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ABSTRACT
ALEKHYA VADDIRAJ. Investigations on enhanced power flow controller. (Under the
direction of Dr. MADHAV MANJREKAR)

Series Flexible AC Transmission Systems (FACTS) devices have been employed to
increase power transfer capability of transmission networks and to provide direct control
of power flow over designated transmission routes. However, high costs and reliability
concerns associated with implementing one large FACTS device capable of altering the
power flow in a wide transmission network have limited widespread deployment of
FACTS solutions. Recently, concept of Distributed FACTS (D-FACTS) was proposed as
an alternative approach to realize cost-effective power flow control through multiple,
small, fixed series impedance injections. This thesis extends the functionality of D-
FACTS concept by introducing variability in impedance injection of D-FACTS devices,
thereby improving their controllability. Furthermore, this thesis presents a more detailed
analytical treatment of such a topology termed enhanced Power Flow Controller (ePFC).
It is shown that employing 1% order (assumes sinusoidal voltage across compensation
capacitor) and 2" order (assumes sinusoidal current in the transmission line) fundamental
impedance model are inaccurate methods to analyze effective impedance inserted by
ePFC. Instead, a new mathematical model that is based on sinusoidal voltage difference
between two end buses is proposed. The efficacy of this approach and its advantages as
compared to provide more accurate steady state impedance over existing models are
presented.

Likewise, to analyze the stability of this system, Poincare mapping of entire bus-to-bus

system is employed and the resultant dynamic model of an ePFC is systematically



Y,
derived in this paper. Finally, eigen values of this system are mapped as a function of
conduction angle and regions of instability are identified for the enhanced Power Flow

Controller.
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CHAPTER 1 : INTRODUCTION AND REVIEW

1.1. Introduction

The electricity transmission system is one of the greatest engineering achievements of
the 20th century. It is an extensive system of interconnected networks in which high-
voltage power lines transport electricity from generators to customers [1]. A critical early
decision to rely on alternating current (AC) technologies for high-voltage transmission
has led to the construction of three major interconnected power systems: the Eastern and
Western Interconnections, and the Electric Reliability Council of Texas (ERCOT), as
shown in FIGURE 1.1. This transmission system was built by vertically integrated
utilities that produced electricity at large generation stations and this interdependence
leads to reliability [1].

On the other hand, as power transfers grow the power system becomes increasingly
more complex to operate and the system can become less secure for riding through the
major outages [1]. Increasing demand of electricity has put unprecedented pressure on the

US power-grid.
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FIGURE 1.1: North American Electricity Transmission Systems [1]

The conventional method of reinforcing network capacity through building additional
lines has become difficult to implement with long delays in siting and approval process.
It may lead to large power flows with inadequate control, excessive reactive power in
various parts of the system, large dynamic swings and bottlenecks, and thus the full
potential of transmission interconnections cannot be utilized [1].
1.2. Power Delivery Infrastructure

Transmission bottlenecks and congestion have become a frequent sight for the network
operators [2]. Substantial changes and capital investments are required to modify it for
deregulated market needs. Thus it presents a major infrastructural obstacle for the
continuing growth of the U.S. $ 224 billion U.S. electricity market [2]. Electricity
demand has increased 25% over the last decade and continues to increase. Overall,
adequate generation capacity now exists, or is planned to meet projected needs in the US.

At the same time, annual investment in transmission facilities has declined over the last
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decade [1]. As a result of load growth, deregulation, and limited investment in new
facilities, transmission congestion has rapidly increased. Over 50 transmission corridors
in the US are routinely congested, causing high economic impact. According to the New
York Independent System Operator (NYISO), congestion on the T&D system cost over
$1 billion per year [3].

Uncontrolled ‘loop flow’ causes congestion and reliability problems, and reduces the
ability to fulfill energy contracts. Loop flows also impact the ability to fully utilize
certain transmission lines, even as other lines suffer congestion, further limiting available
transfer capacity under normal and contingency conditions. New transmission lines could
relieve congestion, but are expensive to build (US$0.5-2 million/mile typically, but costs
can exceed $10M/mile) and require several years for approval and construction [2]. Thus,
one of the problems of smart grid is to have an ability to control power flow on
transmission lines has been through the use of Flexible AC Transmission Systems
(FACTS). FACTS devices allow control of power flows on ac power systems through the
use of large power converters (10-300MW) [2]. While several FACTS installations are
operating worldwide, wide scale deployment has not occurred. FACTS typically costs
$120-$150 per kVAr, compared to $15-$20/kVAr for static capacitors.

1.3. Power Flow Control
As explained in the previous section, one of the desired objectives of smart power
grids is to have precise control of power flow over a designated power route. In an
emerging power ecosystem with multiple parallel paths between sources and loads, the
actual route that carry real power can have an important impact on system operation

during both steady-state and post-contingency conditions [2].
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FIGURE 1.2: Real power flow in a fundamental two-bus system

FIGURE 1.2 shows two buses connected with a reactance Xiine. Consider a two bus
system consisting of sending voltage (Vs), line reactance (Xiine), receiving voltage (Vy).

Therefore,

Vs = Vs cos(wt) (1.1)

V.6 = V. cos(wt + 8) (1.2)

Using Kirchhoff’s Current Law (KCL), the current in the system is given by

Vs— Vil

I - jXIine (13)
[ = Vs COS(wt;:;:OS(wHS) (1.4)
__ Vscos(wt) _ V; cos(wt+8)
" Xyine iXline (1.5)
Therefore, 1= jXVS sin(wt) — ]_XVR sin(wt + 8) (1.6)
line line

Now power in the circuit is given by,

Power = Voltage * Current 1.7



From (1.7) we have,

P = V; cos(wt) * I (1.8)
Ve . Ve .
P =V, cos(wt) * [x sin(wt) — 3 sin(wt + 8)] (1.9
line line
we get,
VE . AT
P= 3 sin(wt) cos(wt + 8) — X—sm(u)t + 6) cos(wt) (1.10)
line line
Reducing equation (1.10),
Vgrms : Vsrmsvrrms : :
P = —"sin 2(wt) — e [sin(2wt + 8) + sin(5)] (1.12)
line line

Now extending the power equation (1.11) from a single phase to a three phase system, we

have

P, = %sin 2(t) — SRS [5in (200t + 8) + sin(8)] (1.12)

line line

P, = Y3ms Gin 2 (ot + 120) — Zsmms 7rms [sin (2wt + & + 240) + sin(8)] (1.13)

line line

2
P. = ™5 in 2(wt — 120) — “RETS [gin (20t + B — 240) + sin(8)]  (1.14)

line line

Hence total power (P) is given by,
P=P,+P,+P, (1.15)
From equations (1.12), (1.13) and (1.14)

P = 3 “rrmelsms gip(5) (1.16)

line



p — Y3VrrmsV3 Vorms sin(8) (1.17)

Xline

The real power flow between these two buses is given by

p— Vra-Drms*Vs-)rms sin(8) (1.18)

Xline

As is evident from equation (1.18), real power can be controlled either by varying line-
line voltages at sending (Vs,) or receiving (Vr) ends, or by varying the phase angle
between these voltages (), or by varying impedance of the line (Xiine) [4]. Power flow
control has traditionally relied mostly on control of generators, network switching, and
phase shifting transformers. Passive elements such as series reactors and capacitors have
also been used to vary the effective line impedance, thereby altering the power flow
through a given line [4]. Power electronic converters have been augmented with these

passive methods to improve the controllability and to provide a faster response [5].

A Phase Shifting Transformer (PST) is a special form of three-phase regulating
transformer and is realized by combining a series-connected transformer with a thyristor
controlled tap-changing voltage transformer [5]. The windings of the voltage transformer
are so connected that on its secondary side, phase-quadrature voltages are generated and
fed into the secondary windings of the series transformer. Thus the addition of small,
phase-quadrature voltage components to the phase voltages of the line creates phase-
shifted output voltages without any appreciable change in magnitude. A phase shifting
transformer is therefore able to introduce a phase shift in a transmission line. When a

phase-shifting transformer employs an on load tap changer, controllable phase-shifting is
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achieved. But this is an expensive solution and does not allow dynamic control capability
(5], [6].

Another option is to decrease the total effective reactance, X, of the transmission line
by adding series capacitors such that jX = jX. — jXc. This action increases the current
flow through the line, and thus increases both the real and reactive power flow [5].

1.4. Thesis Motivation

On contrary to the increase in demand and generation on the grid, there has been a
sustained decrease in transmission infrastructure investments. Increasing congestion and
loop flows on the transmission have dramatically decreased the capacity of existing lines
and are forced to operate under their thermal limits [7]. One of the accepted and
technically proven approach for enabling the smart distribution grid in particular
achieving control of active power flow on the grid, has been through the use of Flexible
AC Transmission Systems or FACTS [2]-[4]. Even though FACTS technology is
technically proven, it has not seen widespread commercial acceptance due to high cost. In
this thesis, concept of Distributed FACTS (D-FACTS) was proposed as an alternative
approach to realize cost-effective power flow control through multiple, small, fixed series
impedance injections [2], [7]. The functionality of D-FACTS concept is extended by
introducing variability in impedance injection of D-FACTS devices, thereby improving
their controllability. Furthermore, a detailed analytical treatment of such a topology
termed enhanced Power Flow Controller (ePFC) is presented [8]. It is shown that
employing 1 order (assumes sinusoidal voltage across compensation capacitor) and 2"
order (assumes sinusoidal current in the transmission line) fundamental impedance model

are inaccurate methods to analyze effective impedance inserted by ePFC. Instead, a new



8
mathematical model that is based on sinusoidal voltage difference between two end buses
is proposed [8]. The efficacy of this approach and its advantages as compared to existing
models and also its stability analysis are presented.

1.5. Organization of Thesis
This thesis is organized in the following format.
chapter 1: Introduction and Review

A brief introduction to the transmission system operation and interconnection and the
power delivery infrastructure is provided in the first part. The later part describes the
power flow control on the transmission grid and motivation for the thesis.
chapter 2: Flexible AC Transmission Systems (FACTYS)

This chapter describes the concept of Flexible AC Transmission Systems (FACTS).
The basic types of FACTS controllers are briefly outlined. The topologies of different
types of FACTS controllers are explained. And a brief review on leading FACTS
suppliers and installation of FACTS solutions are also presented.
chapter 3: Distributed FACTS (D- FACTYS)

Limitations of the existing FACTS devices are documented. The Series Injected
Transformer is explained using the equivalent impedance offered by a transformer. The
concept of D-FACTS is introduced. DSR and DSI controllers are explained and analyzed.
chapter 4: Enhanced Power Flow Controller (ePFC)

The concept of D-FACTS in Chapter 3 is extended with conduction angle control.
Three approximations are explained to determine the functionality of an ePFC system. A

mathematical expression is derived to obtain the effective fundamental impedance
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offered by the proposed controller. Detailed comparison of the effective fundamental
impedance for three approximations is tabulated.
chapter 5: Modeling and Simulation Results

In this chapter DSR, DSI and ePFC devices are modeled in MATLAB Simulink.
Simulation results of the controllers are compared with the calculated results from
Chapter 3 and Chapter 4. The operations of the proposed ePFC system in transmission
line are discussed with the help of control block schematic. A components of the
controlled system are modeled in MATLAB Simulink and the results are presented.
chapter 6: Stability Analysis of ePFC

In this chapter the stability analysis of an ePFC system is presented. The dynamic state
equations and projection matrix for the proposed system are explained. Poincare’
mapping is used to determine the stability using the Eigen values of the Jacobian matrix.
chapter 67: Future Work and Conclusion

This chapter includes an overview of the thesis with conclusions are drawn and the
assumptions are presented. The thesis concludes with a discussion on the future scope

with regards to realizing an ePFC in hardware.



CHAPTER 2 : FLEXIBLE AC TRANSMISSION SYSTEMS (FACTS)

2.1. Introduction

The increase in demand on the power grid, a sustained decrease in transmission
infrastructure investments over the last two decades, has increased the power flow
congestion problem [1]. Many transmission facilities face inability to direct power flow
at will, resulting in limited system reliability and constrained ability to provide interested
customers with low-cost power [1]. There is general consensus that the future power grid
will need to be smart and aware, fault tolerant and self-healing, dynamically and
statically controllable, and asset and energy efficient [2]. The accepted and technically
proven approach for realizing a smart grid, in particular achieving control of active power
flow on the grid, has been through the use of Flexible AC Transmission Systems

(FACTS).
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FIGURE 2.1: General symbol for FACTS Controller.

FIGURE 2.1 shows the general symbol for a FACTS controller [5]. Broadly, FACTS
Controllers are divided into four categories:
e Shunt Controllers
e Series Controllers
e Combined Series-Series Controllers
e Combined Series-Shunt Controllers
2.2. Shunt Controllers
In principle, a shunt controller injects current into the system at the point of connection
[5]. A simplified schematic of a shunt controller is shown in FIGURE 2.2. A shunt
controller may be a variable impedance, variable source or a combination of these. As
shunt controllers act like current source they can control voltage at, and around the point
of connection through the injection of reactive current. Static Synchronous Compensator
(STATCOM) and Static VAr Compensator (SVC) are the commonly used shunt

controllers.

| Transmission Line |

FIGURE 2.2: General symbol for shunt controller.

e Static Synchronous Compensator (STATCOM): A Static Synchronous Compensator

(STATCOM) can be defined as a static synchronous generator operated as a shunt-



12
connected static VAr compensator whose capacitive or inductive output current can

be controlled independent of the ac system voltage [4]. This is shown in FIGURE

2.3.

Transmission Line

AY

C

FIGURE 2.3: Simplified Schematic of Static Synchronous Compensator (STATCOM) based on voltage
sourced converter

STATCOM instantly and continuously provides variable reactive power in response to
voltage transients, supporting the stability of the grid voltage. The STATCOM acts as a
stiff voltage source and is controlled by Pulse Width Modulation (PWM) control of
power electronics devices. Installing a STATCOM in a grid increases power transfer
capability by enhancing voltage stability and maintaining a smooth voltage profile under
different network conditions [5]. STATCOM also enables improvement of power

quality, when designed as an active filter to absorb system harmonics [4].
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e Static VAr Compensator (SVC): An electrical device for providing fast-acting

reactive power on high-voltage electricity transmission networks. The term "static"
refers to

the fact that the SVC has no moving parts (other than circuit breakers and
disconnects, which do not move under normal SVC operation). Prior to the invention
of the SVC, power factor compensation was the preserve of large rotating machines
such as synchronous condensers [12]. FIGURE 2.4 shows the schematic of a SVC.

Transmission Line

1

-
E_/ "
[

TCR TSC Filter MSC MSR

FIGURE 2.4: Schematic of Static Var Compensator.

SVC is an automated impedance matching device, designed to bring the system closer
to unity power factor. If the power system's reactive load is capacitive (leading), the
SVC will use reactors (usually in the form of Thyristor-Controlled Reactors) to consume
VARs from the system, lowering the system voltage. Under inductive (lagging)
conditions, the capacitor banks are automatically switched in, thus providing a higher

system voltage. SVCs can control transmission line voltages and can also mitigate active
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power oscillations because of their ability to modulate voltage amplitude [5]. They also

may be placed near high and rapidly varying loads, such as arc furnaces, where they can

smooth flicker voltage. Most common SVCs employee the following:

1. TCR (Thyristor Controlled Reactor) : A reactor connected in series with a bidirectional

thyristor valve. The thyristor valve is phase-controlled. Equivalent reactance is varied
continuously.

TSR (Thyristor Switched Reactor) : It is same as TCR but thyristor is either in zero- or full-
conduction. Equivalent reactance is varied in stepwise manner.

TSC (Thyristor Switched Capacitor): A Capacitor is connected in series with a bidirectional
thyristor valve. Thyristor is either in zero- or full- conduction. Equivalent reactance is
varied in stepwise manner.

MSC (Mechanically Switched Capacitor) : A capacitor is switched by circuit-breaker. It
aims at compensating steady state reactive power. It is switched only a few times a day.
Mechanically Switched Capacitors with Damping Networks (MSCDN): A
technology to provide a switchable source of reactive power to stabilize low
frequency voltage variations [13]. It consists in large shunt capacitor banks, arranged
as a C-type harmonic filter, connected to the high voltage system to provide reactive

compensation and harmonic control and can be connected directly to the high

voltage busbar system or via a coupling transformer as shown in FIGURE 2.5.
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Transmission Line

FIGURE 2.5: Schematic of Mechanically Switched Capacitors with Damping Networks.

MSCDNSs are a simple and low-cost, but low-speed solution for voltage control

and network stabilization under heavy load conditions. Their utilization has almost

no effect on the short-circuit power but it supports the voltage at the point of

connection. An advanced form of mechanically switched capacitor is the MSCDN

(Mechanically Switched Capacitor with Damping Network) for avoidance of system
resonances.

2.3. Series Controllers

The series controllers alter effective voltage in series with the transmission line. These

controllers impact the driving voltage and hence vary the current and power flow. The

series controller could be a variable impedance, such as capacitor, reactor etc., or a power

electronics based variable source or both. This is shown in FIGURE 2.6.
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-— Qg —»

| % Transmission Line

FIGURE 2.6: General symbol for series controller

As long as the voltage is in phase quadrature with the line current, the series controller
only supplies or consumes variable reactive power [5]. They are designed to ride through
contingency and dynamic overloads, and through or bypass short circuit currents. SSSC,
TCSC and TCSR are commonly used series connected FACTS devices [5].

o Static Synchronous Series Compensator (SSSC): Static Synchronous Series
Compensator (SSSC) is a type of series connected FACTS device. This is shown in
FIGURE 2.7. A SSSC is a static synchronous generator operated without an external
electrical energy source. As a series compensator the output voltage is controllable
independently of, the line current to control the overall reactive voltage drop across
the line, thereby controlling the transmitted power. SSSC has identical properties as

STATCOM except for the output voltage is in series with the line.

Transmission

Line

mn

FIGURE 2.7: Simplified Schematic of Static Synchronous Series Compensator (SSSC).
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« Thyristor Controlled Series Capacitor (TCSC): Thyristor Controlled Series Capacitor
(TCSC) is composed of a variable reactor such as a Thyristor Controlled Reactor

(TCR), which is connected across a series capacitor. This is shown in FIGURE 2.8.

i

| |

P L~y
SN )

FIGURE 2.8: Simplified Schematic of Thyristor Controlled Switched Capacitor (TCSC).

Transmission Line

Series compensation with TCSC enables rapid dynamic modulation of the inserted
reactance. At interconnection points between transmission grids, this modulation
will provide strong damping torque on inter-area electromechanical oscillations [11].
As a consequence, a TCSC rated at around 100 MVAr makes it possible to
inteconnect grids having generating capacity in many thousands of megawatts.
TCSC as expalined is combined with fixed series compensation to increase transient
stability and also mitigate subsynchronous resonance (SSR). FIGURE 2.9 shows the

circuit of a practical TCSC.
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FIGURE 2.9: Schematic of Thyristor Controlled Switched Capacitor (TCSC).

Series compensation with TCSC enables rapid dynamic modulation of the inserted
reactance [4]. At interconnection points between transmission grids, this modulation
provides strong damping torque on inter-area electromechanical oscillations. As a
consequence, a TCSC rated at around 100 MVAr makes it possible to interconnect
grids having generating capacity in many thousands of megawatts [5].

Fixed Series Compensation (FSC): The simplest, cost-effective and one of the
preferred solution for optimizing performance in very large bulk transmission
systems [11]. FSC comprise of a capacitor banks and parallel arresters metal oxide
varistors, (MOVSs) spark gaps and a bypass switch as shown in FIGURE 2.10.
Installing a capacitive reactance in series in long (typically more than 200km)
transmission line reduces both the angular deviation and the voltage drop, which

increases the load ability and stability of the line.



19
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FIGURE 2.10: Schematic of Fixed Series Capacitor (FSC).

Thyristor Protected Series Capacitor (TPSC): TPSCs are modified version of TCSCs
with direct-light-triggered thyristors, instead of conventional spark gaps or surge
arresters as shown in FIGURE 2.11. Due to the very short cooling times of the light-
triggered thyristor valves, TPSCs return to service after a failure, allowing the

transmission lines to operate at their maximum capacity [11].

‘ Bypass ‘

disconnect
—— ——
Bank
AN _______ _ disconnectsciw_ _ _ _ _| -
Line currer]lt cT g earthing switch _|
U
Fault to plam o 1=
CT
1| Capacitor c/w [ ]
1

unbalance and

|
|
|
[
| |
overload CT |
: aVa — | ER
| . 212
| Thyristor valve g5
| || branch a8
| I |
[ I— '
| |
| |
U PR Damping_ _ _|
Bypass circuit
breaker

FIGURE 2.11: Schematic of Thyristor Protected Series Capacitor.
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2.4. Combined Series-Shunt Controllers

Combined series-shunt controllers inject voltage in series in the line with the series
part of the controller and current into the system with the shunt part of the controller. The

general symbol of the combined shunt and series controller is shown in FIGURE 2.12.

«— € 5

| % Transmission Line
| i

FIGURE 2.12: General symbol for unified series-shunt controller.

Unified Power Flow Control (UPFC) and Thyristor Controlled Phase shifting
Transformer (TCPST) are the commonly used series-shunt controllers. When the shunt
and series controllers are unified, there can be a real power exchange between the series
and shunt controllers via the power link [5].

e Unified Power Flow Controller (UPFC): Unified Power Flow Controller (UPFC) is a
combination of static synchronous compensator (STATCOM) and a static series
compensator (SSSC) coupled via a common dc link, to allow bidirectional flow of
real power between the series and shunt output terminals of SSSC and STATCOM
respectively, and are controlled to provide real and reactive series line compensation
without an external electric energy source [5]. This is shown in FIGURE 2.13. This is
a complete controller for controlling active and reactive power control through the

line, as well as line voltage control.
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Transmission Line

Y Y Y NTY\
S:]atic Static Series
gync ronous Compensator
ompensator (SSSC)
(STATCOM)
dc link

FIGURE 2.13: Simplified Schematic of Unified Power Flow Controller (UPFC)

e Thyristor-Controlled Phase Shifting Transformer (TCPST): A Thyristor-Controlled
Phase Shifting Transformer (TCPST) is a phase-shifting transformer adjusted by
thyristor switches to provide a rapidly variable phase angle [5]. This is shown in
FIGURE 2.14. A perpendicular series voltage, (obtained by adding a perpendicular
voltage vector in series with a phase voltage) is made variable using the conduction

angle control of the power electronic topologies.

j%

FIGURE 2.14: Simplified Schematic of Thyristor-Controlled Phase-Shifting Transformer (TCPST).

Transmission line

muéfd
i
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2.4.1. FACTS Benefits

IEEE defines FACTS as "a power electronic based system and other static equipment
that provide control of one or more AC transmission system parameters to enhance
controllability and increase power transfer capability [5]. The installation of FACTS
started during mid-1970s with static VAr compensators (SVC). In 1986, Electric Power
Research Institute (EPRI) introduced the concept, of FACTS based on then available
power electronic devices. In 1990°s General Electric (GE) in collaboration with EPRI,
installed one of the first FACTS devices at the C.J. Slatt Substation in Northern Oregon
which was a 500 kV, 3-phase 60 Hz substation [9]. FACTS controllers help mitigate
stability and power congestion issues in interconnected systems. FACTS devices can also
improve the synchronous operation and influence the load flow conditions [4]. Some of
the benefits of FACTS devices are given as follows.

e Enhanced Static Performance - FACTS controllers provide increased loading,
congestion management, reduced system losses and economic operation. They reduce
transmission congestion costs from increased transmission transfer capability without
building additional transmission capacity.

e Improved Dynamic Performance - FACTS controllers provide increased stability
limits and damping of power system oscillation. They reduce or eliminate voltage
violations on transmission lines. FACTS also provide reactive power support for
transmission/distribution bus.

o Cost Savings — FACTS devices increases the amount of power that can be imported
over existing transmission lines. They minimize cost of energy, kWh consumption at

voltages beyond given voltage quality limit, and ensure standard voltages at customer
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terminals. FACTS conserve energy via voltage reduction. They also reduce the need

for construction of new capacitors, reactors, etc which mitigate environmental and
regulatory concerns, and improves aesthetics by reducing the need for construction of
new facilities.
o Dynamic Reactive Power Compensation- FACTS devices controls real and reactive
power flow.
o Steady-State and Transient Stability Enhancement - FACTS devices mitigates
potential Sub-Synchronous Resonance problems.
FACTS controllers also provide voltage regulation, power transfer capacity increase,
three-phase voltage balancing, reduce transmission losses, flicker mitigation and

oscillation damping [10]. Table 2.1 gives the steady state applications of FACTS devices

and Table 2.2 gives dynamic applications of FACTS devices [5].

Table 2.1: List of Steady State Applications of FACTS.

Corrective Conventional FACTS
Issues Problems . . 5
action Solution devices
Low voltage at Supply reactive Shunt capacitor, SVC,
heavy load power series capacitor STATCOM
\G:;"’i‘?se High voltage at Remove reactive i:}‘g}g?;ﬂ;{ SVC, TCSC,
light load power supply . STATCOM
capacitor
High voltage Absorb reactive caS\;\(l:littco hrsShsLi:rr];[es SVC,
following outage power P N STATCOM
capacitor
Line or Add line or TCSC, UPSC,
transformer over Reduce load transformer TCPAR
Thermal load Add series reactor SVC, TCSC
limits L .
Tripping of 1) it line loading | AAdd Series reactor, |5 rogc
parallel circuits capacitor
. - .| Add series reactor,
S_hor_t Excessive breaker | Limit short circuit New Gircuit UPFC, TCSC
Circuits Fault current breaker breaker




Corrective Conventional FACTS
Issues Problems : . X
action Solution devices
Sub- Potential turbine/ . .
synchronous generator shaft osl,\élilltllei?ct)is comseernf;tion NGH, TCSC
resonance damage P
Post fault sharin PAR, series PAR, series TCSC, UPSC,
g capacitor/ reactor | capacitor/ reactor | SVC, TCPAR
Adjust series
reactance/ phase
Parallel line load reactance Add series TCSC,
Loop flows sharing rearrange network | capacitor and PAR TCPAR
or use thermal
limit actions
Flow directional Adjust phase TCPAR,
PAR
reversal angle UPFC
Table 2.2: List of Dynamic Applications of FACTS.
Corrective Conventional FACTS
Issues Problems : . -
action Solution devices
Remote generation/ Increase High response
Interconnected - gh respor TCSC, TSSC.
synchronizing exciter, series
areas/ loosely toraue capacitor UPFC
meshed network g P
_ Remote generation/ Absorb kinetic Breaking I’ES.IStOI’, TCBR,
Transient loosely meshed ener Fast Valuing SMES. BESS
Stability network 9y Turbine '
Interconnected
areas/ loosely .
Dynamic load TCPAR.
m_eshed network/ flow control HVDC UPFC, TCSC
tightly meshed
network
. SVC, UPFC,
Dambenin Y STATCOM
P g Interconnected Dampen low SVC, UPFC,
Power system
areas/ loosely frequency stabilizer TCSC,
meshed network oscillations STATCOM
Post Remote generation/
contingency Interconnected Dynamic voltage | SVC, UPFC,
voltage areas/ loosely support STATCOM
control meshed network
Post Remote generation/ Dyrslimlgrftlow ————— SVC, UPFC
contingency Interconnected D namri)(?volta o
voltage areas/ loosely suy ort and flo%v _____ SVC, UPFC,
control meshed network PP TCSC

control
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FACTS high-voltage AC transmission solutions are widely recognized by network

suppliers and industrial energy managers. Grid operators can gain accurate control of
reactive network power, maximize power flow along existing lines and improve steady-
state and dynamic stability with the system.

Since AC transmission systems are prevalent in the transmission industry, the
installation of FACTS solutions will continue, both to replace existing aging
infrastructure and to support the trouble-free interconnection of wind and renewable
generation. Thus, FACTS technologies can be used to creatively solve demanding
problems in transmission all over the world. Table 2.3 gives the major Industry suppliers

of FACTS in the market and Table 2.4 gives installions of key FACTS devices.

Table 2.3: List of major suppliers and FACTS in the market.

Supplier | FSC | TCSC SVC STATCOM | MSCDN | TPSC
SIEMENS | Yes Yes Yes No Yes Yes
ABB Yes Yes Yes Yes No No
ALSTOM | Yes Yes Yes Yes Yes No
GE Yes No No No No No
AMSC No No Yes Yes No No
S & C No No No Yes No No
Electric




Table 2.4: List of key FACTS installations.

FAC_TS Manufacture Customer Location Rating
Device
Powergrid Lucknow - 2 x 189 Mvar
Corporation of India, Bareilly- 2 X 187 Mvar
Ltd. Unnao 2 x 311 Mvar
Brazilian Electricity Colinas, 200 MVAr
Regulatory Agency Miracema and 2 x 194 MVAr
Fixed SIEMENS (ANEEIT) Qurupi 130 MVAr
Series Sta'ge Grid _ Fengile 'Count_y, 35.3 0hm/2 x
Capacitor/ Corporation of China Chongqumg City 610 MVAr
Compensa o o Rockbridge Bath, | 13.1 Ohm/ 355
tor (FSC) Dominion Virginia And near MVAr at 3 kA
Power Weyers Cave, 18.7 Ohm /505
Virginia MVAr at 3 kA
Transmission grid of Des Hétres - 36 Ohm/ 108
ABB Hderp—Q_urt]ébec Canada MVAr
_Innis Asmunti, Finland | 38 Ohm/ 369
transmission system
S MVAr
operator, Fingrid
. Cross Texas Turkey, Texas —
SF:;?eds Transmission Cross Station 1,2 2x 716 MVAr
Capacitor/ Electricity of DakNong 1 & 2,
GE . DiLinh1 &2, 6 X 366 MVAr
Compensa Vietnam Pleiku 1 & 2
tor (FSC) -
BPA (Bonneville Bakeoven 1 &2,
Power California- 2 X 675 MVAr
Administration) Oregon
Powerlink Greenba}nk and 1 x_TCR 2 XTSC
South Pine 3 Filters
12-pulse
SEAS-NVE, Radsted, configuration
Denmark Denmark 2xTCR
2 X Filters
SIEMENS Palm Springs 2XxTCR
SCE, USA L 3xTSC
California .
2 X Filters
Static Var Entergy, USA Ninemile and 3xTSC
Compensa Porter
tor (SVC) ESKOI\/I_, South Impala and 2 X T_CR
Africa Illovo, SA 3 x Filters
75 Mvar
Karavia, inductive to 75
Société Nationale Democratic Mvar capacitive,
d’Electricité Republic of continuously
ABB Congo variable
(-75/+75 Mvar)
Chesf, a Brazilian . 75Mvar induc-
. Rio Grande do
transmission and .~ | 150Mvar cap
: o Norte, NE Brazil .
generation utility continuous
FACTS Manufacture Customer Location Rating

Device
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. . Quwayyah
Static Var g%lﬁ;):r:sc(tgég substation in -50/+170 MVAr
Compensa ALSTOM Saudi Arabia
tor (SVC) Energy Company of | Minas Gerais in | -200/300 MVAr
Minas Gerais Brazil
Cap. rating:
13.27 Ohm
(blocked valve)
and 15.92 Ohm

. FURNAS — Centrais | North of Brasilia, TCSC)/107.46
Thyristor | SIEMENS Elétricas S.A. Brazil VA LE KA,
Controlled TCR rating -
Switched g-
Capacitor 23.|9 kv Ttommall

valve voltage a
(TCSC) 3.55 kA
TCSC segment:
Power Grid 6.83 Q/ 71 Mvar
ABB Corporation of India | Rourkela-Raipur | Fixed segment :
Ltd 54.7 Q/ 394
Mvar
Fixed segment:
29.20hm, 2000
A, 350 MVAr
. Controlled
SE:)Z?;;%?] segment; 4.15
State Power South Guangxi ’ Ohmto 12.45
Company . Ohm, 2000 A,
Province, P.R.

_ China operated at 4.57
Thyristor Ohm, 55 MVAr
Controlled TCR rating :
Switched Thyristor valve
Capacitor SIEMENS 10 kV, 2000 A

(TCSC) Cap.: 55
Ohm/165 MVAr
40 Ohm/120
WAPA (Western north-eastern MVAr
Area Power Arizona, USA 15 Ohm/45
Administration) MVAr (ASC)
TCR: 100 mm
thyristors 3.5kA,
5.5 kV blocking
voltage
o i,
Series SIEMENS Southgrn California l\_lear Boulder segment?
Capacitor Edison (SCE) City, NV, USA 162 Mvar2/
(TPSC) segment
FACTS Manufacture Customer Location Rating
Device

. Near
;—Pgtg;[g(; _ _ Buttonwillow,

Series SIEMENS Southgrn California | north of 23.23 Ohm/401
Capacitor Edison (SCE) Los Angeles, MVAr at 2.4 kA
CA, USA

(TPSC)
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Dynamic Var :
80 Mvar
inductive to 110
Mvar capacitive
VSC: 95 MVA,
3-level, neutral

Static ABB Austin Ener Holly, Austin - .
Compensa 9y y point clamping
tgr converter, IGBT
based, PWM.
(ST,:\/ITCO MSCs, each
) rated at 138 kV,
31 Mvar.
+1.25 MVAR
S&C Single-turbine wind Dounby, Continuous into
farm Scotland 11-kV bus,
Mechanica
| Switched SIEMENS TNB (Tenaga Kuala Lumpur 3 x 60 MVAr
Capacitor National Berhard) North
(MSC)
. SEC Saudi Electric Baish, Saudi
II\/ISe(;I:]ta?1|Cda SIEMENS Company Arabia 2x20 MVAr
Ca:g:':\((::itgr TransnetBW Engstlatt (Baden-
(MSC) ALSTOM subsidiary of ENBW Wiirttemberg), 250 MVAr
Germany
RTE Five stations, 4x80 MVAr +
France 1x8 MVAr
Benejama and
. RED Electrica de Saladas near the
Mec“;nlca SIEMENS Espana Costa Blanca in 2x100 MVAr
Switched National Grid b
Capacitor Beddington, U.K. 45 MV Ar
Da?nping Company, U.K. 9
Network German transmission Erankfurt
(MSCDN) grid operator TenneT German ' 300 MVAr
ALSTOM TSO GmbH y
Engstlatt (Baden-
TransnetBW, Wiirttemberg), 250 MVAr

subsidiary of EnBW

Germany
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CHAPTER 3 : DISTRIBUTED FACTS (D-FACTYS)

3.1. Introduction

FACTS devices have proved to increase the transfer capacity and the utilization of the
power-system [2]. However, their commercial success has been limited due to the
following difficulties in convincing the utilities for making investments in FACTS
technology [14].

1. High Cost: Converter complexity and semiconductor ratings make FACTS devices an
expensive solution. Moreover, the maintenance and repair calls for skilled labor, which
further increase the cost.

2. Low Reliability: A single component failure can lead to reduced overall performance
of the module.

3. Custom Engineering: Most FACTS devices are custom-designed and have long build
times. They further require additional infrastructure such as mounting platforms and
isolation transformers.

The limitations listed can be attributed to the lumped nature of FACTS devices [14].
The reliability of the technology can be increased and the cost can be decreased, if the
same control objective is served by replicating a lumped controller into smaller
controllers and distributing them over the grid. Thus, the concept of Distributed FACTS

(D-FACTS) has been proposed by Divan, et al. [2].
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D-FACTS consist of single phase devices that can clamp onto existing conductors,

providing easy installation procedure and the possibility for on-site repairs. The cost of
D-FACTS is lower, as off-the-shelf components can be used to meet the rating of the
individual controllers/devices and can be further scaled down with volume production
[7]. The reliability of the solution is also improved as the failure of a single component or
even a complete device is seen to have limited impact on the overall functionality of the
solution [14].
3.2. Equivalent Impedance Offered by Transformer

Towards understanding the principle of D-FACTS devices, let us analyze, the
equivalent impedance offered by a basic transformer shown in FIGURE 3.1. Let the
source voltage applied to the primary side of the transformer be V1, and the primary:
secondary turns ratio be Ni1:N2 [24]. Let there be a switch Sm connected across the

secondary side and V2 be the voltage across the switch.

—> —
I, I
D)
V1 1' SM VZ
N; N, ‘ ‘

FIGURE 3.1: Basic circuit of an Ideal Transformer.

Under ideal conditions, 1) winding losses and leakage flux are neglected and 2)
permeability of the core is assumed to infinity. Therefore, when the switch Sw is closed,

current I1 flows through the turns of the primary coil, producing flux ®m» which links with
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secondary coils and induces voltage in the secondary side, by Faraday’s law of

electromagnetic induction. This gives

ddpy,
where &, = &, sinwt (3.2)
we get, V; = Ny P4 COS ot (3.3)
Similarly
for secondary turns N2, we get
V, = Now @04 COS wt (3.4)
From (3.3) and (3.4), we get VTN (3.5)
2 2

Let us consider a load Z. across the secondary terminal, current I, flows in the circuit,
produces flux @, , which acts in opposition to the flux produced by primary turns @

(where @ = @1 — @2). Hence, the relation between 11 and 12 is given by

_ Ny
=

Iy I (3.5)

Now, consider that the transformer windings have losses. Let Ry and R2 be resistances
of the primary windings and secondary windings. Secondly, let us consider that the core
of the transformer is no longer infinitely permeable. Therefore, there is some leakage flux
@1 and @2 which does not link the secondary and primary turns. Hence, let L1 and L, be
the leakage reactance of primary and secondary coils respectively. Also, at no load
condition, the transformer draws a magnetizing current Im. Thus, a magnetizing

inductance Lm is introduced across the primary winding. Finally, due to core losses
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(hysteresis and eddy current losses), a resistance Ro is introduced across the primary

windings. Therefore, such a non-ideal transformer with losses is shown in FIGURE 3.2.

— VW—en

R1—>

©

FIGURE 3.2: Equivalent circuit of transformer with leakage, winding, core and magnetizing losses.

From FIGURE 3.2, applying Kirchhoff’s Voltage law on the primary side, we get,

Vy =Ryl + X0 +E4 (3.6)

Similarly, applying KVL on the secondary side, we get,

E; = Ryl; + X, +V, (3.7)

Also, V2 can be expressed as
V, = 7.1, (3.8)
Finally, applying Kirchhoff’s Current Law, we get,
L =01 +1,+]1 (3.9)
Referring the secondary side of the transformer with reference to primary side, results in

transformer the equivalent parameters as

R, = (z—:)z R, (3.10)
XLz = (E_:)ZXLZ (3.11)
7] = (E_)Z 7. (3.12)
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Therefore, the approximate equivalent parameters of the transformer, can be given as

shown in the FIGURE 3.3.

- - “MWN—"""T ) -

I1

Vl@" Dbl AN
|c* *Im

FIGURE 3.3: Equivalent circuit of transformer
where Req = Ry + R} (3.13)

Xeq = X1 + X} (3.14)

3.3. Series Injected Transformer

The transformer analyzed in previous section can be used to control the power flow by
introducing it in series in the transmission system. This technique is termed as Single
Turn Transformer (STT). STT uses the line conductor itself as the primary winding of the
transformer. A single turn transformer is used to magnetically couple and mechanically
attach the module to the line. It is designed with a large number of secondary turns, say
1:50. This unit enables, the controller to be used with line voltages ranging from 13kV to
500kV and line current varying from 500 A to 1500 A [14], [7]. The transmission line

representation with a STT is shown in FIGURE 3.4.
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Transmission Line

Single Turn
Transformer
m
Power
Sm Supply
~a

|
|

————— —~

FIGURE 3.4: Transmission line with Single Turn Transformer (STT)

3.3.1. Distributed Series Reactance
The concept of D-FACTS, introducing a variable equivalent reactance into the
transmission line by means of a series connected transformer is termed as Distributed
Series Reactance (DSR) [7]. A DSR consists of a Single Turn Transformer (STT) where
the transmission line itself acts as the primary winding. The secondary winding is
connected to back-to-back thyristors, which when closed creates a short circuit across the
secondary winding thereby varying the effective reactance introduced into the power line.
A simplified schematic of the DSR is shown in FIGURE 3.4. An equivalent circuit of
DSR consists of sending voltage (Vs), line reactance (Xiine), receiving voltage (Vy),

leakage reactance (Xieak) and magnetizing reactance (Xmag) as shown in FIGURE 3.5.

Transmission Line

STT

@end m end@

S

—

FIGURE 3.5: Simplified Schematic of a Distributed Series Reactance (DSR)
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Analysis of the DSR circuit

When switch S is open across the secondary winding, magnetizing reactance of the
STT is injected into the circuit. The equivalent circuit of DSR with switch S open [7], [8]

is shown FIGURE 3.6.

Kinag
_ (YYY\_______(YYY
lee
_ » —_

FIGURE 3.6: Equivalent circuit of DSR when switch S is open

Therefore the equivalent impedance on the line is given by
JXeq = 1 Xmag 1 JXiine (3.16)
Similarly, when switch S is closed across the secondary winding, leakage reactance of
the STT is connected in shunt with magnetizing reactance. But because leakage reactance
(Xieak) << magnetizing reactance (Xmag), the effective reactance that gets injected is more
closer leakage reactance [24], [7]. The equivalent circuit of DSR with switch S closed is

shown FIGURE 3.7.

FIGURE 3.7: Equivalent circuit of DSR when switch S is closed
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Therefore, the equivalent impedance is given by
leq = leeak + leine (3-17)

A DSR circuit is designed with following transmission system parameters: Vr = Vs =

230kVL., S =100 MVA, 6 = 30°lag, Xiine= 8.46 Q, Xieak= 0.033 Q, Xmag= 162.11 Q

VL-
Von = \]}5]“ (3.18)
Vonh = 230KV _ 132.791 kV
ph — V3 - :
Vpeak = \/Evph (3.19)

Vpeak = V2 * 132.791 kV = 187.794 kV
When switch S is open, from equation (3.16), we get
jXeq = j162.11 4 j0.03 + j8.46
=j170.6 Q

Using Ohms law, we get current | in the circuit

VsV,

[ ,
iXeq

(3.20)

_ 187794(1 — 1£30)

11706 = 550.40A

When switch S is closed, from equation (3.17), we get

leq = j8'46 + (jxmag”jxleak)
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=j8.46 +j0.033 Q = j8.49 ()

Using Ohms law, we get current | in the circuit

_ Vs_Vp
[=St (3.20)

Therefore the current in the system is

[ = 187794(1-1£30) _ 11055.58A

j8.49

Table 3.1 presents analytical results. Simulation results for these scenarios are presented

FIGUREs 7.1 and 7.2

Table 3.1: Calculated Currents of DSR system

S Xeff Calculated Current
Open 170.6 Q 550.40 A
Closed 8.49 Q 1.11e*A

3.3.2. Distributed Series Impedance

The power flow control can be improved by extending the principle of DSR by adding

an L-C impedance network to the secondary side of the transformer. This topology is

called Distributed Series Impedance (DSI) [7], [8], [14]. A simplified schematic of the

DSl is shown in FIGURE 3.8.
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Transmission Line

STT

<"

— R
|—P|E|%?_
LA

FIGURE 3.8: Simplified schematic of a Distributed Series Impedance (DSI)

A Distributed Series Impedance (DSI) can control active power flow by realizing
variable line impedance. The transfer capacity and consequently the grid utilization can
be improved by routing the power flow from overloaded lines to underutilized parts of
the network [7]. Capacitive compensation on under-utilized lines makes them more
receptive to the inflow of current, while inductive compensation on over-loaded lines
makes them less attractive to current flow [14]. In both the cases, the throughput of the
system is increased by diverting additional power flow from the congested parts of the
network to the lines with available capacity.

In addition to the series connected STT and its switch S on the secondary side, inductor
L and capacitor C are inserted along with their switches S. and Sc respectively. The
equivalent circuit now consists of source voltage (Vs), line reactance (Xiine), receiving
voltage (Vi), leakage reactance (Xieak), magnetizing reactance (Xmag), and additional

compensation reactances X, and Xc as shown in FIGURE 3.9.
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Close

4
_|C|_%_ Open
S

4

FIGURE 3.9: Equivalent circuit of a Distributed Series Impedance (DSI)

As may be seen from FIGURE 3.10, when the switch S is closed, leakage impedance of
the STT is injected, whereas when all switches S, S. and Sc are open, magnetizing
reactance is inserted into the line. These two modes are similar to that of DSR and the
effective line reactance [8] is given by equations (3.16) and (3.17).

Analysis of the DSI circuit

When switch S is open and switch S is closed, the DSI injects inductance L and

operates into “inductance (L) mode” [8]. The equivalent circuit of DSI in inductance

mode is shown FIGURE 3.10.

FIGURE 3.10: Equivalent circuit of DSI in inductance mode

The effective line reactance in this mode is given by
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Xeff(inductance mode) = leine + leeak + jXL (3-21)

where XL = wL (3.22)
When switch S is open and switch Sc is closed, the DSI injects capacitance C and
operates into “capacitance (C) mode” [8]. The equivalent circuit of DSI in inductance

mode is shown FIGURE 3.11.

FIGURE 3.11: Equivalent circuit of DSI in capacitance mode

The effective line reactance in this mode is given by
leff(capacitance mode) = leine + leeak - jXC (3-23)

where Xc= — (3.24)

wC

When switch S is open and both switches S. and Sc are closed, the DSI injects
impedance and operates into “impedance (Z) mode” [8]. The equivalent circuit of DSI in

inductance mode is shown FIGURE 3.13.
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FIGURE 3.12: Equivalent circuit of DSI in impedance mode

The effective line reactance in this mode is given by
JXeff(impedance mode) = JXiine + iXieak + XL (—]X¢) (3.25)
A DSI circuit is designed with following transmission system parameters: Vi = Vs =
230kVL-L, S = 100 MVA, & = 30° lag, Xiine= 8.46 Q, Xieak= 0.033 Q, Xmag= 162.11 Q, X

=152.3 Q, Xc=1566 Q

Von = % (3.26)
v, =20 32791 kv
ph V3
Vpeak = V2 Vpp (3.27)
Vpeak = V2 * 132.791 kV = 187.794 kV

When switch Si is closed and Sc is open, i.e., in inductance mode, as shown in FIGURE

3.11. The equivalent impedance offered by DSI is
leff(inductance mode) = jXIine + leeak + jXL (3-28)
=j8.46 +j0.03 +j152.3 =j160.79 Q

Using Ohms law, we get current I in the circuit

VsV,

I (3.29)

Xeq
_187794(1 — 1£30)

i160.79 = 583.96 A

When switch Sy is open and Sc is closed i.e., in capacitance mode, as shown in FIGURE
3.12. The equivalent impedance offered by DSI is
leff(capacitance mode) = leine + leeak - jXC (330)

=j8.46 +j0.033 — 566 = —j557.50 O
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Using Ohms law, we get current I in the circuit

_ Vs_Vy
Xeq

I (3.31)

187794(1-1£30) _
-i5574.50

[= —168.42 A

When switch S is open and both switches Si. and Sc are closed i.e., in impedance mode,

as shown in FIGURE 3.13. The equivalent impedance offered by DSI is

leff(impedance mode) = leine + leeak + jXL”(_jXC) (3-32)
. . —j566%j152.3 _ .
= i8.46 +j0.033 + (—j152.3—j566) =i216.45 Q

Using Ohms law, we get current | in the circuit

VsV,
(==t (3.33)
[ = 187794(1-1430) _ 43379 p

j128.50
Table 3.2 presents analytical results. FIGUREs 7.1 and 7.2 illustrate the waveforms for

the cases when switch S is open and closed respectively.

Table 3.2: Calculated Currents of DSI system

Mode Xeff Calculated Current
Inductance 160.79 Q 583.96 A
Capacitance -557.50 Q 168.42 A
Impedance 216.45 Q 433.79 A




CHAPTER 4 : ENHANCED POWER FLOW CONTROLLER (EPFC)

4.1. Introduction

Due to increased demands of power, ability to control power flow in the transmission
system can be improved by Flexible AC Transmission Systems (FACTS) devices such as
Thyristor Controlled Switched Capacitor (TCSC) and Unified Power Flow Controller
(UPFC). However, such devices require a break in the line and a high volatges platform,
thus adding to the cost and complexity. The solution to this problem is proposed to be as
Distributed FACTS (D-FACTS) [2], explained in chapter 3. D-FACTS are deployed
without breaking the existing transmission line. But, D-FACTS provide only on/off
control limiting the variable effective impedance on the line, therefore the controllability
of power flow. Hence a concept of conduction angle (o) control is proposed in this
chapter [8]. Conduction angle (o) control can provide continuous variation of impedance
offered by inductor (L) and Capacitor (C) in combination with the line inductance
(Liine). In this Chapter 4, the concept of enhanced Power Flow Controller (ePFC) is
explained in detail with its mathematical model. The effective fundamental impedance of
ePFC for the following three approximations is presented in sections 4.1 through 4.3.

4.2. Principle of operation of ePFC
A simplified schematic of the proposed enhanced Power Flow Controller (ePFC) with

conduction angle control is shown in FIGURE 4.1. As may be seen, the circuit schematic
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of ePFC closely resembles that of a Distributed Series Impedance (DSI). However, the

control mechanisms are significantly different in these two approaches. In a DSI,
inductance L is either injected entirely, or not injected at all (switch Sy is either closed or
open). Thus Xvinjected = XL or XLinjected = 0. Whereas in an ePFC, the amount of inductance
injection is controlled continuously by varying the conduction angle (o) of thyristors

(switch Sv. is operated under conduction angle control) [8].

Transmission Line

STT

Sending Receiving
end c end
@ L s, control @

m_:%j_ —

C Sc Close
” Normally|
—B¥ s Open

FIGURE 4.1: Simplified schematic of the proposed enhanced Power Flow Controller (ePFC)

Thus Xvinjected = XL(o). Also in an ePFC, capacitance C is injected entirely in a normal
operating mode (switch Sc is normally closed). Thus Xcinjected = Xc. However, this
capacitance is so sized in an ePFC that, Xc combined with X.(c) offers a continuously
variable effective impedance X.c(o) injected into the transmission line which results in a

precise power flow control. This is illustrated in Table 4.1.

To derive a mathematical expression for X(Xiine, Xi, Xc)w, three approaches are
considered. The first approach adopts a 1% order approximation method [5] by assuming
that the voltage across the capacitor is sinusoidal, as explained in section 4.3. The second

approach adopts a 2" order approximation method [5], [15] by assuming that the current
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in the transmission line is sinusoidal and devoid of any harmonic components, given in

section 4.4.

Table 4.1: Modes of Operation in the Proposed Enhanced Power Flow Controller

S SL

Sc

Effective transmission line impedance
(neglecting effects of Xmagand Xieak in
STT)

Closed -

leff no compensation = leine

Open o control

Close

jXeff compensation = jX(Xiline, XL, XC)|o
Note: forc ==

jXeff min comp = jXline + (GXL||(-jXc))
Note: forc =0

leff max comp — leine - ]XC

Finally, the proposed approach is based on the principle that only the end bus voltages

are sinusoidal and all associated harmonics generated by series injection of ePFC are

absorbed in the transmission line itself, derived in section 4.5.

4.3. 1% Order Approximation

The 1% order approximation method assumes that the voltage across the capacitor is

sinusoidal. The voltage and current waveforms of such a system is shown in FIGURE 4.2.
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FIGURE 4.2: Operating waveforms for 1% order approximation towards derivation of fundamental
impedance of enhanced Power Flow Controller.

An equivalent circuit is shown in FIGURE 4.3. As shown, this reduces X(Xiine, XL, Xc)jo
to a simple parallel combination of Xc and X\ (o) that is connected in series with line

reactance X

Viine

FIGURE 4.3: Equivalent circuit of ePFC using 1% order approximation.

Analytical expression for X (o) has been amply documented in literature [4], [5], [8] as

“equivalent average inductance model” and derived as follows:
Let Vs be the voltage across the capacitor

Vs =V, cos wt =V, cos 0 (4.2

di,
dt

(4.2)

Vs 0



_ 1
iL(H) = oL st
= ! fV 0 doe

= | Vscos

1
lL(t) = E (VS sin 9) +C
Since at 6 = o and i(a)) = 0, where a. is firing angle

1
i,(a) = oL (Vgsina) +C=0

C= —i (Vg sin )
Therefore,
iL(t) = % (sin® — sina)
Fundamental component of i. is given by
2
iLfunda = Ef i, sin®do

: 2 (Vi : :
i, funda = EJ oL (sin® — sina) sin® d6
0

2 (M*Vy,
iL funda = Ef oL (sin® — sina) sin6 do
(04

m—Q
iL funda = — U (sin® — sina) sin6 del

m—
il funda = =1 U (sin® sinBd6 — sin 6 sin ocde)l

_ ™% /(1 — cos 20) _ _
1L funda = " U (f dO — sin 0 sin ad@)l

2V, 10 sin20

IL funda = T[(DL 2 4

+ sin o cos 9]
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(4.3)

(4.4)

(4.5)

(4.6)

(4.7)

(4.8)

(4.9)

(4.10)

(4.11)

(4.12)

(4.13)

(4.14)

(4.15)
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2V, lﬂ —a o sin2(m—a) sin2a (4.16)

I, funda = 2 2 4 + 4

+ sina cos(m — o) —sin« cos(oc)l

_ _2Vp|m sin(2m — 2a) N sin 2« 2si o (4.17)
it funda = — |5~ @ 2 2 sin a cos(a
] 2V, [m sin2a | (4.18)
1Lf“nda=5w_nll. E—a+ > —sm2a]
Therefore,
_ Vin 200 sin2a (4.19)
1qunda:a[1_F_ - ]
Let ‘6’ be the conduction angle,
where 2m—2a=o0 (4.20)
2m — :
- ( T 0) ~ (4.21)
Substituting equation (4.21) in equation (4.19). We get,
v ) (m—o0) sin 2 (m—o0) (4.20)
. _ Vm 2 2
1L funda = E 1- - - -
) Vi, (m—o0) sin(m—o0) (4.21)
IL funda = E 1- - - -
_ V, o sino (4.22)
lqundazw_n]:[l_l'l'E_ - ]
_ Vin [0 —sino (4.23)
e = 2750
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Hence effective fundamental impedance is

Xo(oy = Vsl _ IVl (4.24)
t |iL fundal |V_m| [G——SIHG]
wL T
T
X.(0) =Xy, o —sino (42

Because the effective fundamental impedance (Xi() is in parallel with the capacitor
impedance (Xc) and in series with the line inductance (Xiine), the effective fundamental

impedance assuming the 1 order approximation, X(sigma-1) or X(Xiine, X1, Xc)|o IS given

by
Ksigma-1) = XKines X1, Xio1 = (X ——=1(=1X) + X~ (+2°)
It may be verified that, when ¢ = =,
JX(Xiines X1, Xc)io-1 = JXL|[(—iXc) + JXiine (4.27)
and when ¢ =0,
JXXiines X1, Xc)io-1 = —jXc¢ + jXiine (4.28)

4.4. 2" Order Approximation

Although the expression (4.26) accurately confirms with the boundary conditions (4.27)
and (4.28), it has been shown in [10] that the capacitor voltage does indeed contain
harmonic content, specifically during the conduction period of thyristors as shown in
FIGURE 4.4.

This phenomenon introduces an error in calculating fundamental effective impedance
X(Xiine, XL, Xc)s Of this circuit over the operating range of conduction angle (o).
Furthermore, this also leads to anomalies in determining the region of resonance for the

L-C parallel circuit. To resolve these issues, a 2" order approximation has been presented
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[10], [11] by assuming that the current in the transmission line is sinusoidal and devoid of

any harmonic components. This leads to construction of a second order cross-coupled
differential equation [11], the solution for which has been derived as follows:

Let the fundamental current in the power line be given by,

Iy = I, sinwt (4.30)

Capal

¢itor Inductor

FIGURE 4.4: Operating waveforms for 2"@ order approximation towards derivation of fundamental
impedance of ePFC

L Y Y Y Isis sinusoidal

L S

Viine C Is Viine £ -6
| o =

V¢

FIGURE 4.5: Equivalent circuit of ePFC using 2" order approximation

When thyristor switches are open, entire line current flows through the capacitor. Hence

dve (4.31)
Ca =k
dve _ 1, (4.32)
—C_

dt C



o1

1 4.
Ve = Ef [ sin wtdt (4.33)
4.34
Ve = ——=I, coswt (4:34)
Thus V¢ can be expressed as
4.
Ve = ——=I, coswt (4:35)
where
K= -1, (4.36)
This is the expression for V¢ during the interval wt = (0,2 — g)
Tofind Ve at wt = > — =
Ve (g — g) = %fOTEIm sin wt dt (4.37)
(4.38)

VT[ cr_lI 1 .o

When thyristor switches are closed, current is distributed between inductor and capacitor.

Hence,
dVe (4.39)
IS = CE + IL
dV (4.40)
CE == Is - IL
dZVC _ dly dI (4.41)
dtz — dt dt
dZVC _ dly V¢ (4.42)

dtz2 ~ dt L



dZVC_I_ 1 V. = 1dlIg
dt2 " LC ¢ Cdt
Ve | Ly 1o t
T c Ve —Ca)mcosw
rewriting,
d?vg 5 1
TS + wo Ve = Ewlm cos wt
where

Wy =

Al
(@)

Let the solution of this differential equation be,

Ve = C;sinwgt + C, cos wyt + A cos wt

(DOZVC = C1w02 sin wot + Cz(k)oz Ccos (l)ot + A(l)oz cos wt

dV,
d_tc = Cywg cos wot — CLwq Sin wyt — Aw sin wt
d*V 2 o 2 2
P —C1wp” sin wyt — C,wp” cos wot — Aw* cos wt
d2v,
dtzC + wy?Ve = A(wy? — w?) cos wt
1
Hence, A(wy? — w?) cos wt = - 0l cos wt
Therefore A 1 w I
T Cwe2— w2 ™

Thus the solution for V. is,

1
Ve = C;sinwgt + C, cos wot + =

— ] . coswt
Cwy? — w2 ™

As determined earlier, at wt = g -

N Q
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(4.45)

(4.46)

(4.47)

(4.48)

(4.49)

(4.50)

(4.51)

(4.52)

(4.53)

(4.54)

(4.55)

(4.56)
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m O 1 Y (4.57)
VC(E—E) = le(l — Sll’lz)
andat(ot=§
T
Vo) =0 (4:58)
2
Sonow, at ot == —2
2 2
T % qpXel_° o M 9 (4.59)
VC(2 2) Clsmm(z 2)+C2C05w(2 2)
w M O
+ Cog? > Im cos(i - E)
T 9o ginPo(t_ o Wo(mt _ O (4.60)
VC(Z 2) = (C; sin " (2 2)+C2cos " (2 2)
1 W e 1 e
+EFImSIHE:RIm(1—SlnE)
Thus
 Wo /M O wom oy 1 we? o (4.61)
ClSIH_(E_E)-I_CZCOSE(E_E)_le(l_mmnz)
Also, atwt=§
™ = osip o™ Dol _ (4.62)
VC(2>—Clsm o 2+C2cos 2 =0
Thus cos Lol
C, =—C w2
1= 2 . WyT
SIn—"= (4.63)
Substituting,
cos20T wo (T © wo (T © 1 w2 c
_ W2 X0 (2 2 o2 _ 2 — — __F0  cin=
Cy —as= Sin (2 2)+C2 cos— (2 2)_(.)Clm(1 moz_mzsmz) (4.64)
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C, = 1 (1— —2 gin %Sty
27 pcm wo2-w? 2 sin% (4.65)
o
1 2 o st
C=——I(1- sin-) ——=
! wC m( w2 —w?" 27 g L0
W 2 (4.66)
Therefore,
1 wo? c COSm_O: 1
—_ e — 1 ) w 3 - —
Ve = mclm(l woz_wzsmz) _%smwot+wclm(1
. WOT
(1)02 . E Slnm l
o7 gz Sin >) in%cos w0t+C—w02—m2 I1n cos wt (4.67)

This is the expression for Vc during the interval wt = (5 —=,2)

To find fundamental component of V¢, which is

Ve = Kcos wt during wt = (0,2 — ), and

Ve = C; sinwyt + C;, cos wot + A cos wt during, wt = (g - g,g),

Let Ve = M cos wt (4.68)
where Ve = M cos wt (4.69)
m O T
4 (272 4 (2
Mz—f Vccosootdt+—f V¢ cos wtdt
), mjr_o
2 2
m O
4 (272
Mz—f K cos wt cos wtdt
TJo
T
4 (2
+ —J [C1 sinwgt + C; cos wot + A cos wt] cos wtdt
T332 (4.70)

4 IO P
—— 2 2 2 2 .
M =—K[? ?coswtcoswtdt +—C; ¢ osinwotcoswtdt+ 471)

2 2



n T
4 > s X
—C; J# s cos wyt cos wtdt + —A J# s cos wtcos wtdt

2 2 2 2

M = %KfOTE[l + cos 2wt]dt + %Cl E_g[sin(u)o + w)t + sin(wy — w)t]dt +

2 2

2 2

2. (3 _ 2,2
-G, J# s[cos(wg + w)t + cos(wy — w)t] dt + 1TAfg_%[l + cos 2wt]dt (4.72)

1 2 2
M= —K]|[n— i —C i t]dt
o [T — 0 + sin o] +1T 1]%_g[sm((oo + w)t]

T

2 2 . 2 2
+ Ecl fE_E[sm(wO — w)t]dt + ECZ Jﬂ_g[cos(wo + w)t]dt
272 272

2 (3 1 @73
- — — Alo — si
+ - C, f“ G[cos(ooo w)t] dt + o [c — sin o]

T
1 2 2
M = —{K[rt — 6 + si Alo — si Z i
(m'r{ [T — o0+ sino] + Alo —sinao]} + - C,y jﬂ G[sm(wo + w)t]dt

2 2

T T
2 (2 2 [z
+ ECZ J;_T_g[cos(wo + w)t]dt + Ecl L_g[sm(wo — w)t]dt
2 2 2 2
T
Nk d
+ - ZJ;T G[COS((.L)O — w)t] dt

777 (4.74)

1
M =E{K[n—o+sino] + Ao —sina]} +

Wgt+twm—o L Wyt ot
+ C, sin

C
+ C4 cos > " >

Co si Wy t+wmT—o0 4 2 C Wy — WT
25— 2} (ooo—oo)n{ LS 2

Wy —WMT—0 Wy — WT
+ C, sin -

C
+ C4 cos > " >

. Wo—WT—0 (4.75)
—C
2 Sin—— > 1
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M 1{K[ +sino] + Al inol) 2 © Wy T
=—{K[nr -0 +sinc o —sino]} ———{C; cos—=
T wpm ! 2
C WpT—0O Co si (‘)pT[_I_C . U)p‘r[—o}
— Cy cos— — C, sin—= sin —2
! w 2 w 2 2 w
Wn T Wy, MT—0 . Wy T
- Cicos——=—C;cos— —C,sin—=
a)nT[[ 1 w 2 1 o 2 > 2
s O
sin—
ST (4.76)
where w, = wg + w and w, = wy — w
1 ' .
M = —{K[m — 0 + sin o] + A[o — sin o]}
WT
+_Sm_—{c151n— + C, cos— }
WpT w 4 W o 4
4 wyo . Wp2m—o0 W, 2T —C
+oo ﬂsmjz[(h sin—= +C, cos——
" 4.77)
1 sin =2 sin 20X
w o —_— — =
C22R1m<1 Q)ZO—Q)ZSIHE> : (.00(2)':D : 0(‘;)0(%
: Sinw2 SNy (4.78)
WoT W T
1 wo? o\ COS—>= cos ==
C1=_R1m<1_—w Zo_wzsin§> _ Ji;g = —D— (gzg
" sin7rz o singlg (4.79)
M=${K[n—o+sinc]+A[0—sin0]}+
in©pO ) )
LDSTnu?og{_COS&ESinﬁEA-Sinﬂzcosﬁzn 0}+
@pT SIS w2 o 4 w2 e 4
: Sinﬂ{_ COS&Esmﬁm__o*'Sinﬂzcos&“_“} (4.80)
w 2 w 4 w 2 ® 4

Wy sin——
n o 2



S7

sinM
M= i{K[Tr— o + sino| + Alo — sin o]} +-—2D , ;;’03{ in22Z
WTC (Dp'lT Slnm w 2

Wp 2M—0 4 sin% . WM Oy 2M—0C
w 4 }+wnnD 'm—oj{ lnwz w 4 } (4'81)
1 4 sinwp(y
—~7Z W,0
M = —{K[rt — 0 + sino] + A[o — sinc]} — D u‘f gcos—p—
wT WpT sin—Oi w 4
B
o
4 Sln_nzcosgg
W 5208 " w 4 (4.82)
. pr'
1 2 sin—=
. : w 2
M = —{K[nt — 0 + sino] + Alo — sinc]} — 50
WT WpT sin—°7
w

sinwno
2 w 2

+ D
W gjp L0 9 (4.83)
w 2
1 . . 2 Sina:ui sin% (4.84)
M= H{K[n — o0+ sino] + Alo —sino]} — 1Tsin%%D[ o o ]
inSRS_,  in@no 4.85)
_ 1 _ . o _ 2 wn sin———wp sin— (
M= — {K[t — 0 + sinc] + Alo — sino]} T [ o7 e ]

1 . . 2 1
M= E{K[T[—O"FSIHO'] +A[O-_Sln0-]}_ns'—%0%RIm (1 -

®p wno

g2 .o [ sinjg—mp sin 2
sin )< > (4.86)

(1)02—(1)2




M =${K[n—c+sinc] + Ao —sina]} —

2 2

2 1 (wo2—w?—wq

sing)(w sinﬂg—w sin
27+ 1 w2 P

w 2

wno

)

— s —1
nsin% wCc'm (wo?—-w?)?

1 1 . 1
M——{—le[n—0+smc]+a

wWT

2 2

2 1 (wo2—w?—wq

w

0.)02—0.)2

sing)(w sinﬂg—w sin
2 n W 2 p

I,[o — sin G]} —

wpo
w 2

)

—s—1
inXo0° m 2 _(y2)2
nsmmsz (wo?—w?)

Ii{—i[ﬂ—0+sin0]+

W

2_,.2 2
2 (W —w*-wg

wno
w 2

sing)(m sinﬁg—m sin
2’0 w2 P

sin—— (wo2-w?)2

Wpo

002 —w?-wo? sin2)(wy sin—22—wy, sin
2 0 0 2 n 2 p

w

®Wn

sin—— (wg2—w?2)?2

)

. Z)}

Thus, fundamental component of voltage Vc is

0 wyi-w?

_Im T wo? .
VCfunda - {_ =+ [G — sin G] -

2_,.2 2
2 (W —w*-wg

wno
w 2

sing)(m sin=%_ ¢, sin
2 n W 2 p

in20% 2_(y2)2
sin—= (wg%—w?)

As stated, line current is

TwZ[O’—SiHO']—

)} cos wt
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(4.87)

(4.88)

(4.89)

(4.90)

(4.91)
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I = I, sin wt (4.92)

Therefore, fundamental effective reactance of this circuit is

jX(sigma—Z) = X Xiine X1, Xig—2 = JX¢ |1 +
©eor(2) e
2 K2 |2cos(3)cos(5 o)\ _ o\ _ [sinc+o] o
m k2-1 [ (k2-1) (k (tan (k 2)) tan 2) 2 l + Xiine
where k= % (4.95)
and
1 (4.96)
2 -
0T IC
It may again be verified that, when ¢ = =,
jX(Xline:XL'XC)IG—Z = jXLll(_jXC) + leine (4-97)
and when o =0,
jX(Xline; XL:XC)IG—Z = _jXC + jXIine (498)

However, it may be observed that series insertion of ePFC affects the transmission line
current as well. Thus, once an ePFC is inserted, this current is no longer sinusoidal, and
contains elements of resonant components caused by switching of the thyristors. Hence,
although expression (4.5) also confirms with the boundary conditions (4.8) and (4.9), this
calls for a further extension of the analysis, where one can no longer assume the

transmission line current to be sinusoidal.
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4.5. Equivalent Fundamental Impedance of ePFC

To construct this mathematical problem, let us consider an equivalent circuit of the
ePFC in compensation mode which now consists of sending voltage (Viine), line reactance
(Liine), receiving voltage (Viine2-8), compensation reactances L and C. The schematic
waveform as shown in FIGURE 4.6 and the equivalent circuit is shown in FIGURE 4.7.

From the main diagram, under all conditions, we observe,

FIGURE 4.6: Operating waveforms for 3" order approximation towards derivation of fundamental

impedance of ePFC

AV is sinusoidal

-—— e — e AP — — -
N
| N L~y
\1/‘ 1 —L>
N L L jine
Viine C ls=—> Viine £ -8
— ||
ml
- — e — L — —

FIGURE 4.7: Equivalent circuit of the proposed enhanced Power Flow Controller (ePFC)

Under all conditions

AV = Vjjpe c0s T — Vjjpe cos(wT — 8) (4.99)



AV = —2Vjipe singsin(wT - g)

AV = —Asin wt

.8

where A = 2Viipe sin -
8
and wt = wT - >

For the circuit shown in FIGURE 4.2,

AV = Lijne g2 + Ve

This gives —Asin wt = Lijjpe % + Vc
When thyristors are open

ce =1

Differentiating, C% = %
From (4.16) The= - e sin ot — 7
Rearranging, d:t‘:c riec c= T sin wt
Solution for (4.20) is V. = Fsinw;t + Gcos w,;t + Hsin wt
where w2 = —
LiineC

Differentiating (4.21) twice

d?v,

— 2 : 2 2 :
W 1Fsinw;t— w?;Gcosw;t — w*H sin wt

Multiplying (4.21) by

61
(4.100)

(4.101)

(4.102)

(4.103)

(4.104)

(4.105)

(4.106)

(4.107)

(4.108)

(4.109)

(4.110)

(4.110)

(4.111)
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w?;V, = w?;Fsinw;t + w?;G cos w;t + w?;H sin wt (4.112)

From (4.20), (4.23), (4.24)

(w?; — w?)Hsinwt = — Zsinwt (4.113)
line
A 1
So H= _m(mzl——mz) (4114)
Thus V. = Fsinw;t+ Gcosw;t — leecm sinwt (4.115)
-0 ]
Now, because of symmetry V. (I) = _VC(S) (4.116)
Thus
1
Fsm(——e) + Gcos(——e) o neC(wz sm( 0) = —Fsm—e Gcos 10 +
A 1 _sine (4.117)
LiineC (w21 -w?) st .
This gives G=0 (4.118)
: A 1 .
Hence VC = Fsin w1t — rnec(wzl—_wz) Sin wt (4119)
Now o =CE (4.120)
From (4.30) and (4.31)
wA 1
Ic = w,CF cos wlt—mm cos wt (4.121)
However, because thyristors are open
Is = I¢ (4.122)
. WA 1
This leads to Is = w;CF cos w;t — L (o7 a7 08 wt (4.123)
Hence state equations are V. = Fsinw;t + Hsin wt (4.124)
and Is = w;CF cos w;t + wCH cos wt (4.125)
where H=--2 1 (4.126)

LiineC (w21 -w?)



When thyristors are closed

v,

CK = Is - IL
Differentiating,
cdVe _ dis _ dy
dtz ~ dt  dt
From (4.16)
d?v. . c a1,
- sin wt — -—
dt2 Liine Liine dt
d?v, A, ¢ Ve
- sin wt — - —
dt2 Lline line L
Rearranging,
d?ve | 1/ 1 1 .
-t = -)Ve=— sin wt
dt C \Lijine L lineC

Solution for (4.42) is

V. = Psinw,t + Q cos w,t — Rsin wt

1

1
where wy? = G

1
+ E)
Differentiating (4.43) twice

da?v,

— 2 : 2 2 :
W 2P sin w,t — w“,Q cos wit + w“Rsin wt

Multiplying (4.46) by w?,
w?,V, = w?,Psin w,t + w?,Q cos w,t — w?,R sin wt

From (4.45), (4.48), (4.49)

(—w?, + w?)Rsinwt = — sin wt
line
A 1
So R=+———
LjineC (022-w?)
. A 1 .
Thus V. = Psinw,t + Q cos wyt — —————=sinwt

LiineC (wZ-w?)
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(4.127)

(4.128)

(4.129)

(4.130)

(4.131)

(4.132)

(4.133)

(4.134)

(4.135)

(4.136)

(4.137)

(4.138)
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Inductor current ()

Iy =1 foo Vedt (4.139)
2w

From (4.52)

I, = %f—t_cr(P sin w,t + Q cos w,t — o C(z—sm wt)dt (4.140)

2w
Solving the integral
_1 _i Q A T P o0s®2% 4 Q929 _
I, = ( cosw2t+ smw2t+ SL.C 7o )cosoot+w2cosw2+wzsmw2
A o
wLsC (w?2;-w?) cos E) (4'141)
Now L(2)=0 (4.142)
Hence
O (P 020 Q@20 A 1 T P @20
IL(E) o L( wZCO w 2 +m251n w 2 +mLSC(m22—m2)COSZ +w2COS w 2 T
Q wy O A 1 o\ _
o, Sll’l:; — stcm Ccos E) =0 (4143)
This gives Q=0 (4.144)
. A .
Thus, from (4.52) V. = Psinw,t — Lc o, _onSin wt (4.145)
And, from (4.55)
P 1 wy O A 1 o]

I == (——cos wyt+—— oL.C (07, _a7) €08 wt + _COSXE ~ AL e 08 E) (4.146)
Now o =C5t (4.147)
From (4.59) and (4.61) Ic = w,CPcos w,t — oA cos wt (4.148)

L_(oo2 -w?)
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However, because thyristors are closed

Is=Ic+1p (4.149)
Thus, from (4.60), (4.62), and (4.63)
Is = w,CP cos w,t — Lsﬁcoswti- (——cosw2t+ Lc(mz—l)coswt+
m—zcos %% — ﬁscm cos g) (4.150)
Simplifying
Is = w,CP cos wyt — L:\mcoswt—w%—coswzt+ ]i C(wz—l)cos wt +
w%%cos%% — w]iscﬁl_mz)cosg (4.151)
IS=—(wL2L—oo2C)Pcosoo2t+( w+ = )mLscoswt+—2Ecos%§—
w]iscmcosg (4.152)
Ig=—-(1- wZZLC)wLZLcos w,t+ (1 — 2Lc)m L'i < cos ot + —z—cos%% -
wLLLSc ﬁ cos g (4.153)
= —-(1 - w?,LC) Lcos wyt + (1 — w?LC) 1cos wt + ilcos%E — icosE
w,L wL w, L w2 oL 2

(4.154)
w,0\ P o\ R
Is = — ((1 — w?,LC) cos w,t — cos ﬁi)w_zl, + <(1 — w?LC) cos wt — cos E)E
(4.155)
Hence state equations are
V. = Psinw,t — Rsinwt (4.156)

and
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Ig=— ((1 — w?%,LC) cos w,t — cos %g) wLZL + ((1 — w?%LC) cos wt — cos g) %(4.157)

where R=—2 ! (4.156)

N LjineC (022-w?)

Equating capacitor voltages from (22) and (48) at t= %
Fsin=22 + Hsin- = Psin—22 — Rsin~ (4.158)
w 2 2 w 2 2

Similarly, equating line currents from (4.37) and (4.71) at t= %

@10 S _ P (1= w2 ©20 _ 5s®29) L R (g _

w,CF cos 5T wCH cos > = sz((l w*,LC) cos — 5 — Cos— 2) +— ((1
w?LC) cosg — cos g) (4.159)
0, CF cos =22 4+ wCH cos 2 = w,CP cos 222 — »CR cos~ (4.160)

w 2 2 w 2 2
0 Fcos 22 4+ wH cos 2 = w,P cos 22 — wR cos = (4.161)
w 2 2 w 2 2
Rearranging (4.73), Fsin=22 —Psin=22 = (—H — R) sin~ (4.162)
w 2 w 2 2

Rearranging (4.76), w4F cos%% — w,P cos%% =(-H-R)w cos% (4.163)

This is of the form

(—H — R) sin=
v nllbl= o (4.164)
M NILP (-H—R)wcos>
where K= sin%% (4.165)
L=— sin%g (4.166)
M= w, cos%% (4.167)
N = —w, cos %g (4.168)
Soution of (478)is [[| =[N 1 CH=Rsing 4.169
olution of (4.78) is [P]_KN—ML M K |(H - Rywcos? (4.169)
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Hence
1 . :
F = — 530 —56—o5 (H+ R) (wz sin=cos—22 — u)cosgsmﬁg)
—W32 SII’IE COSE+(.01 Sll’lm COSE 2 w 2 2 w 2
(4.170)
1 .
and P=-— — 516 030 —s5—a5 (H+ R) (wl sinZcos =2 +
—W32 SII’IE COSE+(.01 Sll’lm COSE 2 w 2
w oS Esinﬁg) (4.171)
2 w 2
Thus, when thyristors are closed, 0 < t < -~
V. = Psinw,t — Rsinwt (4.172)

Wy 0
w 2

and Ig=-— ((1 — w?,LC) cos w,t — cos )ﬁ + ((1 — w?LC) cos wt — cos %) R
2

wL

(4.173)
A 1
where R=- mm (4174)
__ 1 inS cos £1.8
and P = -Wy sin% cos%ﬂnl sin% cos% (H + R) ((1)1 Sin 2 cos w 2 T
o cos Zsin 222) (4.175)
2 w 2
And when thyristors are open, i.e. — < t < —
2w 2w
V. = Fsinw;t + Hsin wt (4.176)
and Is = w,CF cos w;t + wCH cos wt (4.1277)
A 1
where H= —mm (4178)
and F = —575 (,)2(,1 —5—o5 (H+ R) ((»2 sin2cos 22 — o cosgsinﬁg)
—w2 sin——= cosmﬂol Sin——= cos—— 2 w 2 2 w 2

(4.179)

Fundamental component of capacitor voltage is
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Vetunda = = J2 Ve sin 6.6 (4.180)
Vetunda = = J2 Ve sin 8.6 + = [Z V sin © O (4.181)
2

Vetunda = = J2(Psin 20 — Rsin0) sin 0 d + ~ [#(F sin =2 0 + H sin 6) sin 6 d6 (4.182)
2
Vefunda = = J2 Psin=20sin 6 d6 — = [z R(sin 0)d0 + %ngsin%G sin 0 d6 +
4 e 2
. fg H(sin ©)2d6 (4.183)
V. —Ef%Pcos(ﬁ—1)6d6—3f%Pcos(ﬂ+1)6d9—5f%Rd6+
Cfunda = ;Jg (o /o " =Jo
%fOERcosZGdB +%ngcos(%— 1)6de —%ngcos(%+ 1)6de +%ngd9 —
2 2 2

, X
- fgz H cos 26 d6 (4.184)

2 P . Wy c 2 P . (wz )0‘ 2.0 2R .
=—5—sin(——-—1)-——-—sin{— 1)]—-—=-R-+-=sin
VCfunda n%—ls (oo )2 1't%+1S [ + 2 m™ 2 +1TZS o+

E%(sin(g— 1)2— sin(%— 1)2) —3%(sin <&+ 1)2— sin(ﬂ+ 1)3) +
nj—l [ 2 [ 2 1'[7+1 [ 2 &) 2

EHE+EESinO' (4.185)
TT 2 T 2

Fundamental component of line current is

Isfunda = %fOE Is cos8d6 (4.186)
Isfunda = %fof Iscos0do + %fg Is cos 6 dB (4.187)
2

Isfunda = %fg(— ((1 — w?,L0) cos%@ — cos%%)wiZL + ((1 — w%LC) cos 6 —

219 + wCH cos 0) cos 0 dO (4.188)

o\ R 4z
cos 2) —) cos0.d0 + ﬂfg (w; CF cos
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4 g P 4 o
Isfunda = — J2(— ((1 — 0?,LC) cos%e - cos%%)w—chose de +- [z ((1 -
w?LC) cos 6 — cos g) icos 6do + %fg w,CF cos% 6 cos6d6 + %fg wCH(cos 6)*d6
2 2
(4.189)

4 P g w 4 P c 2
Isfunda = —;w—zL(l — w?,L0) 2 cosfecos 0de + ;—cos—zzfoz cos0de +

(1)2L
2R (1- w?Leo) f%(cose)zde — iicosgf%cosede +20 Cngcosﬂﬂcosede +
T wL 0 T wL 270 w1 % w
= wCH [#(cos 0)%d0 (4.190)
2
Isfunda = —%wizL(l — w?;LC) J2 cos (%+ 1)6d9 ———(1 w?,LC) J2 cos(
. 2 R z 4 R .
1) 06do + —jcos —smg + Eﬁ(l — w?LC) foz(l + cos 20)d6 — Eacosgsmg +

2w, CF f%?cos (22+1)0d0 + 20, CF fgcos (22— 1)60do +ZwCH f§(1 + cos 20)d0

(4.191)

2 P o 2 P
ISfunda = _;w_zL(l - ZLC) (,,2 sm ( 0)2 + 1)5 - Eo)_zL(l - ZLC) Coz sm (: -

_L w0 2R _ 2 2R _ 2 smo

1)2 + 2 cos % 2sin? SIS (1- L0 I+ (1 - L0 =

4 R 1 (o)

——[ 0S5 sm 4= w1CF m1+ sm( + 1)———u)1CF o1, sm(w + 1)5+

2 0, CF g sm(w —1)§—§m1c1=m_%_15m(%—1)§ wCHE2 - 2 cH 2"

(4.192)
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Finally, the equivalent fundamental impedance of enhanced Power Flow Controller

(ePFC) is,

: V undaa
jXeppc = —unda (4.193)

Isfunda

Therefore, the equation (4.193) gives a more generalized and complete expression of the
effective fundamental impedance inserted by an ePFC. Furthermore, it may also be noted
that, this same mathematical expressions is equally applicable in determining the
fundamental impedance of other series FACTS devices such as Thyristor Controlled
Switched Capacitor (TCSC).
4.6. Comparison of Methods of Impedance Calculation

The proposed ePFC circuit is modeled with transmission system and compensation L
and C parameters, Viine = 230kV, & =30°, Xine = 8.46Q), XL = 152.3Q, Xc = 566Q taken
from [17]. FIGURE 4.8 presents comparison of analytical results for the effective
equivalent impedance obtained by 1% order approximation, i.e. X(sigma-1) from equation
(4.27), 2" order approximation, i.e. X(sigma-2) from equation (4.94), and proposed

approach, i.e. Xeprc from equation (4.193).

Table 4.2. Comparison between the effective fundamental impedance

Conduction angle X(sigma-1) X(sigma-2) XePFC

1 574.46 10.0 -50.0529
20 579.22 590.35 618.3387
40 614.14 596.7 565.5254
60 729.00 845.96 973.9234
80 1111.96 1002.546 918.9605
100 5683.94 5483.96 -5325.49
120 -1238.20 -1637.58 -1938.53
140 -491.85 -394.04 -496.717
160 -289.40 -226.19 -301.588
180 -199.79 -208.68 -208.258
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Comparison of Effective Fundamental Impedance
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FIGURE 4.8: Comparison of effective fundamental impedance versus conduction angle, i.e. Xi; v/s o,
obtained by three approaches

As may be seen, not only the fundamental impedance is different over the operating
range of conduction angle (c), but also there is a difference in the resonance zone
determined by three approaches. As shown in [17], resonance zone obtained by
fundamental current model (2" order approximation) is different from the fundamental
voltage model (1% order approximation). The proposed model is close to this 2" order
approximation, however introduces a further correction in calculated impedance,
accounting for line reactance as well.

Furthermore, one may also note that the proposed analysis method reveals that such
systems exhibit two resonance zones. The first one (Resonance 1 in FIGURE 4.8) is
similar to the two approaches documented in literature [17], [18] where the compensating
capacitance has been known to resonate with compensating reactance. However, there is
also an additional resonance (Resonance 2) between compensating capacitance and line

reactance as illustrated in FIGURE 4.8.
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The proposed ePFC circuit equations are also modeled using Matlab. The effective

fundamental impedance with conduction angle (o) control is calculated for two sets of line
inductance (Xiine), cOmpensation inductance (X.), and compensation capacitance (Xc).
Parameters for ePFC on transmission line:

a. SSphase =100 MVA, Vline :230kV, o :300, Xline :8469, XL :15239, XC =566Q.

x 10t Effective Fund | d; (XePFC) versus Ci angle
12 T T T T T T T

*

Effective Fundamental Impedance
IS
L

1 I L L I
1} 20 40 60 80 100 120 140 160 180
Conduction angle

FIGURE 4.9: Effective fundamental impedance offered by Xiine =8.46Q, X =152.3Q, Xc =566Q
System

b. Saphase =100 MVA, Viine =230kV, & =30° Xiine =0.0735Q, XL =0.0735Q, Xc =

1.77Q [19].

Effective Fundamental ‘mpedance versus Coaduction angle
T T T

+

g
.

8
L

J

Cffective Fundamental Impgdance
8
+
.
L

L
0 20 40 60 8] 100 120 140 80 180
Conduction aigle

FIGURE 4.10: Effective fundamental impedance offered by Xiine =0.0735Q, X =0.0735Q, Xc =
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1.77Q system

FIGURE 4.9 and FIGURE 4.10 exhibit an additional resonance between
compensating capacitance and line reactance. Thus, the proposed treatment based
on the principle that only the end bus voltages are sinusoidal illustrates all
associated harmonics generated by series injection of ePFC are absorbed in the
transmission line itself. To further explain, the majority of the harmonic voltage
drop occurs in the line and that the source impedance behind the bus is very small
compared to the line impedance and thus has small harmonic voltage drops. This
approach further generalizes the state of the art (2" order approximation) model
that has been employed to analyze series FACTS devices such as TCSC. The
proposed ePFC analytical model is superior to the 2" order approximation in

terms of predicting an additional resonance zone.



CHAPTER 5 : MODELING AND SIMULATION RESULTS

5.1. Introduction

This chapter describes the modeling of Distributed Series Reactance (DSR), Distributed
Series Impedance (DSI) and proposed enhanced Power Flow Controller (ePFC) using
MATLAB-Simulink. And also the simulation results of Distributed Series Reactance
(DSR), Distributed Series Impedance (DSI) and enhanced Power Flow Controller (ePFC)
are shown. The simulations are conducted for different modes of operation of DSR and
DSI and also for various conduction angles (o) of ePFC. The simulation results
demonstrate the desired operation of the system, through different modes of operation.
The obtained simulation results are compared with the mathematical calculations,
presented in chapter 3. Finally, an overview of the model and the functional block
diagram of the system is discussed in section 5.8.

5.2. Modeling of Distributed Series Reactance

The Distributed Series Reactance (DSR) system is modelled in MATLAB-Simulink
software [20]. The schematic of the DSR model is shown in FIGURE 5.1. As explained
in the earlier chapter, DSR consists of a Single Turn Transformer (STT) where the

transmission line itself acts as the primary winding. The secondary winding is connected
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to back-to-back thyristors, which when closed creates a short circuit across the secondary

winding thereby varying the effective reactance introduced into the power line.
When switch S is open across the secondary winding, magnetizing reactance (Xmag) Of
the STT is injected into the circuit. Similarly, when switch S is closed across the
secondary winding, leakage reactance (Xiea) of the STT is injected into the circuit. Thus,
controlling the effective impedance on the line.

The simulation is performed in the MATLAB-Simulink software. The results obtained
for different positions of the switch S are presented in the following Section 5.3.

5.3. Simulated Results of Distributed Series Reactance

A single phase Distributed Series Reactor (DSR) circuit is modeled using Matlab-
Simulink. The transmission system parameters: Vi = Vs = 230kVL., S = 100 MVA, 6 =
30°lag, Xiine= 8.46 Q, Xieak= 0.033 Q, Xmag= 162.11 Q. From chapter 3 and FIGURE 3.5,
it can be seen that DSR operates in two modes, depending upon the position of the switch

S.

When switch S is open across the secondary winding, magnetizing reactance of the
STT is injected into the circuit. This mode of operation is modelled in MATLAB-
SIMULINK and the current Is in the system is determine. FIGURE 5.2 shows the

simulation results of a DSR when switch S is open.
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<10 Simulations of Distributed Series Reactance (DSR) when switch S is open
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FIGURE 5.2: Sending Voltage (Vs), Line Current (Is) and Receiving Voltage (V:) in a DSR system with S
open.

When switch S is closed across the secondary winding, leakage reactance of the STT is
injected into the circuit. This mode of operation is modelled in MATLAB-SIMULINK
and the current Is in the system is determine. FIGURE 5.3 shows the simulation results of

a DSR when switch S is closed.
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. “05 Simulations of Distributed Series Reactance (DSR) when switch 3 is closed
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FIGURE 5.3: Sending Voltage (Vs), Line Current (Is) and Receiving Voltage (V,) in a DSR system with S
closed.

Table 5.1 presents comparison of analytical and simulation results. FIGURE 5.2 and
FIGURE 5.3 shows the waveforms for the cases when switch S is open and closed
respectively. It is observed that the analytical results and simulated results are in

agreement.

Table 5.1: Comparison of calculated and simulated parameters of single phase DSR system

S Xeff Calculated Current Simulated Current

Open 170.6 Q 33040 A 570 A

Closed 8.49 Q 1.11e4 A 1.43e4 A
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5.4. Modeling of Distributed Series Impedance
The Distributed Series Reactance (DSI) system is modelled in MATLAB-Simulink
software [21]. The schematic of the DSI model is shown in FIGURE 5.4. As explained in
the earlier chapter, a DSI is an extension of a DSR by adding an L-C impedance network
to the secondary side of the transformer. In addition to the series connected STT and its
switch S on the secondary side, inductor L and capacitor C are inserted along with their
switches S and Sc respectively.
A DSI operates in 3 modes of operation.
1) Inductance (L) mode: - When switch S is open and switch Sy is closed, injecting
inductance L.
2) Capacitance (C) mode:-When switch S is open and switch Sc is closed, injecting
capacitance C.
3) Impedance (Z) mode: - When switch S is open and both switches Si and Sc are
closed, injecting impedance.
Thus, controlling the effective impedance on the line. The simulation is performed in
the MATLAB-Simulink software. The results obtained for different positions of the

switch S are presented in the following Section 5.5.
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5.5. Simulation Results of Distributed Series Impedance

A single phase Distributed Series Impedance (DSI) circuit is modeled using Matlab-
Simulink. The transmission system parameters: Vr = Vs = 230kV_L.L, S = 100 MVA, 6 =
30° lag, Xiine= 8.46 Q, Xieak= 0.033 Q, Xmag= 162.11 Q, XL = 152.3 Q, Xc= 566 Q. From
chapter 3 and FIGURE 3.9, it can be seen that DSI operates in three modes, depending
upon the position of the switches S, Si and Sc.

When switch S is open and switch St is closed, the DSI injects inductance L and
operates in “inductance (L) mode”. FIGURE 5.5 shows the simulation results of a DSI in

inductance mode.

<10 Simulations of DEI in inductance mode
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FIGURE 5.5: Sending Voltage (Vs), Line Current (Is) and Receiving Voltage (V) in inductance-mode DSI
system.

When switch S is open and switch Sc is closed, the DSI injects capacitance C and
operates into “capacitance (C) mode”. FIGURE 5.6 shows the simulation results of a DSI

in capacitance mode.
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<10 Simulations of DRI in capacitance mode
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FIGURE 5.6: Sending Voltage (Vs), Line Current (Is) and Receiving Voltage (V:) in capacitance-mode DSI

system.

When switch S is open and both switches Si and Sc are closed, the DSI injects

impedance and operates into “impedance (Z) mode”.
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Simulations of Distributed Series Impedance (DSD) in impedance mode
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FIGURE 5.7: Sending Voltage (Vs), Line Current (Is) and Receiving Voltage (V) in impedance -mode DSI

system.

Table 5.2 presents comparison of analytical and simulation results. FIGURE 5.5,
FIGURE 5.6. and FIGURE 5.7 show the waveforms for the inductance, capacitance and
impedance modes respectively. It is observed that the simulation and analytical results

are in agreement

Table 5.2: Comparison of calculated and simulated parameters of single phase DSI system

Mode Xeff Calculated Current = Simulated Current
Inductance 160.79 Q 583.96 A 676.4 A
Capacitance -557.50 Q 168.42 A 97.02 A
Impedance  216.45 Q 449.11 A 5348 A

5.6. Modeling of enhanced Power Flow Controller
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The proposed enhanced Power Flow Controller (ePFC) system is modelled in

MATLAB-Simulink software [23]. The schematic of the ePFC model is shown in
FIGURE 5.8.

As explained, an ePFC consists of a DSI with thyristor conduction angle control. The
back to back thyristor switches operate on synthesized triggers, by the firing angle pulses
with respect to the conduction angle (o). The operation of these switches (in discrete
steps), when connected to the compensator L and C, inserts a wide range of impedances
in combination with the line inductance Liine. Therefore, the effective impedance on the
line can be used effectively to control the power flow on the transmission system.

The model described in this chapter is used to simulate the enhanced Power Flow
Controller (ePFC) system with impedance control strategy. The simulation is performed
in MATLAB-Simulink software. The results obtained from these simulations are

presented in the following section 5.7.
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5.7. Simulation Results of enhanced Power Flow Controllers

A single phase enhanced Power Flow Controller (ePFC) circuit is modeled using
Matlab-Simulink. The transmission system parameters: Vr = Vs = 230kV., S = 100
MVA, &8 = 30°lag, Xiine= 8.46 Q, Xieak= 0.033 Q, Xmag=162.11 Q, X1.=152.3 Q, Xc = 566
Q. From chapter 4 and FIGURE 4.1, it can be seen that ePFC operates as a function of
conduction angle (o). Depending upon the angle of conduction in combination with Xc
and Xiine, ePFC primarily operates in 3 regions.

When conduction angle (o) is operating before resonance. This mode of operation is
modelled in MATLAB-SIMULINK and the current Is in the system is determine.

FIGURE 5.9 shows the simulation results of an ePFC in inductive region.

<10 Simulations of enhanced Power Flow Controller {ePFC} in inductive region
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FIGURE 5.9: Capacitor Voltage (Vc), Line Current (ls) in inductive-region ePFC system.
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When conduction angle (o) is operating after resonance. This mode of operation is

modelled in MATLAB-SIMULINK and the current Is in the system is determine.

FIGURE 5.10 shows the simulation results of an ePFC in capacitive region.

<10 Simultions of enhanced Power Flow conductor in capaitive region
2 T T T T T T
Bk CEREE SXI SRR S CREES: AR NSRRI FER Sh) RS [ SRR S0 BT S SRPRE] S SRS BE) SRPRE 0 PRI, SR SRR B PRREE MR SRR I SRR SRl EEP E ERPRE) S EEERY B SR —
o
e
gﬂ (1] =X FERE PR PP PIN TR FPPL PIPY SR SRR (PR EERY R SR R SRR PR ST TR FRRE FRPL PR (PR EPRR PR R PR PR SR SR SRR SR HERE PRES PR P CRES PRRY PP PR -
I
> s 3
1 IO O O O . 0 O - O ] R SO0 W O . 90 FET P O O 0 0 O I O (OO Bkl conthoh s 4
2 i i i i i i
0 0.05 0.1 0.15 Time 0.2 0.25 0.3 0.35
400
A1 £ S SR (1 e e o B el Rt e e iinenis e o R P .
=1 B8 U O, (SR8 P T [ ) e o PO R e 8 OB R B O (O 8 PO ey o 2 O o O B R P8 (R =2
=]
=5
O
T O AL O [ 8 L O P R 0 18 G A 3 S O S 1 e 9 L0 Y 4 Silediontalsslobs B I 0 - )
e i i i i a i
0 0.05 0.1 0.15 . 0.2 0.25 0.3 0.35
Time

FIGURE 5.10: Capacitor Voltage (V¢), Line Current (Is) in capacitive-region ePFC system.

When conduction angle (o) is operating in resonance. This mode of operation is
modelled in MATLAB-SIMULINK and the current Is in the system is determine.

FIGURE 5.11 shows the simulation results of an ePFC in resonance region.
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<10 Simulations of enhanced Power Flow Controller (ePFC) in resonance region
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FIGURE 5.11: Capacitor Voltage (V¢), Line Current (Is) in resonance-region ePFC system.

FIGURE 5.9, FIGURE 5.10 and FIGURE 5.11 show the waveforms for the inductive,

capacitive and resonance regions respectively.

5.8. Block Diagram Representation of ePFC
As explained in the previous section, the proposed ePFC consist of a Distributed
Series Impedance (DSI) with a thyristor based conduction angle (o) control. The system
primary functionality, to control the power flow is achieved by continuously varying the
impedance on the transmission line. The functional block diagram is illustrated in

FIGURE 5.12.
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FIGURE 5.12: Functional block diagram of the proposed ePFC system
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As depicted in the FIGURE 5.12, a control strategy to direct power flow is obtained by,

measuring a reference power (P*f) with respect to the bus voltages V1, V2 and phase

angle (6). The new effective impedance (Xre) is calculated from the reference power

(P"rf), bus voltages V1, V2 and phase angle (&). Thus, the required conduction angle (c”)

as a function of effective impedance (Xref), compensator reactance (X.), capacitance (Xc)

and line inductance (Xiine) is obtained from the look-up table. In turn, a required firing

pulse is generated to trigger the switches of the ePFC system. This is accomplished by

computing the firing angle (o) with the respective conduction angle (¢*). Therefore by

varying the firing angle of the thyristors, which in effect varies the equivalent impedance

of the ePFC system and enables to control the power flow on the transmission line.



CHAPTER 6 : STABILITY ANALYSIS OF EPFC

6.1. Introduction
In this chapter, the aspect of stability in ideal enhanced Power Flow Controller (ePFC)
is discussed. The chapter includes useful simplifications in computing stability of the
nonlinear dynamical systems. Thyristors constrain their currents to zero when they are
off. This important constraint is accounted for by changing the state space dimension as
thyristors, switch on and off. The inhibition of thyristor turn on until a firing pulse is
present has a significant effect on the system dynamics.

The stability of the ePFC system is determined using Poincaré map. The Poincaré map
is a standard tool from dynamical systems theory to study the dynamics of periodic
systems [23, 24]. In this case, the stability of the periodic orbit is usually determined by
the Jacobian and particularly by the eigenvalues. If all the eigenvalues of lie inside the
unit circle of the complex plane, then the periodic orbit is asymptotically stable. This
stability result applies generally to conventional smooth nonlinear systems. Section 6.2
describes the ePFC system, followed by the determination of state equations and Poincaré
Map in the subsequent sections. Finally, the stability of the proposed ePFC system is

given by the eigen values of the Jacobian. The results are simulated.
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6.2. System Description
A simplified schematic of an enhanced Power Flow Controller (ePFC) [25] is shown in
FIGURE 6.1. This system consists of sending end voltage (Viine), receiving end voltage
(Viine£-9), line reactance (Ls) and compensation reactances L and C. The switching
element of the ePFC consists of two back to back thyristors which conduct on alternate
half cycles of the supply voltage. The thyristors are assumed to be ideal switches and any
turn on/off time lags or switching losses are ignored. The firing pulses for both thyristors

are assumed to be supplied periodically at their respective gates.

\|<|I — L,
L Y Y Y
Viine C lg— Vine £ -8
O —— Q
nl
-— —— — — e —_— —_——_ — = >

FIGURE 6.1: Simplified circuit schematic of the proposed enhanced Power Flow Controller (ePFC).

6.3. Dynamic State Equations
As may be seen from FIGURE 6.1, there are two modes of operation for the back-to-
back connected thyristor switch, S, closed and open. Also, the number of states of the
system is different in these two modes. Hence, we obtain two sets of state equations for

the entire ePFC system.
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FIGURE 6.2: Simplified schematic of the equivalent ePFC system when back-to-back thyristor switch is

closed.

First let us consider the case when the switch is closed. The equivalent ePFC system is

as shown in FIGURE 6.2.

The state equations are

dve _ 1, _ 1
dt ¢S ¢L

dlg 1 1
—=—AV—-—=—YV,
dt Ly Ly ©

.8 .
where AV = =2 Viipe sin sin wt

This is of the form,

dx
T AclosedX T Beloseall
I,
where, x=|V¢
Is
[ 0]
-1 1
Aclosed = l? 0 El
o 2 o
Ls

(6.1)

(6.2)

(6.3)

(6.4)

(6.5)

(6.6)

(6.7)
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Belosed = (6.8)

El»—lOO

and u= [AV] (6.9)

Similarly, when the thyristor switch, S, is open, ePFC system reduces to the circuit as

shown in FIGURE 6.3. Now the state equations are,

dve _Ig
== (6.10)
dls _ 1 ay_ L
e\ Ao (6.11)

FIGURE 6.3: Simplified schematic of the equivalent ePFC system when back-to-back thyristor switch is

open
This is of the form,
d
d_?c, = Aopeny + Bopenu (6.12)
where, y = [\I/C] (6.13)
S
_ 0 1
Aopen = 1]-1 S (6.14)
Ls
[0
Bopen = il (6.15)
| Ls

and u= [AV] (6.16)



6.4. Projection Matrix
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Thus we have two sets of state equations as given in equations (6.5) and (6.12) and

their solutions are interdependent. That means, the states for the case when the switch is

closed are dependent on the states for the case when the switch is open and vice versa.

Hence, in order to assist in the analysis, the states in these two cases are related by a

matrix termed as projection matrix. The equation (6.12) can be expressed as

where,

d
d_%c, = T[AclosedT[Ty + TBjpseqU
= [0 1 0
0 0 1

This = is called the projection matrix.

(6.17)

(6.18)

o | d t=to+T
open close open .
g Open | closed | | T
c 1 | | | I
¢ Dy S 1 Dy T2 ‘121 :
Yo i V)
FIGURE 6.4: Poincaré map f,
Table 6.1: State Description of ePFC
From To Switch ‘S’ State Matrices
Oo 70 Closed Acioseds Belosed
To0 D12 Open y T[AclosedT[T' TBlosed
D12 T1/2 Closed X Acloseds Belosed
T1/2 D, Open y T[AclosedT[T' T[Bclosed

As shown in Table 6.1, the system parameters at a particular instance of time can be

described by the respective states in that particular time slot. The interdependence of the

states can be expressed with the projection matrix as follows,

The state at the instance when switch S closes @,



x(®) = mly(do)
The state at the instance when switch S opens to,
y(to) = mx(10)

6.5. Poincaré Mapping

The Poincaré mapping f, is defined as,
f, = fp[initial state, tinitial, tfinall

Thus, required

y(®,) = fp [y(Po), o, P1]
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(6.19)

(6.20)

(6.21)

(6.22)

Now, one can map the state parameters to the instance tywith the knowledge of the

state at ® using this kind of Poincaré mapping. From Table 6.1 and FIGURE 6.4, state x

is given by
x(to) = ferosed[X(Po), Do, To]
Substituting for x(d,) from equation (6.19)
X(To) = ferosed[T Y(Po), Po, To]
Also, from FIGURE 6.4 and Table 6.1, state y is given by,
Y(q)l/z) = fopen[Y(TO)'TO' D) ]
Substituting for y(t,) from equation (6.20)
Y(q)l/z) = fopen[T[X(TO)'TO' ‘D1/2]

From equation (6.24), inserting value for x(t,)

(6.23)

(6.24)

(6.25)

(6.26)
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Y(q)l/z) = fopen [Tfcr0sed [T[TY(CDO); Dy, To), To, (Dl/z ] (6.27)

Because it is half the period, y(®, ;) can also be denoted as

y(P1/2) = fonaiey(Po), Po, P12 ] (6.28)

Hence, to map y(®,) to y(®, ,), required Poincaré map for the half cycle, f,_p ¢ is,

fp—half = fopen‘r[fclosed‘r[T (6.29)

Now, to find (,),
y(®q) = fp [y(®y), @o, P4] (6.30)
y(®q) = fp—half[Y(qjl/Z)' D)3, D, ] (6.31)

From (6.28) and (6.29),
y(®q) = fp—half[fopen [T[fclosed[“TY(q’o)' Dy, To), To, q’1/2]' D/, D, ] (6.32)
y(@1) = o narelfp-nae[y(@o), P12, P1]] (6.33)
y(@1) = fopenciosed™ fopenTiciosed™ [Y(Po), P12, P1] (6.34)
Hence, to map y(®,) to y(®,), the required Poincaré map for the entire full cycle f, is
fo = fopenTfeclosed T fopenTfclosed " (6.35)

The physical equivalence of the Poincaré mapping can be described as sampling of the
states after a definite period of time. So, if the system is periodic and has the time period
T (as the ePFC system under consideration has), the Poincaré map would be a single

point.
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6.6. Stability Analysis

As described in the last section, the Poincaré map of a periodic system reduces to a
point. So, the stability of such a system can be evaluated by analyzing the stability of that
point. To determine this stability, the Jacobian of the Poincaré map with respect to the
state is obtained and its Eigen values are inspected. If all the Eigen values fall within the
unit circle on the complex plane, then the system is said to be asymptotically stable [15].

To derive the Jacobian of a periodic orbit, let us divide one period into subintervals.
Each interval contains one thyristor switching which advances the state from the
beginning to the end and then the chain rule is used to compute the Jacobian of the
Poincaré map. It is assumed that there are no thyristor misfires, within the interval of

interest.

For Interval containing a switch on, let [s2,53] be a time interval which includes a
thyristor switch closing event at time ¢1/2 and no other switching. Therefore the final state

X(s3) from y(s2) is given by
X(s3) = fs,5,(y(s2)) (6.36)
the thyristor switch S is open in [s2, ¢1/2], which yields

y(d)l/z) = fOPen (Y(SZ)) — erpen(¢1/2—Sz) (Y(Sz) + fs‘jl/z erpen(Sz—S)Bopen U(S))dS

D;/2,52

(6.37)

the thyristor switch S is closed in [¢1/2, s3],
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£, s, (y(s2)) = f;ifgf;iz (X(q>1 /2)) = efclosed(s2=1/2) Ty (, ;) +

s _
f‘bi/z eACIOSed(S3 S)Bclosed u(s)ds (638)

Substituting (6.37) in (6.38), we get
fS3,Sz(y(SZ)) = gS3,Sz(y(SZ)l CD]./Z) (6'39)
— eAclosed(SZ_‘bl/z) ﬂTerpen(‘Dl/z_Sz) (Y(SZ) + f::l/z erpen(Sz_S)Bopen U(S))ds +

Jor , €407 ™ Bigseq u(s)ds (6.40)

Differentiating (49) with respect to y(s2) gives
08s3,s
Dfs3,52 = Dg53,Sz + F?;/;D(Dl/z (641)

D®, , is the derivative of the switch off time with respect to y(sz). Since the thyristor is
fired regularly, @, /, is constant and hence D®,,, =0

Dfs3,sz = Dgs3,sz = eAclosed(Sz—(Dl/z) T[Terpen((Dl/z_Sz) (642)

Similarly, for the time interval [s1, s2] containing an instance when the thyristor switch,

S, is opened at time t,. The thyristor is on in [s1,T,], which yields
X(t) = FE%5°4(x(s1)) = efelosealtomss) (x(s) + [ eetosea1=IB o o qu(s))ds (6.43)
the thyristor switch S is open in [Ty, 2],

fs, s, (x(s1)) = fore. (y(to)) = efopen(527T0) x (1) + f:oz eftoren(S279)B . u(s)ds

S2,To

(6.44)
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Substituting (6.43) in (6.44), we get

fsz,sl(x(sl)) = gsz,sl(x(sl)r To) (6.45)

= erpen(SZ_TO) PeAclosed(TO_sl) (X(Sl) + fSTO eAclosed(Sl_S)Bclosedu(S))ds +
1

f:oz eftoren(S279IB . u(s)ds (6.46)

Differentiating (6.46) with respect to x(s1) gives

08s,,s
Dfs, s, = Dgs,s, + == D1y (6.47)

6‘[0

. . dgs,s
Differentiating % , We get
0

ag;TZ:l = efopen(52770) (1A y5eq — AgpenTr)eelosed 0751 (x(s,) +
[ ehetoseals1=90B o oqu(s))ds + eforent27T0) (RBeggeq — Bopen)u(To) (6.48)
ag;TZ:l = efopen(52770) (A 5509 — AopenTr) X(To) + eopen(527%0) (B 5g0q —
Bopen Ju(To) (6.49)
Since TBclosed = Bopen (6.50)
and Aopen = TAclosedT " - (6.51)
We get,
aistjl = efoftS2=To)gA (1 — in")x(T,) (6.52)

Since (I—mn?)=c"c
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where c=(1 0 0)and lis an identity matrix.

Jg -
65:51 = erpen(SZ TO)T[AclosedcTc X(TO) =0 (653)
0

Since the thyristor switch off condition is
0=1I(te) =1 0 0)x(ty) = cx(Tp) (6.54)
Therefore,
Dfs,s, = Dgs,s, = efopen(52=To) qreAclosed(To—S1) (6.55)
Now, assembling the Jacobian from the Poincaré formula we get.

fp (YO) = foper1T[fclosed‘r[TfopenT[fclosed‘r[Tfopen Yo (6-56)

Choose times sz in the interval (¢1/2, T1/2), S2 in the interval (1o, ¢p1/2) and s1 in (o, o).

Then

fp(YO) = ftls3fs3szfszslfslto Yo (6.57)

Dfp(YO) = th153Df5352 Dfszlefs (6.58)

1to

open(tl_Tl) Aon(T1_53) Aclosed(53_¢1)
2 2

A Aopen($1—s2)
Df,(yo) = (e z Te 2

mle

(erpen(Sz_To) T[eAclosed(TO_Sl))(eAClosed(Sl_q)O) T[Terpen(q)o_to)) (659)

Aopen(t1—T1) Aclosed<T1_¢1> T Aopen($P1—To)
2 Tre 2 2/ e 2

eAclosed(To~®o) T gAopen(Po—to)) (6.60)

When to = ¢o-, then the Jacobian becomes
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Aopen(tl_Tl) Aclosed(Tl_q)l) T T[eAclosed(TO_‘bO)T[T (661)

Aopen(P1—To)
Df,(yo) = e z e 2 Tmle T

If the periodic orbit is assumed to be half wave symmetric, then ¢, = ¢o + gand
Ti2 =T + ; and (6.61) simplifies to,

2

AOpen(q)%_TO)T[eAc]osed(T0_¢O)T[T> (662)

Dfy (o) = (e

which can also be expressed in terms of the thyristor conduction time o = t, — &,

2

T
Dfp (yo) = (eAOpen(E_O-)T[eAclosedO'T[T) (663)
10_ 2
1T _ 1 eL 110 o
1 C( 6) 0 1 0
Df, (o) = [_L(I_G) e ][0 0 1) le-%c 1 e [1 0] (6.64)
e Ls\2 1 T 0 1
1 e s
10_ 2
1T 1 eL 1{ro o
c( ") 01 0
Dfp(Y0)= [ L(I_) e ][0 0 1] e_%o 1 eéo 1 0 (665)
e Ls‘2 1 -r 0 1
1 e s 1
1s 2
11-0) 1 eL 110 o
Dfp(YO) = [0 _L%I_o-) ee ] e_%o- 1 e%o- [1 0] (6.66)
0 e Ls\? 1 1o 0 1

1 0
1+ e—i@—c)_ e_%c e—i@—c) + e_ic 1+ eéc. e—i@—c 0 1

2
e%@—o) + e_%o 1+ e%(g_c)_ e_L_ls0 e%o + e%@—o) 0 0
)

Dfp (YO) = (

(6.67)
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2

(6.68)

e_g(f_c) + e_%o 1+ e e_ig

1+ eéG_U)_ e_io eéo + eég_o)
)

As may be observed, this Jacobian does not contain any term related to compensating
reactance L. Only terms that appear in this Jacobian are compensating capacitance C and

line reactance Ls. Thus, the eigen values can be calculated by

2
1+ e%g_c) . e_%o eéa + e%@—c) N [1 0
_1 L(I—c) 0 1

1T 1 . =0 (6.69)
e_Ls(Tc) +e s’ 14 e Ls\z

Stability analysis of ePFC
T T T T T T

Eigen vectors

0.4 02 0 02 04 06 [1X:) 1

aU | | | 1 | | | | 1
0 20 40 B0 80 100 120 140 160 180
Conduction angle

FIGURE 6.5. Eigen Values (as a function of o) of the Jacobian of the Poincare map for the ePFC system

FIGURE 6.5 presents the eigen values of the Jacobian as a function of conduction angle
(o). As can be seen, the eigen vectors are in and on the unit circle, for sigma from 45 to

135° highlights the region of marginal stability.



CHAPTER 7 : CONCLUSIONS AND FUTURE SCOPE

7.1. Introduction

A methodology to accomplish smoother power flow control in a transmission line by
employing enhanced Power Flow Controller (ePFC) is proposed. ePFC is an extension of
D-FACTS devices recently presented in literature, however it offers superior
performance attributes in terms of controllability and precision.

Extensive mathematical analysis is presented and a new expression is derived for
effective fundamental impedance of a series connected L-C network where equivalent L
is continuously varied through thyristor control.

The proposed treatment is based on the principle that only the end bus voltages are
sinusoidal and all associated harmonics generated by series injection of ePFC are
absorbed in the transmission line itself. To further explain, the majority of the harmonic
voltage drop occurs in the line and that the source impedance behind the bus is very small
compared to the line impedance and thus has small harmonic voltage drops. This
approach further generalizes the state of the art (2" order approximation) model that has
been employed to analyze series FACTS devices such as TCSC. The proposed ePFC
analytical model is superior to the 2" order approximation in terms of predicting an
additional resonance zone.

It is expected that when line reactance dominates, transmission line current can be

treated as near sinusoidal (thus lacking harmonic content), and the expression for
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effective fundamental impedance would degenerate into 2" order approximation. The

proposed model would further reduce into classical average inductance model (1% order
approximation) when the compensating capacitance dominates, which makes voltage
across this capacitance near sinusoidal and devoid of harmonics.

The stability of such an enhanced Power Flow Controller (ePFC) system is also
presented. This particular type of network is challenging to analyze in power systems.
The inherent non-linearity and discontinuity makes the system incomprehensible for
standard mathematical tools like Lyapunov Stability Analysis etc. The study first
describes the modeling of network which takes into account, the distortion across the
capacitor voltage as well as the distortion line current. Then, an analytical study of the
Poincare map is done on the system under consideration. This shows the regions of
marginal stability for the ePFC system.

7.2. Contributions

The major contributions of this thesis are:

e Simulations of D-FACTS: Distributed Series Reactance (DSR) and Distributed
Series Impedance (DSI).

e Mathematical analysis for effective fundamental impedance of a series connected
L-C network where equivalent L is continuously varied through thyristor control
using 1% order, 2" order approximations and proposed enhanced Power Flow
Controller (ePFC) model.

e Simulations of enhanced Power Flow Controller (ePFC).

e Stability of inherent non-linear and discontinuous L-C system.
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e Effect of compensation reactance in determining stability of thyristor based L-C

networks.
7.3. Recommendations for Future Work
The future work may account for the leakage reactance of the single turn transformer
(STT) in modeling of enhanced Power Flow Controller (ePFC). Stability analysis work
can be expanded to generalized thyristor switched L-C circuits. Experimental verification
would help in providing the concepts which are explained and verified through

simulations in this thesis.
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