2

UPFC Parameter(3-18 UPFC) Before OPF  After OPF

MVA,, 33 MVA 75 MVA
MVA,, 33 MVA 120 MVA
Py, 0.4 MW 20 MW
Qsn 41 MVAR 100 MVAR
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Figure 5.57: Case A(118 Bus) Scenario 2 Line Loading Ratio
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Figure 5.58: Case A(118 Bus) Scenario 2 Real Power Flow
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Figure 5.59: Case A(118 Bus) Scenario 2 Reactive Power Flow

5.4.2.3 Case A Scenario 3: All Qgen+All Pgen

The change in line loading ratio is shown in Table.5.47. The UPFC is not effective
in reducing the line loading more as compared with the base case. This is because
in this scenario, all the real and reactive generation is allowed to vary. The control
over line flows given by the combination of real and reactive generation is sufficient
to undermine the control over lines flows in the neighbouring lines of the UPFC
location. It is important to remember that the in this system, the PV buses are
located in proximity of every line as well as the number of PV buses is comparitively
large which is 54 buses out of the total number of buses which is 118 buses. Thus,
generation can undermine the control offered by UPFC within the region where the
UPFC is installed.This will be discuused further in the subsequent section. The
change in UPFC parameters is shown in Table.5.48. The line loading, the real and

reactive power flow are shown in Fig.5.60,Fig.5.61 and Fig.5.62.

Table 5.47: Case A 118 Bus : Scenario 3 Loading Ratio Results

Generation Control UPFC Installed Before OPF After OPF

All Qgen + All Pgen No 0.6552 0.1453

All Qgen + All Pgen Yes 0.6552 0.1682
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Table 5.48: UPFC Parameters Case A 118 Bus: Scenario 3

UPFC Parameter Before OPF After OPF

MVA,, 33 MVA 134 MVA
MVA, 33 MVA 160 MVA
P, 0.4 MW 22 MW

Qsh 41 MVAR 158 MVAR
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Figure 5.60: Case A(118 Bus) Scenario 3 Line Loading Ratio
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Figure 5.61: Case A(118 Bus) Scenario 3 Real Power Flow
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A summary of Case A results is shown in Table. 5.49.

Table 5.49: Summary of Case A 118 Bus Results

Generation Control

UPFC Installed Before OPF After OPF

All Pgen + Slack Qgen No 0.6552 0.4507
All Pgen + Slack Qgen Yes 0.6552 0.2784
All Qgen + Slack Pgen No 0.6552 0.5948
All Qgen + Slack Pgen Yes 0.6552 0.5762
All Qgen + All Pgen No 0.6552 0.1453
All Qgen + All Pgen Yes 0.6552 0.1682

5.4.3 Case B: UPFC Installed on Line 65-66

5.4.3.1  Case B 118 Bus Scenario 1: All Pgen+Slack Bus Qgen
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In Case B, the UPFC is installed between buses 65 and 66. The change in line

loading ratio is shown in Table.5.50. The UPFC is effective in reducing the line

loading more as compared with the base case. Thus the addition of the UPFC is

effective. The change in UPFC parameters is shown in Table.5.51. The line loading,

the real and reactive power flow are shown in Fig.5.63,Fig.5.64 and Fig.5.65.
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Table 5.50: Case B 118 Bus : Scenario 1 Loading Ratio Results

Generation Control UPFC Installed Before OPF After OPF

All Pgen + Slack Qgen No 0.6552 0.4507

All Pgen + Slack Qgen Yes 0.626 0.359

Table 5.51: UPFC Parameters Case B 118 Bus: Scenario 1

UPFC Parameters Before OPF  After OPF

MVA,, 0.05 MVA 40 MVA
MVA,), 122 MVA 120 MVA
P, 0.4 MW -36 MW
Qsh -122 MVAR -115 MVAR
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Figure 5.63: Case B(118 Bus) Scenario 1 Line Loading Ratio
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Figure 5.64: Case B(118 Bus) Scenario 1 Real Power Flow
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Figure 5.65: Case B(118 Bus) Scenario 1 Reactive Power Flow

5.4.3.2  Case B 118 Bus Scenario 2: All Qgen+Slack Bus Pgen

The change in line loading ratio is shown in Table.5.52. The UPFC is effective in
reducing the line loading more as compared with the base case. Thus the addition
of the UPFC is effective. The change in UPFC parameters is shown in Table.5.53.
The line loading, the real and reactive power flow are shown in Fig.5.66,Fig.5.67 and
Fig.5.68.

Table 5.52: Case B 118 Bus : Scenario 2 Loading Ratio Results

Generation Control UPFC Installed Before OPF After OPF

All Qgen + Slack Pgen No 0.6552 0.5948

All Qgen + Slack Pgen Yes 0.6552 0.5839

Table 5.53: UPFC Parameters Case B 118 Bus: Scenario 2

UPFC Parameters Before OPF  After OPF

MVA,, 0.05 MVA 30 MVA
MVA,;, 122 MVA 130 MVA
P 0.4 MW -20 MW

Qun “122 MVAR  -127 MVAR
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Figure 5.66: Case B(118 Bus) Scenario 2 Line Loading Ratio
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Figure 5.67: Case B(118 Bus) Scenario 2 Real Power Flow
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Figure 5.68: Case B(118 Bus) Scenario 2 Reactive Power Flow

5.4.3.3  Case B 118 Bus Scenario 3: All Qgen+All Pgen

The change in line loading ratio is shown in Table.5.54. The UPFC is not effective

in reducing the line loading more as compared with the base case. As discussed in



195
the previous cases, this is because in this scenario, all the real and reactive gener-
ation is allowed to vary. The control over line flows given by the combination of
real and reactive generation is sufficient to undermine the control over lines flows in
the neighbouring lines of the UPFC location. The change in UPFC parameters is
shown in Table.5.55. The line loading, the real and reactive power flow are shown in

Fig.5.69,Fig.5.70 and Fig.5.71.

Table 5.54: Case B 118 Bus : Scenario 3 Loading Ratio Results

Generation Control UPFC Installed Before OPF After OPF

All Qgen + All Pgen No 0.6552 0.1453

All Qgen + All Pgen Yes 0.6552 0.1452

Table 5.55: UPFC Parameters Case B 118 Bus: Scenario 3

UPFC Parameters Before OPF  After OPF

MVA,. 0.05 MVA 20 MVA
MVAg, 122 MVA 125 MVA
P 0.4 MW -25 MW
Qsn -122 MVAR -120 MVAR

0 50 100 150
Line Number
——Loading Ratio before OPF ——Loading Ratio after OPF with UPFC

Figure 5.69: Case B(118 Bus) Scenario 3 Line Loading Ratio
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Figure 5.70: Case B(118 Bus) Scenario 3 Real Power Flow
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Figure 5.71: Case B(118 Bus) Scenario 3 Reactive Power Flow

A summary of Case B results is shown in Table.5.56.

Table 5.56: Summary of Case B 118 Bus Results

Generation Control UPFC Installed Before OPF After OPF

All Pgen + Slack Qgen No 0.6552 0.4507
All Pgen + Slack Qgen Yes 0.652 0.359
All Qgen + Slack Pgen No 0.6552 0.5948
All Qgen + Slack Pgen Yes 0.6552 0.5839
All Qgen + All Pgen No 0.6552 0.1453

All Qgen + All Pgen Yes 0.6552 0.1452
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5.4.4  Case C: UPFC Installed on Line 30-17 and 65-66
5.4.4.1 Case C 118 Bus Scenario 1: All Pgen+Slack Bus Qgen

In Case C, two UPFCs are installed. One of them is installed between bus 30
and 17 and the second UPFC is installed between bus 65 and 66. The change in
line loading ratio is shown in Table.5.57. The UPFC is effective in reducing the
line loading more as compared with the base case. Thus the addition of the UPFC is
effective. Compared with Case A and Case B, where only one UPFC was installed, two
UPFCs are able to provide a larger reduction in loading ratio in Case C. This suggests
that given an effective location of the UPFC, they are able to provide additional
control over line flows in addition to generation. The change in UPFC parameters is

shown in Table.5.58. The line loading, the real and reactive power flow are shown in

Fig.5.72,Fig.5.73 and Fig.5.74.

Table 5.57: Case C 118 Bus : Scenario 1 Loading Ratio Results

Generation Control UPFC Installed Before OPF After OPF

All Pgen + Slack Qgen No 0.6552 0.4507

All Pgen + Slack Qgen Yes 0.652 0.2410

Table 5.58: UPFC Parameters 30-17 Case C 118 Bus: Scenario 1

UPFC Parameters Before OPF  After OPF

MVA,, 33 MVA 150 MVA
MVA,, 33 MVA 138 MVA
Pg, 0.4 MW 60 MW

Qun 41 MVAR 122 MVAR
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Figure 5.72: Case C(118 Bus) Scenario 1 Line Loading Ratio
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Figure 5.73: Case C(118 Bus) Scenario 1 Real Power Flow
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Figure 5.74: Case C(118 Bus) Scenario 1 Reactive Power Flow

5.4.4.2 Case C 118 Bus Scenario 2: All Qgen-+Slack Bus Pgen

The change in line loading ratio is shown in Table.5.60. Case C is able to provide
larger reduction in Scenario 2 compared with Case A and Case B thus two UPFCs are
able to provide more control over line flows compared with one UPFC. The change in
UPFC parameters is shown in Table.5.61 and Table.5.62. The line loading, the real

and reactive power flow are shown in Fig.5.75,Fig.5.76 and Fig.5.77.

Table 5.60: Case C 118 Bus : Scenario 2 Loading Ratio Results

Generation Control UPFC Installed Before OPF After OPF

All Qgen + Slack Pgen No 0.6552 0.5948

All Qgen + Slack Pgen Yes 0.6552 0.5642

Table 5.61: UPFC Parameters 30-17 Case C 118 Bus: Scenario 2

UPFC Parameters Before OPF After OPF

MVA,, 33 MVA 83 MVA
MVA,, 33 MVA 83 MVA
Py, 0.4 MW 23 MW

Qun 41 MVAR 77 MVAR




Table 5.62: UPFC Parameters 65-66 Case C 118 Bus: Scenario 2
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Figure 5.75: Case C(118 Bus) Scenario 2 Line Loading Ratio
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Figure 5.77: Case C(118 Bus) Scenario 2 Reactive Power Flow

5.4.4.3 Case C 118 Bus Scenario 3: All Qgen+ALL Pgen

The change in line loading ratio is shown in Table.5.63. The UPFC is not effective
in reducing the line loading more as compared with the base case. As discussed in
the previous cases, this is because in this scenario, all the real and reactive generation
is allowed to vary. The control over line flows given by the combination of real
and reactive generation is sufficient to undermine the control over lines flows in the
neighbouring lines of the UPFC location. The change in UPFC parameters is shown
in Table.5.64 and Table.5.65. The line loading, the real and reactive power flow are

shown in Fig.5.78,Fig.5.79 and Fig.5.80.

Table 5.63: Case C 118 Bus : Scenario 3 Loading Ratio Results

Generation Control UPFC Installed Before OPF After OPF

All Qgen + All Pgen No 0.6552 0.1453

All Qgen + All Pgen Yes 0.6552 0.1442




Table 5.64: UPFC Parameters 30-17 Case C 118 Bus: Scenario 3

UPFC Parameters Before OPF After OPF

MVA,. 33MVA 64 MVA
MVA,, 33MVA 61 MVA
Py, 0.4 MW 6 MW

Qun 41 MVAR 61 MVAR

Table 5.65: UPFC Parameters 65-66 Case C 118 Bus: Scenario 3
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Figure 5.78: Case C(118 Bus) Scenario 3 Line Loading Ratio
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Figure 5.79: Case C(118 Bus) Scenario 3 Real Power Flow
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Figure 5.80: Case C(118 Bus) Scenario 3 Reactive Power Flow

A summary of the results for Case C are shown in Table.5.66.

Table 5.66: Summary of Case C 118 Bus Results

Generation Control UPFC Installed Before OPF After OPF

All Pgen + Slack Qgen No 0.6552 0.4507
All Pgen + Slack Qgen Yes 0.652 0.2410
All Qgen + Slack Pgen No 0.6552 0.5948
All Qgen + Slack Pgen Yes 0.6552 0.5642
All Qgen + All Pgen No 0.6552 0.1453

All Qgen + All Pgen Yes 0.6552 0.1442
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5.4.5 A Discussion on Control Region of UPFC 118 Bus System

The results discussed thus far for the 118 bus system show that given an effective
location of the UPFC, it can provide additional control over line flows in addition to
generation control. The summary of the results for the 118 bus is given in Table.5.67.
For 118 bus, the UPFC is effective when either real or reactive generation is allowed
to vary. It is not effective when both the real and reactive generation are allowed to
vary. This is due to the topology of the 118 bus system. As can be seen in Fig.5.81,
the 54 generators are evenly spread out at buses across the system. Furthermore, the
high loaded lines in Fig.5.81 are also not located in a specific area of the system. This
means that the high loaded lines are located within close radius of a generation bus
and thus the power flow of that line can be affected by the generation located on the
neighbouring PV buses. However, the UPFC can still provide advantage in addition
to the control over line flows provided by generation. In the results discussed thus far,
the UPFC is located either on line between buses 30-17 or 65-66 as shown in Fig.5.81.
The high loaded lines located within close proximity of the two locations shown by
the red rectangle can have their power flows affected by the UPFC indirectly. This
location is effective as the red rectangles contain a number of high loaded lines in its
reach. The effectiveness of the UPFC can be seen by All Pgen-+Slack Qgen and All
Qgen+Slack Pgen case. The UPFC is not effective in All Qgen-+All Pgen case as the
generation control is effective enough to undermine the control offered by the UPFC

within its neighbouring lines.



Table 5.67: Summary of 118 Bus Results

Generation Control

UPFC Location Before OPF After OPF

All Pgen + Slack Qgen No 0.6552 0.4507
All Pgen + Slack Qgen Line 30-17 0.652 0.2784
All Pgen + Slack Qgen Line 65-66 0.6552 0.359
All Pgen + Slack Qgen Line 65-66 and 30-17 0.6552 0.2410
All Qgen + Slack Pgen No 0.6552 0.5948
All Qgen + Slack Pgen Line 30-17 0.652 0.5762
All Qgen + Slack Pgen Line 65-66 0.6552 0.5839
All Qgen + Slack Pgen Line 65-66 and 30-17 0.6552 0.5642
All Qgen + All Pgen No 0.6552 0.1453
All Qgen + All Pgen Line 30-17 0.652 0.1683
All Qgen + All Pgen Line 65-66 0.6552 0.1452
All Qgen + All Pgen Line 65-66 and 30-17 0.6552 0.1442

™ 7, UPFCRegion of Control
. UPFC Location
I Location of High Loaded Lines{Loading Ratio>0.5)

=) a

Figure 5.81: UPFC Control Region 118 Bus
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5.5 A Discussion on Voltage Improvement with UPFC
5.5.1 39 Bus System
5.5.1.1 UPFC Location 16-17

The voltage profile for the 39 Bus System Case A is shown in Fig.5.82 and Fig.5.83.
It can be seen that in Scenario 1 from Fig.5.82, the voltage of bus 17 is lower in the
UPFC case than in the non-UPFC case. That is because it can been seen from
Table.5.68 that the UPFC absorbs 70 MVAR of reactive power at the shunt voltage
source located at its PV bus. In Scenario 2 voltage profile Fig.5.83, the voltage of
bus 17 is higher in the UPFC case than the non-UPFC case. It can been seen from
Table.5.68 that the UPFC supplies 160 MVAR. of reactive power that is why the

voltage of bus 17 is improved in the UPFC case.

Table 5.68: UPFC Location 16-17 Qsh

UPFC Location 16-17

Scenario 1 Qsh 70 MVAr Absorbed

Scenario 2 Qsh 160 MVAr Supplied

- Base Case = All Pgen+Slack Qgen All Pgen+Slack Qgen +UPFC
1.1

1.05

Voltages

0.95

0.9
5 10 1517 20 25 30 35

Figure 5.82: UPFC Location 16-17 Voltage Scenario 1
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- Base Case = All Qgen+Slack Pgen All Qgen+Slack Pgen +UPFC
11

1.05

Voltages

o ol

0.9

5 10 15 17 20 25 30 35

Figure 5.83: UPFC Location 16-17 Voltage Scenario 2

5.5.1.2 UPFC Location 3-18

It can be seen that in Scenario 1 from Fig.5.84, the voltage of bus 18 is lower in
the UPFC case than in the non-UPFC case. That is because it can been seen from
Table.5.69 that the UPFC absorbs 5 MVAr of reactive power at the shunt voltage
source located at its PV bus. In Scenario 2 voltage profile Fig. UPFC Location 3-18
Voltage Scenario 2, the voltage of bus 18 is higher in the UPFC case than the non-
UPFC case. It can been seen from Table.5.69 that the UPFC supplies 250 MVAR of

reactive power that is why the voltage of bus 18 is improved in the UPFC case.

Table 5.69: UPFC Location 3-18 Qsh

UPFC Location 3-18

Scenario 1 Qsh 5 MVAr Absorbed

Scenario 2 Qsh 250 MVAr Supplied
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= Base Case = All Pgen+Slack Qgen All Pgen+Slack Qgen +UPFC
1.1

1.05

Voltages

0.95

0.9
5 10 15 18 20 25 30 35

Figure 5.84: UPFC Location 3-18 Voltage Scenario 1

- Base Case = All Qgen+Slack Pgen All Qgen+Slack Pgen +UPFC
1.1

p
A AN /

Voltages

0.95

0.9
5 10 15 18 20 25 30 35

Figure 5.85: UPFC Location 3-18 Voltage Scenario 2

5.5.2 118 Bus System

It can be seen that in Scenario 1 from Fig.5.86, the voltage of bus 17 is lower in
the UPFC case than in the non-UPFC case. That is because it can been seen from
Table.5.70 that the UPFC absorbs 162 MVAr of reactive power at the shunt voltage
source located at its PV bus. In Scenario 2 voltage profile Fig.5.87, the voltage of
bus 18 is lower in the UPFC case than the non-UPFC case. It can been seen from
Table.5.70 that the UPFC absorbes 100 MVAR of reactive power that is why the

voltage of bus 17 is lower in the UPFC case.
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Table 5.70: UPFC Location 30-17 Qsh

UPFC Location 30-17

Scenario 1 Qsh 162 MVAr Absorbed

Scenario 2 Qsh 100 MVAr Absorbed

- Base Case = All Pgen+Slack Qgen All Pgen+Slack Qgen +UPFC

/ |[ / \ /\ n
M PP\ o) Sl
pf/\v‘v J N V Yol \f'y \ \]

0 170 40 60 80 100 120

-

Voltages

0.9

0.8

Figure 5.86: UPFC Location 30-17 Voltage Scenario 1

- Base Case = All Qgen+Slack Pgen All Qgen+Slack Pgen +UPFC

1.05

Voltages

0.95

0.9
0 1730 40 60 80 100 120

Figure 5.87: UPFC Location 30-17 Voltage Scenario 2

5.6  Comparison with TCSC Model
5.6.1  Problem incorporating TCSC in the LPOPF Model

Since the bus injection model of a TCSC is a decoupled model, thus incorporating
it in a single LPOPF iteration has certain difficulties. In a decoupled model, the real
and reactive power flows are modelled in seperate power flow equations. However, an

approximate comparison can be made using the UPFC-based LPOPF model presented
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in this chapter. The bus injection model of TCSC is shown in the Fig.5.88. It can
be seen that since the TCSS only controls real power flow thus the bus injection at
Bus i’ can be controlled. To incorporate it with in the LPOPF model, the real and
reactive power flow equations have to solved within a single iteration. However, this
is not possible within the LPOPF model. Furthermore, the LPOPF model is already
an approximation around the AC power flow operating point. Further error will be
introduced if the power flow equations in sepertate Jacobian matrices for the real and

reactive power flow equations.

Busi Busi' Bus j
P [
11
Pi+ Pjj - Py Pj
Bus i Bulsj
Q I
7 )
jQ 1Q

Figure 5.88: Decoupled TCSC Bus Injection Model

Moreover, another option is to the incorporate the TCSC series reactance model to
model the TCSC line which is shown in Fig.5.89. The main thing to remember is that
all the equations in the LPOPF must be linear or linearised with respect to the Power
system state variables. Thus, with the conductance and suspectance equations given
in Eq.5.2 and Eq.5.3, it can be seen that the variable TCSC reactance is located in
the denominator in a squared term. Linearising this with respect to the power system
state variables in the real and reactive power flow equations is not possible since this

term will have higher powers(like cubed) when it is linearized.
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Vl XTCSC/ Xixed | V]
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Figure 5.89: TCSC Series Reactance Model

The impedance of the line between bus i and bus j is given by Eq. 5.1.

(o i) = — (5.1
2= Tk + Tiese) = .
k kT J\ Tk t 9 + bn
The conductance and susceptance are given by Eq.5.2 and Eq.5.3.
T
nm — = 5.2
g T%m + (xnm + xtcsc)Q ( )
o = (xnm + xtcsc) (53>

Tom T (Tom + Tiese)?

The comparison between the UPFC and TCSC can be done based on the fact that
UPFC can control real and reactive power flow independtly while the TCSC can only
control real power flow. Even though this comparison will be approximate, but if the

reactive power flow in a UPFC is fixed, then that can approximate the real power

flow control provided by the TCSC.
5.6.2  All real and all reactive gen allowed to change

One case is tested where all real and reactive generation is allowed to change
however two scenarios are tested. One of the scenarios is where the reactive flow in a
UPFC is fixed while in the other scenario, the reactive flow in a UPFC is not fixed.
From Table.5.71, it can seen that the additional gain in line loading ratio reduction is
0.009, so it is clear the real power control has larger part in line loading management.
Thus, Fix UPFC Q Flow represents the real power flow control provided by TCSC

approximately while Allow UPFC Q flow represents the combined impact of real
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and reactive power flow control capability. Thus, this can provide an approximate

comparison between TCSC and UPFC.

Table 5.71: Sample Case 1 Comparison TCSC and UPFC-AIl Pgen and Qgen

Description Loading Ratio
Initial Loading Ratio before OPF 0.7245
After OPF Loading Ratio(Fix UPFC Q flow) 0.6498
After OPF Loading Ratio(Allow UPFC Q flow) 0.6408
Gain due to Additional UPFC reactive control 0.009

5.6.3  All real gen only allowed to change

In this case, only the real generation is allowed to change. It can be seen that the
gain in additional reduction due to UPFC reactive control is 0.0005. This is smaller
as compared to the gain in additional reduction in the case where all the real and
reactive generation is allowed to change as shown in Table.5.71. This confirms that
the UPFC’s reactive power control capability does give additional benefit even in
case where the reactive power flows have less leverage to change by fixing the reactive
generation. Though this additional control may be smaller given by 0.0005 but still

it is an additional gain over the control provided by TCSC only.

Table 5.72: Sample Case 2 Comparison TCSC and UPFC-AIl Pgen

Description Loading Ratio
Initial Loading Ratio before OPF 0.7245
After OPF Loading Ratio(Fix UPFC Q flow) 0.6599
After OPF Loading Ratio(Allow UPFC Q flow) 0.6594

Gain due to Additional UPFC reactive control 0.0005
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5.6.4  All reactive gen only allowed to change

Table 5.73: Sample Case 3 Comparison TCSC and UPFC-AIll Qgen

Description Loading Ratio
Initial Loading Ratio before OPF 0.7245
After OPF Loading Ratio(Fix UPFC Q flow) 0.7187
After OPF Loading Ratio(Allow UPFC Q flow) 0.7098
Gain due to Additional UPFC reactive control 0.0089

5.7 Summary and Main Contribution

The Main contribution of this chapter is listed below:

e The LPOPF formulation proposed in this chapter co-optimizes UPFC control
and real and reactive generation control to optimally manage the power flows
in a power system. This has been tested out for three scenarios: only real gen-
eration control, only reactive generation control and combined real and reactive
generation control. All three scenarios are simulated in presence of UPFC con-
trol. The results show that the UPFC presents additional benefit in controlling
the line flows even when real and reactive generation control is present. This
shows that the UPFC presents some value in its installation for different control

scenarios.

A summary of the cases studied in this chapter is shown in Table.5.74 and Table.5.75.
Further, it takes into account UPFC device ratings in an LPOPF format which is
computationally efficient. This formulation can be made further use of in day-ahead
markets where the optimal setpoints of UPFC may need to determined along with
generation setpoints for reducing generation cost. However, this has not been consid-

ered in this study.



Table 5.74: Summary of the 39 Bus Cases studied for UPFC
and synchronous generation control

39 Bus System

UPFC Loc. Control Scenario Before After

OPF OPF
None All Pgen-+Slack Qgen 0.7289 0.6163
None All Qgen-+Slack Pgen 0.7289 0.7267
None All Qgen+All Pgen 0.7289 0.6070
3-18 All Pgen+Slack Qgen 0.7289 0.5433
3-18 All Qgen-+Slack Pgen 0.7289 0.695
3-18 All Qgen+All Pgen 0.7289 0.5416
11-12 All Pgen+Slack Qgen 0.7289 0.6044
11-12 All Qgen-+Slack Pgen 0.7289 0.6997
11-12 All Qgen+All Pgen 0.7289 0.5886
16-17 All Pgen-+Slack Qgen 0.7289 0.6062
16-17 All Qgen-+Slack Pgen 0.7289 0.7166
16-17 All Qgen+All Pgen 0.7289 0.6085
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Table 5.75: Summary of the 118 Bus Cases studied for UPFC
and synchronous generation control

118 Bus System

UPFC Loc. Control Scenario Before After

OPF OPF
None All Pgen-+Slack Qgen 0.6552 0.4507
None All Qgen-+Slack Pgen 0.6552 0.5948
None All Qgen+All Pgen 0.6552 0.1453
30-17 All Pgen+Slack Qgen 0.6552 0.2784
30-17 All Qgen-+Slack Pgen 0.6552 0.5762
30-17 All Qgen-+All Pgen 0.6552 0.1682
65-66 All Pgen+Slack Qgen 0.6552 0.359
65-66 All Qgen+Slack Pgen 0.6552 0.5839
65-66 All Qgen-+All Pgen 0.6552 0.1452
30-17,65-66 All Pgen-+Slack Qgen 0.6552 0.2410
30-17,65-66 All Qgen-+Slack Pgen 0.6552 0.5642
30-17,65-66 All Qgen+All Pgen 0.6552 0.1442
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CHAPTER 6: OPTIMAL LOCATION OF MULTIPLE UPFC WITH OPTIMAL
POWER FLOW MANAGEMENT FOR LNINE LOADING OPTIMIZATION

6.1 Introduction and Literature Review

The optimal location of FACTS device is important in regards to gaining the maxi-
mum benefit from the installed FACTs device with respect to a certain objective. The
installation cost of FACTs device is relatively high thus power system operators will
only be willing to invest in it if the relative benefit obtained from it outweights its capi-
tal cost. For that, various optimization techniques for locating the FACTs device in an
optimal location have been studied. These methods include sensitvity based methods,
population based methods, linear/non linear integer programming methods, analytic
methods etc. The choice of optimization method depends on the specific problem.
Often, choosing between two methods depends on finding a balance between accuracy
and computational efficiency. For example mixed integer programming methods are
able to find the global solution but are computationally burdensome for large scale
problems. Metaheuristic methods may not always find the global optimum but are
easily adaptable for continuous as well as discrete optimization problems. Population
based algorithms have generally attracted attention in regards to FACTS device op-
timization due to its ease of computation. Among them the most popular is Particle
Swarm Optimization. However, for PSO the internal parameters of the algorithm
need to be tuned with respect to each respective optimization problem which may
not always be a straightforward task. A list of various optimization methods is listed

below:

e Classical Optimization: Mixed Integer Linear Programmin, /Mixed Integer Non-
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Linear Programming .

e Evolutionary Methods:Genetic Algorithms,NSGA, Differential Evolution,

Genetic Programming.

e Swarm-Based Methods:Particle Swarm Optimization, Whale optimization algo-
rithm, Artifical Bee Algorithm,Coral Reefs Optimization,Common Scrambling

Algorithm, Grasshopper Optimization Algorithm etc.

e Analytic Methods/Sensitive Index Techniques.

A recently introduced algorithm called the Teaching Learning Based Algorithm
has been introduced in 2014. It is an optimization algorithm where there are no
internal parameters to tune. The algorithm has the advantage that it can be used for
continuous as well as discrete functions. The algorithm is easy to apply for various

problems.
6.1.1  Comparison of TLBO with other algorithms

Like GA, PSO, TLBO is also a population-based technique which implements a
group of solutions to proceed to the optimum solution. Many optimization methods
require algorithm parameters that affect the performance of the algorithm. GA re-
quires the crossover probability, mutation rate, and selection method; PSO requires
learning factors, the variation of weight, and the maximum value of velocity. Unlike
other optimization techniques TLBO does not require any algorithm parameters to
be tuned, thus making the implementation of TLBO simpler. As in PSO, TLBO uses
the best solution of the iteration to change the existing solution in the population,
thereby increasing the convergence rate. As in GA, which uses selection, crossover
and mutation, and ABC, which uses employed, onlooker and scout bees, TLBO uses
two different phases, the ateacher phasea and the alearner phasea. TLBO uses the
mean value of the population to update the solution. TLBO implements greediness

to accept a good solution.
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6.1.2  Implementation of TLBO for optimal location of FACTs devices and Main

Contributions

A summary of the studies which have used TLBO for optimal location of FACTs
devices is shown in Table.6.1. Thus far, TLBO has been used for SVC and TCSC
devices to improve various objective functions. To the best of authors knowledge,
TLBO has not been used for UPFC devices to find the optimal combination of multiple
UPFCs in order to manage the line loading of a power system.

In this study, for optimal location of UPFC, a computationally efficient algo-
rithm namely the teaching learning based optimization(TLBO) has been applied.
This method is easy to implement relative to other population based algorithms like
particle swarm optimization. The algorithm has been adapted and modified to obtain
the optimal combination of UPFC placements on a power system. The discrete ver-
sion of TLBO has been used which is called DTLBO. The DTBLO has been modified
further in order to take into account the combinatorial optimization for the placement
of 2 UPFCs. Further modifications have been made for the given DTLBO placement
algorithm to improve convergence using steps used in the continuous TLBO algo-
rithm. To the best of authors knowledge, an easy to implement algorithm such as the
DTLBO has not been used previously to determine the optimal location of UPFC for

line loading management.

Table 6.1: Summary of TLBO Based Algorithms

Method Devices Description Ref

TLBO TCSC To minimize transmission | [26|
losses and reduce total in-

stallation cost

TLBO SVC To reduce transmission | [27]

losses
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Continuation of Table 6.1
TLBO TCSC To improve ATC [28]
TLBO SVC To improve voltage stability | [29]
of system
TLBO SVC To improve oscillations in an | [30]
electrical network
TLBO TCSC Optimal Setting in N-1 Con- | [31]
tingency Scenarios
TLBO TCSC To maximize ATC and min- | [28]
imize power losses using
TLBO
TLBO TCSC/SVC Optimal Sizing of FACTs de- | [32]
vices
TLBO/PSO | TCSC Optimal Sizing of FACTs de- | [33|
vices
Table 6.2: Summary of UPFC Allocation Methods
Design Variables Method Number of | Objective Ref
UPFCs Function
Location-+Size Sensitivity In- | single min power | [34]
dex loss
Location fuzzy-based single Max Voltage | [35]
logic stability
Location+Settings Sensitivity- single Max  Social | [36]
Based Ap- Welfare
proach
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Continuation of Table 6.2

Location sensitivity- single Min  opera- | [37]
based screen- tional cost
ing technique
Location+Settings Sensitivity- single Min Gen cost | [38]
based  tech-
nique
Location-+Size Sensitivity- single Min Conges- | [39]
based  tech- tion cost
nique
Number-+Location . ' '
+ | Non Lin- | Multiple Min  opera- | [40]
Settings
ear Optimal tional cost
Power Flow
Location+Size
Particle- Single Min total sys- | [41]
Settings
Swarm Opti- tem cost
mization
Number-+Location
Sensitivity- Multiple Max  Social | [42]
Size/Settings
Based Welfare
Marginal
Pricing
Location-+Settings Genetic Algo- | Single Max Damp- | [43]
rithm ing Ratio
Location+Size Newton Single Max Loading | [44]

Raphson CPF

margin
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Continuation of Table 6.2
Location+Settings Artificial Bees | Single Improve Sta- | [45]
Colony bility
Location-Settings Hybrid  Im- | Single Improve Volt- | [46]
perialist age Stability
Competitive Margin
Algorithm-
Pattern
Search
Location+Settings sensitivity multiple Improve Load | [47]
based ap- Curtailment
proach
Location-+Settings | DTLBO 1 or 2 UP- | Reduce
FCs Congestion
on High
Loaded
Lines
6.2  Proposed Formulation
6.2.1  Teaching Learning Based Optimization

Teaching Learning Based Optimization is a heuristic algorithm. It is based on the
concept of teaching and learning process in a class. TLBO is generally composed of
two phases however additional phases can be introduced to speed up convergence.

The two phases are the teacher phase and learner phase.

e Teacher Phase: In the teacher phase, the learners learn from the teacher. The

teacher is the person who has the most knowledge and by learning from that
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person, the rest of the population who are the students can improve their knowl-
edge and increase the results of the class from previous average to the teachers’
level. Assume X1 is a matrix consisting of decision variables that is the learner,
M is the average of the class and Xibest is the best learner that is called
teacher at iteration i. The difference between teachers’ level and the average of

the class is expressed as:

Dif ferenceMean; = ri( X — Tp M,) (6.1)

where r; between 0 and 1, Dif ferenceMean; is the difference between mean
and teacher, and T is the teaching factor. The value of T can be either 1 or

2 and is obtained randomly as follows:

Tp = round(1+r;) (6.2)

where r; is a random number between 0 and 1. Each learner is updated according

to the following equation:

Xoewi = Xowai + Dif ferenceMean,; (6.3)

If f(Xnew) < [(Xowa), Xnew 18 accepted, otherwise X,epy = Xoia-

Learner Phase: In the last part of algorithm, the learners increase their knowl-
edge through interation among themselves. For enhancing the learners knowl-
edge, each learner interacts randomly with other learners. This part is presented

as follows:

where r; is a random number between 0 and 1. Npop is the number of popula-

tion. Xy, is accepted if f(X;) < f(X;), otherwise X,ewi = Xoid-
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Algorithm 7 Learner Phase

for i =1,, Npop... do
Select another learnerX; randomly such that i is not equal to j.
if f(X;) < f(X;) then
Xnew,i - Xold,z' + TZ(Xz — Xg)
else
Xnew,i = Xowdi +1:(X; — X5)
end if
end for

e Mutation Phase: This phase can be understood as a modification of the Learner
Phase. This phase improves the performance of the algorithm to search for
global optimum. It avoids premature convergence to the local optima of the ob-
jective function. This phase is repeated for all students. In each iteration(from
i=1 to the total number of individuals) a new mutant vector or modified student
is generated as:

Xmut - X'randl + T(XrandQ - X’randi’)) (64)

Xorandl, Xrana2and X .qnq3 are three students randomly selected for learner i. The
three random numbers rand1,rand2 and rand3 should be three random numbers
not equal to each other. r is a random number in the range between 0 and 1.

The following equation is implemented:

Xnew = Xpnui fr1 > 12 (6.5)

Xoew = X;otherwise (6.6)

rl and r2 are two random numbers in the range [0,1].X; is the ith individual
from the population and X,,,; is the mutated vector which has been generated
for X;. The new indivudal X,., is accepted if it is better than the original
individual X;.
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6.2.2  Discrete Teaching Learning Based Optimization

Orginial TLBO is a continuous optimization algorithm. However, choosing the
optimal location of the upfc is a discrete problem. To make the continuous TLBO
adapt to the choosing the optimal location of the UPFC, a discrete TLBO formulation
can be used. This method does not have any control parameter and can converge to
global optimum. The main the discretisation of DTLBO is to provide mapping from
the continous space to discrete space. The continuous space is defined as a continuous
number between 0 and 1. The discrete number in case of the optimal location of the
UPFC will be the branch number(e.g. the 45th branch of the system). It must be
noted that the discrete mapping needs to cover all the branches of the system. Thus
the following formulation is used to show the mapping between continuous space and
discrete space:

a=1+NxC (6.7)
B = min(floor(a), N) (6.8)

In the above equations, v maps from continuous space [0,1] to discrete space [1,N+1]

where N=number of branches. 5 maps from [1,N+1] to [1,N]. For example:

C =02
a=1+NxC

(6.9)
a=1+186 x 0.2 = 38.2

B = min(floor(38.2),186) = 38
N is the number of branches in the system which in the above equation is defined
as 186 for the 118 bus system. For every discrete serch space, C is equal to [0,1]. In
other words, DTLBO searches in continuous space of C and for every member in C,
a member in D is assigned.

In regards to choosing the optimal location for multiple UPFCs, there have to be
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two continuous spaces both of which will lie between [0,1] but have to be distinct since
two UPFCs can not be installed on the same location. For example, for two UPFCs,
there will be C1 and C2. The equations above will map C1 and C2 to discrete space

D1 and D2. They will denote the two branch numbers of the system.

Table 6.3: Mapping Range

Continuous Space Discrete Space

[0,1] [1,N]

Table 6.4: Mapping from Continuous space to Discrete Space

Continuous space Discrete Space Branch Number

C1 D1 Ny

C2 D2 No

The pseudocode of the algorithm is shown in Algorithm .8. Note that the function
evaluation for each location in the DTLBO algorithm is carried out using Algorithm

.9.
6.3  Results for 39 Bus
6.3.1 1 UPFC Case

The algorithm is applied on the 39 bus system. The parameters of the DTLBO
algorithm are shown in Table.6.5 where 10 generations are run for this case. The
convergence plots for all 10 generations are shown in Figure.6.1. The optimal location
for the UPFC is the Line connceting bus 10 and 13 with a reduction in objective cost
of around 0.035. However, it can be seen from the convergence plots that the DTLBO
does not guarantee global optimum. To add to that.for finding the optimal location
of the UPFC, the DTLBO may not be able to find it because it is a discrete version

of the TLBO. The TLBO in the first place does not guarantee global optimum but
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Algorithm 8 DTLBO Algorithm

while Number of Generations < Genmax do
Generate the Population Randomly of Size Npop in Continuous space.
Map the population from Continuous space to Discrete Space.
Evaluate the cost function of each student.*
while Iterations < Max Iterations do
while i < Population Size do
Run the Teacher Phase.*
Run the Learner Phase.*
Run the Mutation Phase*
Delete Duplicate Solutions.
end while
end while
end while
Choose the Best Solution as the Optimal Location.
*The cost function for the members in a population in every phase is evaluated
using LPOPF algorithm.

is preferred only because it is easier to implement. For the purpose of our study, if
the DTLBO is able to find the global optimum or a solution in close proximity to the
global optimum, then the application of DTLBO for finding the optimal location of
the UPFC does provide advantages in terms of simplicity of implementation. This can
be seen from Table.6.7 where it can be seen that the DTLBO finds the global optimum
solution 80 percent of the generations which is sufficient for practical purposes. The
optimal location of the UPFC is shown in Fig.6.2 where it is compatible with the

location of the high loaded lines shown in Fig.6.3.

Table 6.5: 39 Bus System-1 UPFC Case

Number of Generations 10
Number of Iterations 15
Population Size 5

Best Location Line connecting Bus 10 and 13
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Algorithm 9 Proposed LPOPF Algorithm

Initialize network parameters.
Initialize the UPFC Operating Point.
Run ACPF.
Find which lines have Loading Ratio more than 0.5. Calculate the Objective Func-
tion Loading Ratio.
while do(iter) < (Maxiterations)
Calculate the Objective Function Start Point.
Calculate the Sensitivity/partial derivatives.
Set up the LPOPF equations in matrix form.
Solve the LPOPF.
Obtain the New Operating Point. (Pes, Qdes, Vies: Pyen, Qgens Vv )-
Input the New Operating Point in ACPF. (Pyes, Quess Vies, Pyens Qgen, Vow)-
Run ACPF.
The solution of the ACPF is obtained.
Calculate the new V., e, Vin, Osh.
Calculate Sigma.

if Sigma > 0.1 then
Increase the maximum change in control Variables.

else if Sigma < 0 then
Reduce the maximum change in Control Variables.

else if (objectivestartpoint — objectivelinearproj) < 0 then
Reduce the maximum change in Control Variables.

end if

if  Sigma > 0.1 and (objectivestartpoint — objectivelinearproj) > 0 and
(LineLimitsnotexceedingin AC' PFsolution) = 0 then
The new operating point is feasible and the objective function cost reduction
is stored.
else
The new operating point is not feasible. The objective function cost change
is not stored.
end if

if  (Tol = (objectivestartpoint — objectivenewpoint)) < (le — 5) and (Oper-
ating Point is feasible) then
The LPOPF has Converged.
else
Continue with the next iteration.
end if
end while




Table 6.6: 39 Bus 1 UPFC Case: Optimal Location for each Generation
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Generation No. Reduction in UPFC Optimal
Objective Cost Location 1

1 0.034 Line 10-13
2 0.034 Line 10-13
3 0.02 Line 2-3
4 0.022 Line 17-18
D 0.034 Line 10-13
6 0.034 Line 10-13
7 0.034 Line 10-13
8 0.034 Line 10-13
9 0.034 Line 10-13
10 0.034 Line 10-13
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Figure 6.1: 39 Bus 1 UPFC Convergence Plot(10 Generations)
tabularx

Table 6.7: 39 Bus System-1 UPFC Case Convergence Rate

Solution Rank Solution Obtained Convergence Rate Optimal Location

1 0.034 80 % Line 10-13
2 0.022 10 % Line Line 17-18
3 0.02 10 % Line 2-3




Table 6.8: 39 Bus System-1 UPFC Case Convergence Summary

Solution Rank  Obtained Solution

Best Solution 0.034
Worst Solution 0.02
Mean Solution 0.032

Bus 9 =

Bus 8 =

Bus 7

Bus 6

Figure 6.2: 39 Bus 1 UPFC Case Optimal Locations
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Figure 6.3: 39 Bus System High Loaded Lines

6.3.2 2 UPFC Case

The Algorithm is then applied on the 39 bus system for the combination of optimal
location of 2 UPFCs. The parameters of the algoroithm are shown in Table.6.9. The
population size is increased from 5 to 10 compared with the 1 UPFC case to improve
convergence to global optimum. The larger the population size, the more chances are
that the solution obtained will be the global optimum. It must be emphasized that
the computational time also increases with a larger population size thus there exists
a trade-off between convergence rate to global optimum and computational time.

The convergence plots for all 15 generations are shown in Fig.6.4. The combination
of optimal location is one UPFC installed on Line 10-13 and second UPFC installed
on Line 3-18 which is shown in Fig.6.5. It can be seen from Table.6.12 that this
combination is achieved only once in Generation No.6 where the reduction in objective
function cost is 0.0942. The second best solution is combination of UPFCs on Line

17-18 and Line 10-13. The third best solution is combination of UPFCs on Line 10-
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13 and Line 16-21. It is to be kept in mind that in the combination problem with 2
UPFCs, there is added complexity compared with the 1 UPFC case.
The convergence rate of combinatorial optimization using DTLBO is dependent on
a number of factors and is not deterministic in nature. The convergence to global
optimum for the case of 2 UPFCs is less than that for 1 UPFC case as can be seen
by comparing Table.6.10 and Table.6.7. In case of optimizing for combination of 2
UPFCs, the continuous space(C1 and C2) for each respective location(Loc 1 and Loc
2) moves independently of each other through the iterations by learning from other
students. Thus achieving the optimal combination is harder compared with the 1
UPFC case. In the one UPFC case, the movement of a student(C1) towards the
global optimum is easier as it can move independently on its own by learning from
other students without any hindrance of a partner location. However, overall it can be
seen that the solution ranks from 1 to 4 have a cumulative convergence of 53 percent
and all of them are above the mean. Thus, the proposed DTLBO algorithm performs

well in terms of rate of convergence.

Table 6.9: 39 Bus System-2 UPFC Case

Number of Generations 15
Number of Iterations 20
Population Size 10

Best Location for 1st UPFC  Line connecting Bus 10 and 13

Best Location for 2nd UPFC  Line connecting Bus 3 and 18




Table 6.12: 39 Bus 2 UPFC Case: Optimal Location for each Generation
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Generation Reduction in UPFC Optimal | UPFC Optimal
Objective Cost | Location 1 Location 2
1 0.0934 Line 17-18 Line 10-13
2 0.0807 Line 3-18 Line 10-11
3 0.0920 Line 10-13 Line 16-21
4 0.0627 Line 4-14 Line 10-13
5) 0.0772 Line 28-29 Line 10-13
6 0.0942 Line 10-13 Line 3-18
7 0.0920 Line 10-13 Line 16-21
8 0.0497 Line 6-11 Line 3-18
9 0.0622 Line 4-14 Line 15-16
10 0.0614 Line 4-14 Line 13-14
11 0.0851 Line 10-13 Line 3-18
12 0.092 Line 10-13 Line 16-21
13 0.092 Line 10-13 Line 16-21
14 0.0913 Line 10-13 Line 2-3
15 0.0913 Line 10-13 Line 2-3

Table 6.10: 39 Bus System-2 UPFC Case Convergence Rate

Solution Rank Solution Convergence Rate

Optimal Location

1 0.0942 6.7 % Line 10-13/Line 3-18
2 0.0934 6.7 % Line 10-13/Line 17-18
3 0.092 27 % Line 10-13/Line 16-21
4 0.0913 13 % Line 10-13/Line 2-3

Table 6.11: 39 Bus System-2 UPFC Case Convergence Summary

tabularx

Solution Rank

Obtained Solution

Best Solution 0.0942
Worst Solution 0.0497
Mean Solution 0.0811
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Figure 6.4: 39 Bus 2 UPFC Convergence Plot(15 Generations)
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Figure 6.5: 39 Bus 2 UPFC Case Optimal Locations

6.4  Results for 118 Bus
6.4.1 1 UPFC Case

The proposed DLTBO algorithm is applied on the 118 Bus system. The parameters
of the algorithm are shown in Table.6.13. The optimal location is the line connect-
ing bus 17 and bus 18. The convergence rate of the solution ranks from 1 to 4 is

shown in Table.6.14. As can be seen, the convergence for the global optimum is 60
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percent which is satisfactory convergence rate for a population based algorithm. The
convergence plots for all 10 generations are shown in Fig.6.6 and the detail of each
generation is shown in Table.6.16. As was discussed earlier, the convergence for the

1 UPFC case is higher compared with the 2 UPFC case.

Table 6.13: 118 Bus System-1 UPFC Case

Number of Generations 10
Number of Iterations 15
Population Size 5

Best Location for UPFC Line connecting Bus 17 and 18

Table 6.14: 118 Bus System-1 UPFC Case Convergence Rate

Solution Rank Solution Convergence Rate Optimal Location

1 0.0324 60 % Line Line 17-18
2 0.0222 20 % Line 69-77
3 0.0192 10 % Line 85-89
4 0.0083 10 % Line 5-11

Table 6.15: 118 Bus System-1 UPFC Case Convergence Summary

Solution Rank  Obtained Solution

Best Solution 0.0324
Worst Solution 0.0083
Mean Solution 0.0266

tabularx



Table 6.16: 118 Bus 1 UPFC Case: Optimal Location for each Generation
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Generation No. Reduction in UPFC Optimal
Objective Cost Location
1 0.0324 Line 17-18
2 0.0324 Line 17-18
3 0.0324 Line 17-18
4 0.0222 Line 69-77
) 0.0324 Line 17-18
6 0.0083 Line 5-11
7 0.0192 Line 85-89
8 0.0222 Line 69-77
9 0.0324 Line 17-18
10 0.0324 Line 17-18
@ 0.036
2 0032 /\
$ #0028
& Soo24 / /
c § oo2 7—\ o
5 '§0.016 ﬁ\/—\
,3 3 0.012
YR 2
0
1 3 5 7 ) 11 13 15

Iteration Number

Figure 6.6: 118 Bus 1 UPFC Convergence Plot(10 Generations)

Figure 6.7: 118 Bus 1 UPFC Case Optimal Locations
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Figure 6.8: 118 Bus System High Loaded Lines

6.4.2 2 UPFC Case

The algorithm is tested for a combination of 2 UPFCs on the 118 bus system.
The parameters and results of the algorithm are shown in Table.6.17. The optimal
location for the 2 UPFCs are the lines connecting bus 17 and bus 18 and the lines
connecting buses 69 and 77. It can be seen that the optimal location for the 2nd
UPFC is an additional location in addition to the 1 UPFC case where the optimal
location was the line connecting bus 17 and bus 18. This pattern is similar to the 39
bus system.

It can be seen from Table.6.17 that the population size used for the 2 UPFC case
is 20 versus 5 for the 1 UPFC case while the number of iterations for the 2 UPFC
case is b0 versus 15 for the 1 UPFC case. The reason for this is that since the 118
bus system is a large scale system with the number of 2 UPFC combinations equal to
17,205 versus the number of 1 UPFC combinations which is equal to 186 as it is equal
to the number of branches. The search space for the DTLBO needs to be expanded
for the 2 UPFC case to increase chances to reach global optimum. However, for the
purpose of this study, the aim is to show that the algorithm can be applied for the
specific problem and that global convergence is achievable by searching the sufficient

solution space. The determination of the minimum number of generations,iterations
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and population size to achieve the global optimum solution in every generation is
another relevant topic which is out of the scope of this chapter.

The convergence rates for the best 4 solutions are shown in Table.6.18. It can
be seen that the 60 percent of the solutions(which include the highest 3 solutions)
achieve an objective cost which is better than the mean(0.0425). Furthermore, it
can also be seen that the solution rank 1,2 and 4 comprise a UPFC location on line
connecting bus 17 and bus 18. Thus the second UPFC location will be in addition
to the 1 UPFC case optimal location. However, it must be enphasized that this may
not hold for 3 UPFC case for the 118 Bus system or for larger systems compared
with the 118 bus system. The 3 UPFC case for the 118 bus system has not been
tried in the study as the computational time required to go through the iterations
for a single generation is too large in MATLAB specific environment. The following
improvements are suggested to reduce the computational time/burden for finding the

optimal location of 3 or more UPFCs:

e The computational speed of the LPOPF algorithm can be improved to reduce
the time for objective cost calculation further for each student in the DTLBO

algorithm.

e The search space could be reduced to a specific set of possible lines for UPFC
installation to reduce the computational time for the overall DTLBO algorithm.
The set of possible lines for UPFC installation can be shortlisted based on the

topology of the system.
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Table 6.17: 118 Bus System-2 UPFC Case

Number of Generations 10
Number of Iterations 50
Population Size 20

Best Location for 1st UPFC  Line connecting Bus 17 and 18

Best Location for 2nd UPFC Line connecting Bus 69 and 77

Table 6.18: 118 Bus System-2 UPFC Case Convergence Rate

Solution Rank Solution Convergence Rate Optimal Location

1 0.0457 20 % Line 69-77/Line 17-18
2 0.0439 20 % Line 64-65/Line 17-18
3 0.0434 20 % Line 69-77/Line 85-89
4 0.0404 10 % Line 23-25/Line 17-18

Table 6.19: 118 Bus System-2 UPFC Case Convergence Summary

Solution Rank  Obtained Solution

Best Solution 0.0457
Worst Solution 0.0356
Mean Solution 0.0425
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Figure 6.9: 118 Bus 2 UPFC Convergence Plot(10 Generations)



Table 6.20: 118 Bus 2 UPFC Case: Optimal Location for each Generation
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Generation No.

Reduction in
Objective Cost

UPFC Optimal

Location 1

UPFC Optimal

Location 2

1 0.0439 Line 64-65 Line 17-18
2 0.0439 Line 64-65 Line 17-18
3 0.0398 Line 69-77 Line 63-59
4 0.0457 Line 69-77 Line 17-18
5 0.0404 Line 23-25 Line 17-18
6 0.0429 Line 63-59 Line 23-32
7 0.0434 Line 85-89 Line 69-77
8 0.0434 Line 69-77 Line 85-89
9 0.0356 Line 26-25 Line 4-11

10 0.0457 Line 69-77 Line 17-18

tabularx

Figure 6.10: 118 Bus 2 UPFC Case Optimal Locations

The Main contribution of this chapter is listed below:

6.5

Summary and Main Contribution

e The Discrete Teaching Learning based optimization algorithm presented in this

chapter is able to suggest optimal locations of the UPFC for optimal manage-

ment of power flows in a power system. This algorithm is easy to implement

and gives a sufficiently high convergence rate(greater than 50 percent) to the
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global optimum or above mean solution though it does not guarantee conver-
gence to the global optimum at all times. The algorithm is tested for 1 UPFC
as well as combination of 2 UPFCs as well. It is seen that the location of the
2nd UPFC is an addition to the location of the 1st UPFC most of the times
further clarifying the advantage of this algorithm. The algorithm is effectively

used for the 39 Bus system and the 118 Bus system.

A summary of the results for the DTLBO algorithm is shown in Table.6.21. As
can be seen the DTLBO algorithm is able to find the optimal locations for the two
systems with an above 50 percent convergence rate for the above mean solutions. The
convergence rate for the global optimum solution is above 50 percent for the 1 UPFC
cases but is 7 percent and 20 percent for the 2 UPFC cases for the 39 and 118 Bus
system respectively. The results must be considered keeping in mind that the it is a
discrete version of the TLBO with combinatorial optimization. Overall, the proposed
DTLBO algorithm is able to find the optimal locations of the UPFC with sufficient

convergence rate.



Table 6.21: Summary of the Cases studied

39 Bus System

No. Of | Convergence Convergence Optimal Locations
UPFCs Rate(Global Rate(Above
Optimum) Mean)
1 80% 80% Line Line 17-18
2 6.7% 53% Line 10-13/Line 3-18
118 Bus System
No. Of | Convergence Convergence Optimal Locations
UPFCs Rate(Global Rate(Above
Optimum) Mean)
1 60% 60% Line 17-18
2 20% 60% Line 17-18/Line 69-77
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CHAPTER 7: OPTIMAL RATING OF UPFC FOR LINE LOADING
MANAGEMENT

7.1  Introduction

In the previous sections, it was determined that the UPFC can be beneficial in
managing the line flows for a power system using an improved LPOPF algorithm.
However, in the previous sections, the installation cost of a UPFC as well as the
congestion cost was not taken into account. It may not always be the case that the
power system planners are willing to invest in as many number of UPFCs or as large a
rated UPFC as possible to gain greater control over the line flows in a power system.
Thus, there must be a weighted consideration of the costs associated with the a higher
rated UPFC as well as the benefit obtained from increased control over the line flows

in a power system.
7.2  Literature Review

Operation uncertainties of the load demand are important to consider. Moreover,
this is important with regards to renewable energy penetration as well. With the
increased usage of renewable energy, the UPFC sizing and location as well needs to
incorporate various power system uncertainties. A list of reference which incorporate
load variations is shown in Table.7.1 with respect to optimal siting and sizing of
various FACTs devices. It can be seen that very few references have incorporated
load variations more than 5 in number. In this study, multiple load variations are also
considered with regards to UPFC optimal rating. Accounting for these probabilities
will help in ensuring that the resulting solutions are more realistic and practical

and can provide a better performance under a range of operating conditions and



uncertainties.

Table 7.1: Summary of Load Variations for Optimal Sizing of FACTs Devices
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No of Load | Number of Refs Ref

Variations

0 29 References 148, [45], [49], [50], [50],
[51], [52], [53], [54], [55], [33],
[56], [57], [58], [59], [60], [61],
[62], [63], [64], [65], [66], [67],
[68], [69], [70], [71], [72]

1 5 References 73], [74], [75], [76], [77]

2 6 References (78], [79], [80], [81], [82], [59]

3 3 References 183], [84], [85]

4 3 References [86], [87], [38]

5 2 References [89], [90]

7.3  Main Contribution

The main contribution of this chapter is listed below:

e The proposed algorithm finds the minimum rating required to achieve a signif-

icant control over line loading in three control scenarios: Only upfc set point

is allowed to change, all real generation and only slack bus reactive generation

setpoints as well as upfc setpoints can change and all reactive generation and

only slack bus real generation setpoints as well as upfc setpoints can change.

Moreover, a cost benefit analysis is carried out to show the tradeoff between

optimal rating and degree of control over line loading of the power system.

e Load Variations are considered in the finding the optimal sizing of UPFC to

give a more realistic solution for a given location. Furthermore, it should be
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emphasized that since demand is not constant, a wide range of load variations
should be considered to find a solution which will prove the effectiveness of the

UPFC Location for various scenarios.
7.4  Formulation

The formulation of the proposed algorithm is shown below:

Algorithm 10 Optimal Rating of UPFC Algorithm
for Scenario A,B and C do
Set UPFC rating as 300 MVA for both shunt and series voltage sources.

while UPFC Rating > 0 and Additional reduction in line loading is not achieved
do

Evaluate the cost function using the LPOPF algorithm.
Set the UPFC Rating to the next lowest step.
end while
end for
Find the minimum rating required to achieve the desirable level of control common
to Scenario A,B and C. In our case, it is the minimum level of control.

The formulation of the proposed algorithm considering the cost of the UPFC is

shown below:

Algorithm 11 Optimal Rating of UPFC considering Cost of UPFC
for Scenario A,B and C do
Set UPFC rating as 300 MVA for both shunt and series voltage sources.

while UPFC Rating > 0 and Additional reduction in line loading is not achieved
do

Evaluate the cost function using the LPOPF algorithm.
Set the UPFC Rating to the next lowest step.
end while
end for
Find the cost of each UPFC rating.
Plot the Cost-Benfit plots for each scenario.
The optimal rating of the UPFC is selected based on the largest gradient or close-
ness to the origin.

7.5  Results for a 39 Bus System

For the 39 Bus System, the ratings of the UPFC were varied from a minimum range

to a maximum range and the line loading ratio was obtained for each case. Three
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cases were tested, each of them with a UPFC installed at a different location.

Table 7.2: Description of Scenarios

Scenario A Only UPFC Case

Scenario B All Pgen-+ Slack Qgen Case

Scenario C  All Qgen+ Slack Pgen Case

7.6 Results for a 39 Bus System
The ratings were tested for 3 different locations for Scenario A,B and C.
7.6.1 UPFC installed on Line 16-17

In this case, the UPFC is installed on Line 16-17. As can be seen, for Scenario
A(Only UPFC Scenario), the UPFC is able to reduce the line loading from 0.663 to
0.651 even with an MVAse and MVAsh rating of 50 MVA and 50 MVA respectively.
The same is the case for Scenario B(All Pgen+Slack Qgen Case) where the UPFC
is able to reduce line loading from 0.728 to 0.6643. For Scenario C (All Qgen+-Slack
Pgen Scenario), the UPFC reduces line loading ratio from 0.728 to 0.7169. Thus, if
the purpose of the operator is to reduce the cost of the installed UPFC as much as
possible, then the optimal rating of the UPFC will be 50 MVA for both the series
and shunt sources.

It can be further seen from Table.7.4 that the MVAse settings for the UPFC are
consistently higher for each row compared with the Table.7.5 case. This is because
the in All Pgen+Slack Qgen case, there is much more leverage for the real power
flow to be managed thus the series source acts to manage the real power flow which
is seen by a higher MVAse setting for each row. For example, if you compare the
300 MVAse max and 300 MVAsh max cases for Table.7.4 and Table.7.5, then in All
Pgen+Slack Qgen case, the UPFC MVAse is 200 MVA while in Table.7.5, the UPFC

MVAse setting is 80 MVA. The vice versa is the case for MVAsh where it has a setting
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of 60 MVA in Table.7.4 while it has a setting of 200 MVA in Table.7.5.

In order to determine the optimal rating, all three scenarios must be tested as the
objective is to reduce the line loading on heavily congested lines. In real power sys-
tems, the generator settings can be changed to allow to relieve overload if it does not
increase the generation cost by a significant percentage. Again, it must be empha-
sized that the objective of this chapter is not to put a cost on the trade-off between
a higher rated UPFC and the additional control gained for the line loading, but to
showcase a qualitative discussion of how this algorithm can be used to determine the

rating of a UPFC device based on the operator’s objectives.

Table 7.3: Only UPFC Scenario(Line 16-17)

Only UPFC Case
MVAse(max) | MVAsh(max) | Psh(max) | Before | After | MVAse| MVAsh| Qsh
300 300 100 0.663 0.6465 | 72 50 -40
200 200 100 0.663 0.6465 | 72 50 -40
100 100 50 0.663 0.6465 | 72 50 -40
50 50 25 0.663 0.651 47 30 26
40 40 25 0.663 0.663 - - -
Table 7.4: All Pgen+Slack Qgen Scenario(Line 16-17)
All Pgen+Slack Qgen Case

MVAse(max) | MVAsh(max) | Psh(max) | Before | After | MVAse| MVAsh| Qsh
300 300 100 0.728 0.6153 | 200 60 50
200 200 100 0.728 0.6147 | 200 80 78
100 100 50 0.728 0.6298 | 100 70 60
50 50 25 0.728 0.6643 | 50 10 20
40 40 25 0.728 0.728 - - -
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Table 7.5: All Qgen+Slack Pgen Scenario(Line 16-17)

All Qgen-+Slack Pgen Case
MVAse(max) | MVAsh(max) | Psh(max) | Before | After | MVAse| MVAsh| Qsh
300 300 100 0.728 0.7121 | 80 200 -200
200 200 100 0.728 0.7121 | 82 200 -200
100 100 50 0.728 0.7144 | 72 100 -100
50 50 25 0.728 0.7169 | 57 35 -34
40 40 25 0.728 0.728 - - -

For the sake of showing the cost-benefit analysis of the above settings, a cost is

put on the congestion congestion and the UPFC rating. The cost of the UPFC is

Cupfe = 0.0000352 — 0.2691S5 + 188.2U S Dollars/ KV AR (7.1)

S is the operating range of the UPFC device in MVAR.

As can be seen from Table.7.6 that the power system operator can make a different
choice depending on the what the preference of the operator is. There is a cost
associated with the congestion in a power system thus the operator can choose to
install a UPFC rated 300 MVA with 3 times more cost as compared to the 50 MVA
or settle for 50 MVA rated UPFC with a smaller degree of control over line flows. The
tradeoff can also be seen in Fig.7.1 between the three ratings of the UPFC. Briefly
speaking, the 100 MVA UPFC provides a middle ground in terms of cost as well as
the degree of line loading control. The line loading ratio after OPF is 0.6298 which is
not a large drop from the 0.6153 value for the 300 MVA case while the cost is reduced
by almost 50 percent compared with the 300 MVA Case. For the 50 MVA UPFC, the
line loading control is reduced by a great degree so the additional reduction in cost

compared with 100 MVA case may not be too beneficial.
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Table 7.6: Cost-Benefit Analysis of UPFC(AIl Pgen+Slack Qgen Case)

MVAse MVAsh Cost of UPFC(USD) Before After
300 300 3.3 x107 0.728 0.6153
100 100 1.6 x107 0.728 0.6298
50 50 0.87 x107 0.728 0.6643
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Figure 7.1: Cost-Benefit Plot

7.6.2 UPFC installed on Line 3-4

where the UPFC is installed is Line 3-4. The results for

the loading ratio for the three scenarios for different ratings are shown in Table.7.7,

Table.7.8 and Table.7.9. It can be seen that a minimum UPFC rating of 100 MVA

for the series and shunt converters are able to obtain a feasible solution for the three

scenarios. A rating of 50 MVA is not able to give a feasible solution with a lower line

loading ratio for the only UPFC and All Qgen-+Slack Pgen Scenario.

As was discussed for the previous location, for the All Pgen+Slack Qgen scenario,

the UPFC MVAse settings are higher on average compared with the Only UPFC

scenario for the same reasons as was discussed previously.



Table 7.7: Only UPFC Scenario(Line 3-4)

Only UPFC Case
MVAse(max) | MVAsh(max) | Psh(max) | Before | After | MVAse| MVAsh| Qsh
300 300 100 0.663 0.6506 | 40 80 80
200 200 100 0.663 0.6506 | 40 80 80
100 100 50 0.663 0.6624 | 20 70 70
50 50 25 0.663 0.663 - - -

Table 7.8: All Pgen+Slack Qgen Scenario(Line 3-4)

All Pgen+Slack Qgen Case
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MVAse(max) | MVAsh(max) | Psh(max) | Before | After | MVAse| MVAsh| Qsh
300 300 100 0.728 | 0.6159 | 160 63 -60
200 200 100 0.728 0.6159 | 160 61 -63
100 100 50 0.728 0.6324 | 65 91 -88
50 50 25 0.728 | 0.6466 | 50 33 -32
40 40 25 0.728 | 0.65 40 13 -14
30 30 25 0.728 0.728 - - -

Table 7.9: All Qgen-+Slack Pgen Scenario(Line 3-4)

All Qgen+Slack Pgen Case
MVAse(max) | MVAsh(max) | Psh(max) | Before | After | MVAse| MVAsh| Qsh
300 300 100 0.728 0.667 154 96 -52
200 200 100 0.728 0.667 154 56 -52
100 100 50 0.728 0.653 100 60 -50
a0 a0 25 0.728 0.728 - - -

Furthermore, a cost-benefit analysis can be performed for this UPFC location as

well shown in Table.7.10 and is shown in Fig.7.2. It can be seen that a higher rated
UPFC MVA of 300 MVA is no more useful than a 200 MVA rated UPFC. Further,
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like the previous location, the UPFC rating of 100 MVA provides a good trade-off
between the cost of UPFC and the degree of control over line loading. However, you
can also see that the operator might prefer to install a 200MVA rated UPFC as the
cost increase is not too much compared with the additional control gained over the
line loading.

Table 7.10: Cost-Benefit Analysis of UPFC Location 3-4(All Pgen+Slack Qgen Case)

MVAse MVAsh Cost of UPFC(USD) Before After

300 300 3.3 x107 0.728 0.6159
200 200 2.3 x107 0.728 0.6159
100 100 1.6 x107 0.728 0.6298
50 50 0.87 x107 0.728 0.6466
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Figure 7.2: Cost-Benefit Plot Line 3-4

If the loading is increased, the cost-benefit plot may look different as shown in
Fig.7.3. It can be seen that for higher loading 103 percent, the same rating of UPFC
has higher loading ratio after OPF. Furthermore, it can be seen that for a loading of
103 percent, the increase in cost from 100 to 200 MVA may not be justified for the

additional gain in reduction as compared for the 100 percent loading scenario.
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Figure 7.3: Cost-Benefit Plot Line 3-4 Vary Loading

7.6.3 UPFC installed on Line 11-12

Another UPFC location is tried between buses 11 and 12. It can be seen from
Table.7.11, Table.7.12 and Table.7.13 that the minimum rating ruquired to gain con-
trol over the line loading is different for all three scenarios. The overall minimum

rating required is 100 MVA for all three scenarios.

Table 7.11: Only UPFC Scenario(Line 11-12)

Only UPFC Case

MVAse(max) | MVAsh(max) | Psh(max) | Before | After | MVAse| MVAsh| Qsh

300 300 100 0.663 | 0.6491 | 72 16 19
200 200 100 0.663 | 0.6491 | 72 16 19
100 100 50 0.663 | 0.6491 | 72 16 19

50 50 25 0.663 0.663 - - -




Table 7.12: All Pgen+Slack Qgen Scenario(Line 11-12)

All Pgen+Slack Qgen Case
MVAse(max) | MVAsh(max) | Psh(max) | Before | After | MVAse| MVAsh| Qsh
300 300 100 0.728 0.6024 | 110 ) 0.96
200 200 100 0.728 0.6024 | 100 ) 0.86
100 100 50 0.728 0.6153 | 99 12 12
50 50 25 0.728 0.629 50 8 -5
40 40 25 0.728 0.6327 | 43 11 10
30 30 25 0.728 0.6383 | 30 6 -2
20 20 15 0.728 0.728 - - -

Table 7.13: All Qgen+Slack Pgen Scenario(Line 11-12)

All Qgen-+Slack Pgen Case
MVAse(max) | MVAsh(max) | Psh(max) | Before | After | MVAse| MVAsh| Qsh
300 300 100 0.728 0.6806 | 182 268 -265
200 200 100 0.728 0.685 182 200 -200
100 100 50 0.728 0.6993 | 100 100 -100
50 50 25 0.728 0.705 50 50 -50
40 40 25 0.728 0.728 - - -
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Table 7.14: Cost-Benefit Analysis of UPFC Location 11-12(All Pgen+Slack Qgen
Case)

MVAse MVAsh Cost of UPFC(USD) Before After
300 300 3.3 x107 0.728  0.6024
200 200 2.3 x107 0.728 0.6024
100 100 1.6 x107 0.728 0.6153
50 50 0.87 x107 0.728  0.629
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In the figure.7.5, the cost benefit plot is plotted with respect to different loading
levels. It can be seen that for 104 percent loading level, the 100 MVA rated UPFC
is not able to give an improved control as compared to the 50 MVA rated UPFC.
For 100 and 103 percent loading levels, the 100 MVA rated UPFC is able to give an
improved control as compared to the 50 MVA rated UPFC. Furthermore, the 200
MVA rated UPFC also gives additional control as compared to the 100 MVA rated
UPFC. However, overall, based on the cost-benefit tradeoff, the 100 MVA rated UPFC

may prove to be a good option considering different loading levels.
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7.7  Optimal Rating of UPFC considering Load Variations

The optimal rating of the UPFC has been tested for various loading levels. The
loading levels are varied with respect by trying different combinations of loading
variations at combinations of buses. This is done randomly and the optimal rating is
tested out using using Scenario A,B and C as discussed in the previous section. As
compared to the previous section, where the optimal rating is determined using the
minimal rating, in this section, the optimal rating is determined using the maximum
control over line loading ratio. The total number of runs of load variations run are

around 100. A sample of random load variations are shown in table below:

Table 7.15: Sample of Load Variations

Sample 1 Sample 2 Sample 3 Sample 4

Bus 1/-20%  Bus 11/-1%  Bus 10/-4%  Bus 6/40.4%

Bus 2/+10% Bus 24/+2% Bus4/+7%  Bus 1/4+1%

Bus 5/+30% Bus 27/43% Bus 8/+3%  Bus 23/+3%

Bus 10/-20% Bus 31/+7% Bus 36/4+2% Bus 22/+1.4%
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7.7.1 Case 1:UPFC Installed on Line 4-14

The UPFC is installed on Line 4-14. It can be seen from Fig.7.6, Fig.7.7 and
Fig.7.8 that the MVASe,MVASh and Vse ratings vary with different loading levels.
Generally, the higher the UPFC rating, the higher the reduction in line loading ratio
achieved. However, the operator must decide as how to how large the UPFC must be
sized because the cost needs to be considered as well. For example, one operator may
prefer to size the UPFC according to the largest reduction in line loading achieved
while the other operator may prefer to size the UPFC to cover at least the average
reduction in line loading ratio. SO it is the operator’s decision as to what his/her
preference is. In this section, we have decided to find the optimal rating of UPFC so
that most of the load variations are taken into account.

For example, for Fig.7.6, the load variation scenarios that are ignored are shown
in the red rectangle. The load scenarios variations which will most likely most cover
all scenarios are bounded by the black rectangle. Among those scenarios, the mean
MVAse rating is around 50 MVA. Thus, the optimal MVAse rating is 50 MVA con-
sidering load variations. Furthermore, in Fig.7.7, the variation in ratings of MVAsh
with respect to reduction in loading ratios is shown. It can be seen that scenarios in
red rectangle are ignored as they lie as outliers. Most of the loading variation can
be covered by an optimal rating of around 120 MVA for MVAsh. Furthermore, in
Fig.7.8, the Vse optimal rating is around 0.2 as it covers most load variations. The
load variations in the red rectangle are ignored even though the highes reduction in

loading ratio occurs where the reduction in loading ratio is the highest.
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Table 7.16: Summary of Optimal Rating for Location 4-14

Rating Value

MVAsh 125 MVA

MVAse 50 MVA

Vse 02V

7.7.2 Case 2:UPFC Installed on Line 17-18

The variation of Vse,MvAse and MVAsh with respect to different loading levels
is shown in Fig.7.9,Fig.7.10 and Fig.7.11. It can be seen that most load variations
lie within close proximity.Thus unlike Case 1,where the load variations caused some
amount of variation in UPFC rating as well. In case 2, the reduction in loading ratio
is less than Case 1.Thus the location of Case 2 is less optimal as compared to Case
1.This also leads us to the point that whatever the load variation, the UPFC ratings
remain the same. Thus, increasing the sizing of the UPFC is not beneficial for this
location since it is not an optimal location. If there is no variation in the loading
ratio reduction by varying the sizing of the UPFC then that means the location of

the UPFC is not optimal.
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Table 7.17: Summary of Optimal Rating for Location 17-18

Rating Value

MVAsh 160 MVA

MVAse 55 MVA

Vse 0.15V

7.7.3 Case 3:UPFC Installed on Line 3-18

In Case 3, the UPFC is installed on Line 3-18. The variation of Vse,Mvase and
Mvash with respect to load variations is shown in Fig.7.12,Fig.7.13 and Fig.7.14. It
can be seen that for different load variations, the UPFC sizing varies to a considerable
degree.The main point to emphasize is that the higher the UPFC sizing, the higher
the reduction in line loading achieved. THus it is a better location for UPFC installa-
tion. Table.7.18 shows the optimal rating of the UPFC for location 3-18 considering

different load scenarios.
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Table 7.18: Summary of Optimal Rating for Location 3-18

Rating Value

MVAsh 70 MVA

MVAse 80 MVA

Vse 03V

7.74 Case 4:UPFC Installed on Line 11-12

In case 4, a UPFC is installed on Line 11-12. The reduction in loading ratio for
most load scenarios is on average 0.12. THe variation in UPFC sizing does not affect
the reduction in loading ratios by a considerable degree.Thus,this location of the
UPFC may not be optimal for all load variations. This is shown in Fig.7.15Fig.7.16
and Fig.7.17.
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Table 7.19: Summary of Optimal Rating for Location 11-12

Rating Value

MVAsh 40 MVA

MVAse 17 MVA

Vse 0.16 V

7.7.5  Summary of the Optimal Rating with respect to Load Variation

Table.7.20 shows the summary of the optimal ratins obtained for different load
variations. It can be seen that the Location 4-14 gives the maximum average reduc-
tion. THe optimal rating obtained for Location 4-14 is given by 50 MVA for MVAse,
125 MVA for MVAsh and 0.2V for Vse. However, it can be seen that Location 11-12
gives an average reduction 0.12 with a lower optimal rating. The operator may prefer
to install a lower sized UPFC at a different location with a lower average reduction in
loading ratio compared with a higher average reduction in loading ratio with a higher
sized UPFC. Furthermore, in this section for load variations, the optimal rating is

determined to be the maximum rating obtained for gaining reduction in line loading.
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This is done in order to give the maximum leverage for managing the line flows for
various load variations.

Table 7.20: Summary of Optimal Rating for Various Load Variations

Location Average Reduction MVAse MVAsh  Vse

11-12 0.12 1TMVA  40MVA  0.16V
3-18 0.12 S8OMVA  70MVA 0.3V
17-18 0.07 50MVA 160MVA 0.15V
4-14 0.2 50MVA 125MVA 0.2V

7.8  Summary and Main Contribution

The main contribution of this chapter is listed below:

e The formulation proposed in this chapter is used to find the optimal rating of a
UPFC for optimal power flow management. UPFC has a high installation cost
and thus the optimal sizing of the UPFC needs to be determined which can give
you a sufficient degree of control over the line loading in a power system required
by the power system operator. The sizing of the UPFC is obtained over three
generation control scenarios: only UPFC control, only real generation control
and only reactive generation control. A minimum rating is obtained across
these three control scenarios and a cost-benefit analysis is performed to obtain
a trade-off between the UPFC sizing and the degree of control over the line
loading in a power system. The results show that it is important to find out the
optimal rating of a UPFC for different control scenarios as the optimal rating
differs with respect to different control scenarios and morevoer, it is not always
beneficial to size the UPFC at a higher rating as beyond a certain rating, the

higher sized UPFC will give you no additional benefit over lower sized UPFCs.

e Monte-Carlo simulation has been applied for finding out the optimal rating con-
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sidering different load variations. This is important to consider since a UPFC
installed in a power system has to operate for various power system operating
states. THus the preliminary analysis should include all various probable sce-
narios. THe results show that given that load variations are taken into account,
some locations of the UPFC give you better overall control over line loadings
with a lower rated UPFC compared to other locations which may give you less
control over line loadings with a higher rated UPFC. Thus, the optimal location
of the UPFC may also not be the same as expected if various load variations

are accounted for.



CHAPTER 8: CONCLUSIONS AND FUTURE FUTURE WORK

Possible future work that can be further explored with regards to the topic of this

dissertation are listed below:

e Optimal Power flow management incorporating the TCSC in an LPOPF model
can be further explored. However, approximations will have to be made since
the bus injection model of the TCSC is a decoupled model. A possible way to
do this can be to solve for the LPOPF using only real power flow equations and
then input the solution from the LPOPF into an AC power flow model with the

real and reactive power flow equations combined within the same iteration.

e Furthermore, to provide more value to the work, the loading ratio defined in
the dissertation should be presented in terms of money value in dollars per
hour cost. This is because the loading ratio directly affects congestion cost so
reducing or increasing the loading ratio in a transmission system directly af-
fects congestion costs in the transmission system. This will require much effort
as the congestion costs do not remain the same while solving for an LPOPF.
THe highest locational marginal price can be used as an estimate of the conge-
tion present in the system. If the loading ratio is reduced, then is the highest

locational marginal prive reduced in the system or not.

e Multiple UPFCs can be added to the model in the dissertation. The maximum
number of UPFCs that has been tested out is 2. This model can be scaled to
larger systems such as the 179 bus system which will require a larger number
of UPFCs. However, it must be remembered that the LPOPF has to maintain

its accuracy for each iteration of the LPOPF. With a larger number of UPFCs,
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the coordination required among multiple UPFCs to work towards achieving
an optimal solution will require modifications to the algorithm presented in the
dissertation. With multiple UPFCs, there may be cases where the control of

one UPFC may contradict the control of another UPFC and the solution may
be worse after the LPOPF versus before the OPF.

Moreover, the addition of voltage index to the objective function can be further
explored. This is because the UPFC can provide reactive support. Thus, for
different loading levels, specially at higher loading levels, the voltage at some
buses may drop. Thus, the UPFC can provide voltage support to those buses

as well.

The optimal rating of a UPFC can be further explored in terms of future sce-
narios as well. THis is because a UPFC once installed can not be resized nor
installed at another location. It is assumed that it is a fixed device. Thus,
the optimal rating of a UPFC should consider future scenarios such as load in-
creases, additional renewable energy deployment, future changes in generation

costs etc.
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