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Preface

The work presented in this thesis was carried out at the Division of
Electrical Machines and Power Electronics, School of Electrical Engineering,
Royal Institute of Technology (KTH). This project is financed from the
Elforsk ELEKTRA foundation.

The main contributions of this work can be summarized as follows:

� A simple generic system model comprising only two rotating machines
has been proposed to serve as a basis for control design for Con-
trolled Series Compensators (CSC) and Dynamic Power Flow Con-
trollers (DPFC) for power oscillation damping and power flow control
in power grids susceptible to oscillations of one dominating frequency
mode.

� Estimation routines for estimation of the system model parameters
using the step response in the locally measured line power when a
series reactance change is executed at the FACTS device have been
derived.

For a power system which can be accurately described by the proposed
system model it has been shown that:

� Damping of inter-area oscillations of the above type can be achieved by
insertion of a series reactance in one discrete step at a suitable location
in the power system at a carefully selected time instant determined
from the locally measured line power. The necessary step reactance
magnitude can be determined with knowledge of the generic system
model parameters.
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� It is possible to achieve damping of all inter-area power oscillations
and determine the power flow on the FACTS line by extending the
controller to modify the line reactance in two discrete steps separated
in time.

The above results have lead to that:

� An adaptive time-discrete Model Predictive Controller (MPC) for
power oscillation damping and power flow control intended for con-
trol of CSC and DPFC has been designed and verified by means of
time-domain simulation of power systems with different complexities
with good results.
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Abstract

In this thesis, controllers for power oscillation damping, transient stability
improvement and power flow control by means of a Controlled Series Com-
pensator (CSC) and and a Dynamic Power Flow Controller (DPFC) are
proposed. These devices belong to the group of power system components
referred to as Flexible AC Transmission System (FACTS) devices. The de-
veloped controllers use only quantities measured locally at the FACTS device
as inputs, thereby avoiding the risk of interrupted communications associ-
ated with the use of remote signals for control.

For power systems with one dominating, poorly damped inter-area power
oscillation mode, it is shown that a simple generic system model can be
used as a basis for damping- and power flow control design. The model for
control of CSC includes two synchronous machine models representing the
two grid areas participating in the oscillation and three reactance variables,
representing the interconnecting transmission lines and the FACTS device.
The model for control of DPFC is of the same type but it also includes the
phase shift of the internal phase-shifting transformer of the DPFC.

The key parameters of the generic grid models are adaptively set during
the controller operation by estimation from the step responses in the FACTS
line power to the changes in the line series reactance inserted by the FACTS
device. The power oscillation damping controller is based on a time-discrete,
non-linear approach which aims to damp the power oscillations and set the
desired power flow on the FACTS line by means of two step changes in the
line reactance separated in time by half an oscillation cycle.

A verification of the proposed controllers was done by means of digital
simulations using power system models of different complexities. The CSC
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and DPFC controllers were shown to significantly improve the small-signal-
and transient stability in one four-machine system of a type commonly used
to study inter-area oscillations. The CSC controller was also tested for 18
different contingencies in a 23-machine system, resulting in an improvement
in both the system transient stability and the damping of the critical oscil-
lation mode.

Keywords

� Thyristor Controlled Series Compensator
� Thyristor Switched Series Compensator
� Controlled Series Compensator
� Dynamic Power Flow Controller
� Phase-Shifting Transformer
� Power Oscillation Damping
� Transient Stability
� Power Flow Control
� Adaptive Control
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1 Introduction

Not very long ago, the operation of a transmission grid was relatively
straight-forward. The grid was designed to supply electrical energy to the
consumers in the country where it was built and to support the neighbor-
ing countries occasionally, in times of need. Large cross-border transmission
capability was not necessary, since most of the electrical energy used in the
country was supplied nationally. However, major changes in how trans-
mission systems are operated came with the deregulation of the electricity
market in recent years. Now, the power flows go from producer A to con-
sumer B, not necessarily located in the same country. A and B have signed
a deal that states that B buys a certain amount of energy from A:s produc-
tion. The contractual path of the electricity is a straight line from A to B
while the physical path of the power flow can be a number of parallel power
flows which may flow in different countries. Since the national power grids
were not designed for these parallel flows, some lines will get overloaded in
the process, limiting the national power flows.

The phenomenon of loop power flows leads to power lines being operated
closer to their stability limits and results in a power system which may be
operated far from its optimal state in terms of losses and security margins.
Such a system may for example be more prone to inter-area power oscillations
and have a smaller margin to transient instability in some N-1 fault cases.

The construction of new power lines to relieve the overloaded ones is very
expensive, time-consuming and often complicated by legal and land pro-
prietary issues. Fortunately, the advances in power electronics offer new
solutions to the problems. Many Flexible AC Transmission (FACTS) de-
vices have been introduced in the last decades. These are devices which can
be used to control power flows and improve the stability in a power grid by

1



1 Introduction

for example injecting reactive power in selected nodes, modifying the line
impedance for critical lines or shifting the voltage phase angles at certain
nodes. These devices are based on high-power electronic devices like the
thyristor and the Insulated Gate Bipolar Transistor (IGBT).

This thesis concerns the control of a novel FACTS device recently intro-
duced by ABB under the name of Dynamic Flow Controller (DynaFlow). In
this work the device is also referred to as Dynamic Power Flow Controller
(DPFC). The device is actually a combination of two previously known de-
vices: the Phase-Shifting Transformer (PST) and the Thyristor Switched
Series Capacitor (TSSC) or the Thyristor Switched Series Reactor (TSSR).
The PST is a slow device which can control active power flow on a line
whereas the TSSC is a power flow controller with a much higher speed of
control. These two devices can work together in order to create a very
versatile device which can be used for power flow control, power oscillation
damping, transient stability improvement, and voltage stability/recovery im-
provement. The device is believed to be cheaper than other FACTS devices
with a similar functionality, like for example the Unified Power Flow Con-
troller (UPFC).

Since a natural control design approach for the DPFC is to start with
the design of a controller for the dynamic TSSC part of the device alone,
the thesis will also include controller design and verification for a generic
Controlled Series Compensator (CSC) device which may for example be a
Thyristor Controlled Series Capacitor (TCSC) or a stand-alone TSSC.

1.1 Scope of the thesis

This work is concentrated on the functions provided by the TSSC part of
the DPFC. Most of the work has been towards developing an adaptive con-
troller for Power Oscillation Damping (POD) and power flow control. The
equations governing the dynamics of the power system are non-linear and
the structure of the power system is commonly not known in detail when
a fault has occurred. This means that the design of a POD controller is a
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1.2 Terminology

challenge and a controller which can adapt to the current situation in the
power grid is thus attractive.

The work has yielded a controller which can be used for control of DPFC
as well as for controlling other CSC devices. The controller uses only locally
available signals at the DPFC or CSC location as inputs, thereby eliminating
the need for long-distance communication of control signals.

The system model for the controller has been chosen as simple as possible
in order to gain knowledge of the basic relations governing control of DPFC
and CSC in a power system with many unknown parameters. Also, a simple
system model with few unknown parameters simplifies the implementation
of the controller in a power system. The model is restricted to work for
systems which exhibit one dominating (poorly damped) inter-area power
oscillation mode since this is a common situation in power systems where
supplementary damping is required. The system model for the DPFC has
been designed to include a simple model of the PST since the phase shift
of the PST has a large influence on the controllability and observability of
the power oscillation mode from the DPFC location. Additionally, transient
(first-swing) stability improvement by means of the CSC or the DPFC is
discussed and a transient controller for the devices is included in the proposed
main controller structure.

1.2 Terminology

In this thesis, controlled series compensation of transmission lines is dis-
cussed. Throughout the thesis, the term ”reactance” referring to the imagi-
nary part of an impedance variable will be used as a positive number if the
reactance is inductive and a negative number if the reactance is capacitive.
If a capacitor with the reactance XC is inserted in series with a transmission
line with reactance XL, the effective reactance of the line will be decreased,
XEff = XL + XC . This will be referred to as ”increasing the level of com-
pensation”, ”increasing the degree of compensation”, or simply ”increasing
the (series) compensation of the line”. Conversely, if a capacitor which was
connected in series with a line is bypassed, it will be referred to as ”decreas-
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1 Introduction

ing the level of compensation”, ”decreasing the degree of compensation”, or
simply ”decreasing the (series) compensation of the line”. For a controlled
series compensator, ”inserting a capacitive reactance step” means a step-wise
increase in the level of compensation and ”inserting an inductive reactance
step” means a step-wise decrease in the level of series compensation. The
degree of compensation, k is defined as k = −XC/XL, and it is usually
expressed in per cent.

In the thesis, variables that denote the ”average” active power transmitted
on a transmission line or between two grid areas are frequently used. In this
context, ”average” means the average of the three-phase active power aver-
aged over a full cycle of the dominating power oscillation mode. Variables
denoting the ”instantaneous” transmitted active power are also used. Here,
”instantaneous” power refers to the the three-phase active power which flows
through the transmission line or lines at a certain instant in time.

Damping of power oscillations is discussed in the text. A measure of
the damping of a certain mode of power oscillation can be found from the
eigenvalues of the linearized power system equations. If the real part σ of the
eigenvalues corresponding to a the mode of electro-mechanical oscillations
is negative, power oscillations of this frequency are likely to settle down.
This is referred to as a system with ”positive damping” of the oscillatory
mode in the text. If, on the other hand, the real part of the eigenvalues is
positive, the power oscillations are likely to grow indefinitely and the system
is then said to exhibit small-signal instability with a ”negative damping” of
the oscillatory mode.

1.3 List of publications

Many of the results presented in this thesis have previously been published
in the following papers:

1. N. P. Johansson, H-P. Nee and L. Ängquist, ”Estimation of Grid Pa-
rameters for The Control of Variable Series Reactance FACTS De-
vices”, Proceedings of 2006 IEEE PES General Meeting
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1.4 Outline of the thesis

2. N. P. Johansson, H.-P. Nee and L. Ängquist, ”Discrete Open Loop Con-
trol for Power Oscillation damping utilizing Variable Series Reactance
FACTS Devices”, Proceedings of the Universities Power Engineering
Conference, Newcastle, UK, September 2006

3. N. P. Johansson, H.-P. Nee and L. Ängquist, ”An Adaptive Model Pre-
dictive Approach to Power Oscillation Damping utilizing Variable Se-
ries Reactance FACTS Devices”, Proceedings of the Universities Power
Engineering Conference, Newcastle, UK, September 2006

4. N. P. Johansson, L. Ängquist and H.-P. Nee, ”Adaptive Control of
Controlled Series Compensators for Power System Stability improve-
ment”, Proceedings of IEEE PowerTech 2007, July 2007

5. N. P. Johansson, L. Ängquist, B. Berggren and H.-P. Nee, ”A Dynamic
Power Flow Controller for Power System Stability Improvement and
Loss Reduction”, Submitted to Power System Computations Confer-
ence, July 2008

These papers are also included in the thesis for reference.

1.4 Outline of the thesis

Chapter 2 introduces common modeling techniques for studies of power
system dynamics.

Chapter 3 gives examples of common FACTS devices and reviews earlier
work in the field of CSC and PST control.

Chapter 4 introduces the system models used for design of the CSC and
DPFC controllers and derives relations for parameter estimation.

Chapter 5 introduces the proposed approach of CSC control including power
oscillation damping, power flow control principles, and transient sta-
bility improvement.
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1 Introduction

Chapter 6 introduces the proposed approach to DPFC control for power
oscillation damping, power flow control, and transient stability im-
provement.

Chapter 7 includes the verification of the CSC and DPFC controllers by
means of digital simulation.

Chapter 8 concludes the results and discusses possible future work.
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2 Mathematical Modeling of Power

Systems

In this chapter, a brief introduction to modeling of power system dynamics
is given. The aim of the chapter is to review the basics necessary for under-
standing the approaches to system modeling and power oscillation damping
described in this thesis. It is assumed that the reader is familiar with stan-
dard static load flow analysis. This topic can for example be studied in
[1].

A power system consists of many different types of elements. Some of these
are purely passive, like resistances, capacitances and inductances and others,
like rotating machines and FACTS devices are highly complex, dynamic, and
controlled devices.

A model used to describe power system dynamics usually includes the
following elements:

� Synchronous machines - These are typically generator models which
may include models of exciters, Automatic Voltage Regulators (AVR)
and Power System Stabilizers (PSS).

� Transmission lines - These are commonly modeled as inductive ele-
ments with shunt capacitors connected at each node (a so-called π-
model) to represent the distributed capacitances to ground but also
more detailed models with distributed capacitances are used. The re-
sistance of the lines may or may not be included in the model.
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2 Mathematical Modeling of Power Systems

� Loads - These are commonly divided into active power loads and re-
active power loads. These may or may not have a voltage dependence
and/or a frequency dependence.

The level of detail included in a model is dependent on what the model
is intended for. In a simulator, very detailed models may be used thanks to
the advances in computer technology. In contrast, when a model is used as
a basis for control design, a less detailed modeling approach may be adopted
in order to simplify the control design or due to a limitation in computa-
tional power of the implementation platform. In the following sections, two
different modeling approaches will be briefly reviewed.

In the the following, the per unit system is generally assumed to be used
for expressing voltages, currents, power and impedances. We will consider
only balanced (symmetrical) operation of the power systems and one-line
diagrams are used to describe the three-phase systems.

2.1 Classical model for a single-machine system

The basic equations of motion for a single synchronous generator connected
to an infinite bus as the system shown in Fig. 2.1 can be written as [2]:

2H

ω0

dω

dt
+ Dω = P ′

m − P ′
e (2.1)

with the variables
θ = rotor angle relative to a synchronously rotating reference frame [rad],
ω = dθ

dt =angular frequency for rotor oscillations relative to synchronously
rotating reference frame [rad/s],
H = constant of inertia [s], and the parameters
ω0 = nominal electrical angular frequency [rad/s],
D = damping constant [p.u./(rad/s)],
P ′

m = mechanical power at turbine [p.u.],
P ′

e = electrical power from generator [p.u.].

The constant of inertia corresponds to the ratio between the kinetic energy
Wkin of the machine and turbine at nominal speed and the nominal power
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2.1 Classical model for a single-machine system

Synchronous

 Generator
Load

Line

Figure 2.1: Synchronous generator connected to an infinite bus.

rating of the machine SN ,

H =
Wkin

SN
=

1
2ω2

0mJ

SN
(2.2)

with J denoting the combined moment of inertia of generator and turbine
and ω0m the rated mechanical angular velocity of the machine.

In the derivation of Eq. 2.1 it was assumed that the electrical frequency of
the system only deviates by small oscillations around the nominal frequency.
In order to simplify the solution of Eq. 2.1 some assumptions are commonly
introduced.

� The damping is neglected, that is D is set to zero.

� The mechanical power P ′
m is assumed to be constant. This is plausible

if the we are interested in events which happen within a time-scale of
a few seconds.

� The synchronous machine is modeled as a constant voltage source be-
hind a reactance. This reactance is usually set equal to the machine
transient reactance x′d.

� The power flow in the system is assumed to be governed by the static
load flow equations.
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2 Mathematical Modeling of Power Systems

If the load at the generator node in Fig. 2.1 is neglected and the trans-
mission line to the infinite bus is represented as one reactance xl, neglecting
losses and shunt capacitances, the equations of motion can be written:

ω̇ =
ω0

2H
(P ′

m − EU

x′d + xl
sin(θ)) (2.3)

θ̇ = ω (2.4)

Here, the voltage phasor at the generator is given as E 6 θ and the infinite
bus voltage phasor is given as U 6 0. The magnitudes of these voltages are
assumed to be constant. Equations 2.3 and 2.4 form a system of differen-
tial equations which can be solved analytically or, more conveniently using
numerical methods. The equal-area criterion [2] can be used in order to de-
termine whether the system is transiently stable or not, given a set of initial
conditions and the nature of the fault. The right hand side of Eq. 2.3 gov-
erns the system behavior after a disturbance. The stationary solution to the
system of equations is given when P ′

m equals P ′
e. The dynamical solutions

are either sinusoidal oscillations in θ and ω, so called electro-mechanical os-
cillations, or the angle θ grows towards infinity with time. The first case
corresponds to the power oscillations which are very often seen in power
systems after a disturbance and the second case results when a serious fault
occurs which leads to a loss of synchronism in the system.

2.2 Classical model for a multiple-machine system

The mathematical model for the single-machine system given in the previous
section is naturally of limited value when real power systems are considered.
Its value lies in illustrating the principles of operation of the power system
and it may be used for simplified calculations. In this section, the mathe-
matical model is extended to include a power system with multiple machines
and loads [2]. The same assumptions as in the simple case are made with
the addition that the loads are considered as impedances which represent
the load before the disturbance. A schematic picture of the power system is
shown in Fig. 2.2.
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2.2 Classical model for a multiple-machine system

Transmission 

System

Generator 1

Generator n

Load 1

Load nl

Figure 2.2: Schematic of the multiple machine power system.

The system has n sources and the injected currents at the source nodes
are given by

Ī = Ȳ · Ē, (2.5)

with

Ī = (Ī1, Ī2,..., Īn), (2.6)

Ē = (Ē1, Ē2,..., Ēn). (2.7)

Here, the admittance matrix with the impedance load representations in-
cluded is given by Ȳ with the elements

Ȳij = Yij = Gij + jBij . (2.8)

This reduced network matrix (derived in [3]) has the dimensions n x n and
describes the power grid and the loads as they appear seen from the inner
voltages of the generators. The active power from generator i is given by

P ′
ei = Re(Ēi · Ī∗i ), (2.9)
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2 Mathematical Modeling of Power Systems

which can be written as

P ′
ei = Re(Ēi(

∑

j

ȲijĒj)∗) (2.10)

= E2
i Gii +

∑

i 6=‘j

EiEj(Bij sin(θi − θj) + Gij cos(θi − θj)). (2.11)

Here, the voltage phase angles for the generator internal voltages have been
introduced as θ1 ... θn. The equations of motion for the whole system can
now be written as

ω̇i = ω0
2Hi

(P ′
mi − P ′

ei) (2.12)

θ̇i = ωi. (2.13)

where P ′
ei is defined by Eq. 2.11. This system of equations now consists

of 2n coupled differential equations of the first order. The system can be
described by introducing the state vector

x = (θ1,...,θn, ω1,...,ωn)T , (2.14)

which satisfies the differential equation

ẋ = f(x). (2.15)

Solving Eq. 2.15 for systems with more than two generators is complicated
and the problem is often simplified by linearizing the system around one
operating point x0. The linearized system equations are given by

∆ẋ =
∂f

∂x
∆x (2.16)

with the Jacobian matrix ∂f
∂x whose elements are given by
(

∂f

∂x

)

ij

=
∂fi

∂xj
. (2.17)

The solution to the linearized system is determined by the eigenvalues
and eigenvectors of the jacobian matrix. The eigenvalues give information
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2.3 Structure preserving model for a multiple-machine system

of the participating power oscillation mode frequencies in the system when
it is subject to a disturbance. There are n − 1 modes of electromechanical
oscillation in a power system with n machines.

The model of a system with several machines may also be simplified further
by neglecting the line and load resistances.

2.3 Structure preserving model for a multiple-machine

system

In many cases the classical model for the generator does not have the suf-
ficient complexity to describe the dynamics of the machine. This is for
example the case when the aim is to study the impact of PSS on a power
grid. In such a case, a model like the Structure Preserving Model (SPM) can
be applied. This model includes the dynamics governing the internal EMF
of the machine. It also allows the loads in the power system to be modeled
as general voltage dependent loads with characteristics differing from the
pure impedance type. The load at each node is then given by its active and
reactive power components

PL = PL0

(
UL

UL0

)mp

(2.18)

QL = QL0

(
UL

UL0

)mq

(2.19)

with PL0/QL0 and UL0 as the nominal active/reactive power and voltage, UL

the actual node voltage and the exponents mp and mq which are individually
specified for each node. The transmission lines are assumed to be lossless in
this model which gives the admittance matrix for the system defined by

Ȳkl = Ykl = Gkl + jBkl = jBkl. (2.20)

Note that the loads are not included in this admittance matrix.

Now, assume that the system has n generators and a total of N nodes.
The loads may be distributed in any of these nodes. The voltage at each
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Eqk’   δk Uk
�
kjxdk’

Figure 2.3: Synchronous generator model circuit.

node is given by Uk 6 θk. The voltage at the generator internal bus is given
by E′

qk
6 δk and the circuit model for the generator is depicted in Fig. 2.3.

Here, the reactance of the k:th generator transformer should be included in
x′dk.

The dynamics of the k:th generator is then for k = 1...n given by

δ̇k = ωk (2.21)

ω̇k = 1
Mk

(
P ′

mk −
E′qkUk

x′dk
sin(δk − θk)

)
(2.22)

Ė′
qk = 1

T ′dok

(
Efk − xdk

x′dk
E′

qk + xdk−x′dk
x′dk

Uk cos(δk − θk)
)

, (2.23)

introducing the synchronous machine variables Mk=2Hk/ω0, T ′do is the d-
axis transient open-circuit time constant, Efk is an EMF proportional to
the field voltage and xdk is the machine stationary reactance with the k:th
transformer reactance included [3].

It can also be shown that [4] the active and reactive power injected into
node k in the power system can for k = 1...n be expressed as

Pk =
N∑

l=1

BklUkUl sin(θk − θl) +
E′qkUk sin(θk−δk)

x′dk
(2.24)

Qk = −
N∑

l=1

BklUkUl cos(θk − θl) +
U2

k−E′qkUk cos(θk−δk)

x′dk
. (2.25)

For k = n + 1...N the expressions become

Pk =
N∑

l=1

BklUkUl sin(θk − θl) (2.26)

Qk = −
N∑

l=1

BklUkUl cos(θk − θl). (2.27)

14



2.4 The dynamics of the power system

Let the active and reactive loads at node k be defined as PLk and QLk. For
energy conservation, the following must hold for all nodes k = 1...N

Pk + PLk = 0 (2.28)

Qk + QLk = 0. (2.29)

Define

x = [δ1,...,δn,ω1,...,ωn,E′
q1,...,E

′
qn]T (2.30)

y = [θ1,...,θN ,U1,...,UN ]T . (2.31)

Now, equations 2.21, 2.22, 2.23, 2.28 and 2.29 form a system of equations
which can be written

ẋ = f(x,y) (2.32)

0 = g(x,y). (2.33)

Equations 2.32 and 2.33 form a set of differential-algebraic equations which
describe the dynamics of the system. These are most conveniently solved
numerically to determine the behavior of the system after a disturbance. To
analyze Equations 2.32 and 2.33 analytically, a linearization is commonly
used in the same manner as for the classical model in the last section. Cal-
culation of the eigenvalues and eigenvectors of the resulting Jacobian may
aid in the design of PSS and controllers for supplementary power oscillation
damping devices like for example the TCSC.

2.4 The dynamics of the power system

The eigenvalues of the Jacobian derived from the linearization of the chosen
system model indicate the different frequencies present in the solution of
the linearized system equations. For a stable power system, all eigenvalues
of the state matrix must lie in the left half plane. If one of the modes
has a positive real part, the system will exhibit small-signal instability and
continuous operation of the system will not be possible.
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Any change in the power system variables, like load changes, line discon-
nections or fault situations results in a system which is not in steady state.
In such a case, oscillations will be initiated in the system. These oscilla-
tions will be observable in all system variables. Every oscillation frequency
however, is not observable to the same extent in all system variables. From
the linearized system equations, the observability of each frequency mode in
each of the system variables can be calculated [3].

Generally, the modes in the solution corresponding to the eigenvalues
which have the largest real parts (hence the lowest damping) are the so-
called electro-mechanical oscillations of the system. These are modes which
are connected to the oscillation of the voltage phase angles and rotational
speed of the different machines in the system. An imbalance in the power
flow in the system leads to power oscillations between the synchronous ma-
chines in the system. These modes can be classified in local modes which are
associated with machines in one power system area with frequencies in the
range of 0.7-2.0 Hz and inter-area oscillation modes with frequencies in the
range of 0.1-0.7 Hz. The local modes are almost always present in a power
system while the inter-area modes are especially seen in systems where one
power system area is connected to another by long transmission lines.

2.5 Stability of the power system

Obviously, power systems need to be operated in a way which minimizes
the risk of interruptions of the power flow from generating units to end
consumers of power. Another goal is to minimize the losses which arise from
the transmission of power. It is not possible to optimize both the system
losses and the stability of the system at the same time. This means that the
operation of a power grid can be described as a constrained optimization
problem. The threats to power system stability can be divided into the
different categories below:
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2.5 Stability of the power system

2.5.1 Frequency instability

The total generated active power and the active power load in the power
system must at all times be kept equal. If this criterion is not met, the
electrical frequency of the system will start to change. If there is excess
load, rotational energy is extracted from the synchronous machines, slowing
down the electrical frequency and if the generation is larger then the load,
the excess energy will accelerate the machines, causing the electrical fre-
quency to increase. To avoid frequency instability, there are several different
systems which are designed to keep the load and generation of the power
system equal. These are usually characterized as primary control, secondary
control and tertiary control. Primary control is automatic and achieved by
applying dedicated frequency controllers to a number of generating units in
the system. These work to increase the generation of the unit if the grid
frequency decreases and decrease the generation if the frequency increases.
This regulation is usually applied to water power plants where the power
can be changed rapidly by changing the water flow through the turbines.
Secondary control is used when a larger disturbance is present, which makes
the primary controllers saturate at their upper or lower limits. Here the
power reference values provided to generating units in the system by the
TSO are changed to counteract the disturbance and restore the frequency to
the nominal value. Tertiary control is an automatic response which is initi-
ated if the system frequency is significantly reduced from the nominal value.
This happens when the generating units are incapable of further increases
in power generation. The action constitutes of shedding parts of the load in
the system. This is a dreaded situation which the TSO:s try to avoid at all
costs. Frequency instability is not treated at any length in this thesis and
this concludes the brief review of the subject.

2.5.2 Transient instability

Transient instability may occur in a power grid between one synchronous
machine and the rest of the grid or between two grid areas. This form of
instability typically results when the power flow between the single machine
and the rest of the grid or between the two separate grid areas cannot be
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maintained due to a fault on one of the interconnecting lines. During the time
of the fault, there is usually very little power transfer on the interconnecting
lines which alters the power balance in the system. The sending end machine
or machines are then accelerated since a surplus of power is generated in
the sending end and the receiving end machine or machines are decelerated
since a power shortage arises. If the fault is not cleared fast enough, the
difference in electrical frequency between the two systems may cause the
voltage angle difference to increase above 180 degrees and the systems will
fall out of phase, eventually causing blackouts in the system. Commonly,
the equal-area criterion [2] is used to determine whether a particular system
is stable or not when subject to a certain fault. For each fault, a critical
clearing time can be specified which determines the maximum duration time
of the fault that can be allowed before clearance for the system to remain
transiently stable. Transient instability is generally seen in systems with
weak interconnections with high series reactance. It may be improved by
installing series compensation on weak inter-ties or by installation of FACTS
devices in the system. In this thesis, a simple control method to improve
transient instability by means of a Controlled Series Compensator (CSC) or
a Dynamic Power Flow Controller (DPFC) is proposed.

2.5.3 Voltage instability

Voltage instability typically occurs when the generators in the power system
cannot provide enough reactive power in order to give a sufficiently high
voltage at all nodes in the system. The problem commonly arises as a result
of one or several faults which are cleared by disconnecting lines or generators
in the system. It is not uncommon that voltage instability is a slow process
which is affected by tap-changer operations in the grid and the dynamics
of the voltage regulators of the generating units. Automatically controlled
tap-changers which are installed to keep the voltage within predefined levels
in distribution grids are necessary, but they are generally deteriorating the
voltage stability of the power grid. When a strained situation occurs, the tap-
changers operate to increase the voltage in the distribution network. This
in turn often increases the load in the system even more due to the voltage
dependence of the loads resulting in a system which is even more strained.
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2.5 Stability of the power system

Voltage instability is not treated in this thesis, but it is recognized that it may
be improved by operating series connected FACTS devices like the TCSC or
the DPFC appropriately when the instability is detected. To improve the
voltage stability more effectively, shunt connected FACTS devices which can
inject reactive power at suitable nodes in the power system can be used.

2.5.4 Small-signal instability

So called small-signal instability arises when one or more of the eigenvalues
of the power grid system matrix are found in the right half plane. This
means that the damping of one or several modes of oscillation is negative and
that the system is likely to be unstable in the particular mode of operation.
Such a situation is rarely found in undisturbed power systems, but it may
arise when the system is severely strained by high power transfers and line
disconnections due to faults. To improve the damping of power oscillations,
PSS are commonly applied to the Automatic Voltage Regulators (AVR) of
the generators in the system. This method is effective but in some cases
some modes may still be unstable during high loading conditions even if
PSS are applied and properly tuned. In these cases it is possible to add
supplementary damping to the system by installation of FACTS devices at
suitable locations in the system. Series connected devices like the Thyristor
Controlled Series Capacitor (TCSC), Thyristor Switched Series Capacitor
(TSSC), and the Dynamic Power Flow Controller (DPFC) are among the
most suitable for the damping of power oscillation but also shunt connected
devices like the SVC (Static Var Compensator) can be used. In this thesis
an adaptive controller for power oscillation damping using series devices like
the TCSC, TSSC, and DPFC is proposed.
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3 FACTS devices and their control

The definition of a Flexible AC Transmission System (FACTS) is according
to the IEEE:

”Alternating current transmission systems incorporating power
electronics-based and other static controllers to enhance controllabil-
ity and increase power transfer capability.”

The definition of a FACTS controller is, according to the IEEE:

”A power electronics-based system or other static equipment that provide
control of one or more AC transmission system parameters.”

In this chapter, a brief review of the principles behind the most common
FACTS topologies is given. Special attention is given to the devices which
are closest related to the DPFC discussed in this thesis work, namely the
PST and the TCSC/TSSC. For these devices, an additional discussion on
the recent research on control aspects is carried out.

3.1 Power electronic converters

Generally, FACTS devices are based on power electronics. They include
switchable devices like the Gate-Turn Off thyristor (GTO) and Insulated
Gate Bipolar Transistor (IGBT) but also passive devices like capacitors and
inductors. The details on power electronics are omitted in this thesis but
the interested reader may refer to [5] for further information.
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Many of the FACTS devices that are currently used are based on con-
verters. These may be either a Voltage-Source Converter (VSC), where the
voltage feeding the converter is kept almost constant by means of a large
capacitor, or a current-source converter, where instead the feeding current
is kept unchanged using a large inductor.

The principal function of the voltage-source converter is to convert the
constant DC voltage on one side of the converter to an AC voltage on the
other side by switching the power electronic devices in a controlled manner.
Using appropriate converter technology it is possible to vary the AC output
voltage in phase as well as in magnitude. If the storage capacity of the DC
capacitor is small and no external supply to the DC side exists, the converter
cannot supply active power to the AC grid any substantial amount of time
and the device is restricted to interchange reactive power with the AC grid.
The function of the current-source converter is to present the DC current
to the AC side as an AC current by appropriate switching of the power
electronic devices. This current is variable in phase and amplitude.

The details of the converter types will not be discussed here since this
topic is not considered to be within the scope of this thesis. A more thorough
discussion of this topic is found in [5].

3.2 Shunt-connected FACTS devices

The primary task of shunt-connected FACTS devices is usually to provide
voltage support in the power grid. However, they may also be used to
improve the transient stability in a power grid and to damp power oscillations
even though series connected devices often are a more effective choice for
these tasks.

Some of the most important shunt-connected FACTS devices are shown in
Fig. 3.1. In Fig. 3.1 (a), the Static Synchronous Compensator (STATCOM)
is depicted. In this configuration, a VSC is used to balance the reactive
power need of the grid by automatically controlling the VSC output volt-
age magnitude. STATCOM can also be used as an active filter to reduce
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harmonics in the grid. In Fig. 3.1 (b), a STATCOM with energy storage is
shown. It can provide active power support in addition to improving the
reactive power balance in the system, see [6] and [7].

A collection of different Static Var Compensators (SVC) are shown in
Fig. 3.1 (c)-(d) and (f)-(g). This group of devices work by inserting a variable
reactive load in shunt with the power line, thereby improving the reactive
power balance. In Fig. 3.1 (c), a Thyristor Switched Capacitor (TSC) is seen.
This device consists of a high voltage capacitor which is connected to the grid
by high power thyristor units. To avoid excessive currents, the switchings of
the thyristors are determined according to a point-of-wave approach which
switches the thyristors when the voltage across the capacitor reaches its
lowest value during the fundamental frequency cycle. The TSC represents a
single capacitive admittance which may be connected to the power grid. In
order to achieve step-wise control of the admittance, several TSC elements
can be connected in parallel. Fig. 3.1 (d) may represent both a Thyristor
Switched Reactor (TSR) and a Thyristor Controlled Reactor (TCR). The
TSR is a shunt reactor which is either fully connected or disconnected to
the grid. To achieve step-wise control of the reactive power consumption,
several TSR units may be connected at the same node. In contrast to the
TSR, the TCR works with a firing angle control of the thyristor valves to
control the effective shunt reactance of one reactor.

Fig. 3.1 (f) and (g) show mechanically switched shunt reactances which
may also be used in the power system in coordination with the other shunt
devices to form a Static Var System (SVS). Finally, Fig. 3.1 (e) shows a
Thyristor Controlled Braking Resistor (TCBR) which can be used to aid
power system stability by minimizing acceleration of generating units during
a disturbance. With this device, firing angle control is optional.

3.3 Series-connected FACTS devices

Series connected FACTS devices are commonly used for power flow con-
trol, power oscillation damping, and transient stability improvement. They
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(a)
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Interface

(b)

AC transmission line
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(c) (d) (e) (g)(f)

Figure 3.1: Different shunt-connected FACTS devices: (a) Static Syn-
chronous Compensator (STATCOM), (b) STATCOM with en-
ergy storage, (c) Thyristor Switched Capacitor (TSC), (d)
Thyristor Switched Reactor (TSR) or Thyristor Controlled
Reactor (TCR), (e) Thyristor Controller Braking Resistor
(TCBR), (f)-(g) Mecanically switched reactances.24
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may also be used to improve voltage stability even though shunt-connected
FACTS are usually more effective in this respect.

Some of the key series-connected FACTS devices are shown in Fig. 3.2.
In Fig. 3.2 (a), a Static Synchronous Series Compensator is shown (SSSC).
This device is capable of injecting a variable voltage in quadrature with the
line current. In this way, the active and reactive power flow on the line can
be changed. Fig. 3.2 (b) shows a SSSC with energy storage. This device can
inject a voltage of variable magnitude and angle in series with the line during
a transient period of time and a voltage in quadrature with the line current
with no limit on the duration. The energy storage extends the working
region of the SSSC which is especially useful in a disturbance situation.

In Fig. 3.2 (c), the Thyristor Controlled Series Capacitor (TCSC) is shown.
The picture may also be used to illustrate the Thyristor Switched Series
Capacitor (TSSC), even if this device often consists of several units of the
same type connected in series. The TCSC device acts as a variable series
capacitor in the grid when the firing angle of the thyristor valves is changed.
It consists basically of a TCR which is connected in parallel to a series
capacitor. The TSSC is in contrast to the TCSC not operated with firing
angle control and is therefore either connected or diconnected to the grid.
Here a step-wise variable line impedance can be achieved if several thyristor
controlled units are connected in series. The functional properties of the
TCSC and the TSSC are discussed in more detail in Section 3.5.2.

Finally, in Fig. 3.2 (d), the Thyristor Controlled Series Reactor (TCSR) or
Thyristor Switched Series Reactor is shown. This device may be controlled
with firing angle control (TCSR) or with fixed angle control (TSSR) analo-
gously with the TCSC and TSSC. This device may change its impedance in
the region between the impedance of the reactor in parallel to the TCR and
that of the two reactors in the circuit connected in parallel.

In this thesis, the denotation Controllable Series Compensators (CSC) is
used to describe the devices TCSC, TSSC, TCSR and TSSR as a group. A
lot of work is devoted to control of CSC in this thesis and a review of the
current research in this field is given in section 3.5.2.
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(a)

Storage & 

Interface

(b)

AC transmission line
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(c) (d)

AC transmission line

AC transmission line

Figure 3.2: Different series-connected FACTS devices: (a) Static Syn-
chronous Series Compensator (SSSC), (b) SSSC with energy
storage, (c) Thyristor Controlled Series Capacitor (TCSC) or
Thyristor Switched Series Capacitor (TSSC), (d) Thyristor
Controlled Series Reactor (TCSR) or Thyristor Switched Se-
ries Reactor (TSSR.)
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3.4 Combined shunt- and series-connected FACTS

devices

Combinations of shunt- and series-connected FACTS technology provide ad-
ditional functionality to the FACTS device. The most known device of this
type is the Phase-Shifting Transformer (PST), which is widely used through-
out the world. The topology is based on one shunt transformer - the exciting
unit, and one series transformer - the boost unit. The exciter unit is equipped
with a tap-changer which is used to change the phase angle shift of the de-
vice. By inserting a series voltage in quadrature with the line voltage, the
device is capable of changing the voltage phase angle difference across a line,
leading to a change in the power flow on the line. While the phase-shifting
transformer is traditionally based on mechanical switches for tap-changing,
faster devices, based on thyristor controlled tap-changers have been pro-
posed. Fig. 3.3 (a) shows a Thyristor Controlled Phase-Shifting Transformer
(TCPST). In the traditional version of the PST, the thyristor valves in the
figure are exchanged for mechanical switches. Most installations of PST:s
around the world are based on mechanical switches making it a slow device
with a response time in the range of 10 s for one step of the tap-changer. In
this work, the main assumption has therefore been that the PST is a slow
device which cannot be operated during the first time period following a
major disturbance.

A device which has recieved a lot of interest recently is the Unified Power
Flow Controller (UPFC), see Fig. 3.3 (b). This device is a combination
between a STATCOM unit and an SSSC unit. The active power to support
the series unit (SSSC) is obtained from the line itself via the shunt unit
(STATCOM). By means of this device, reactive and active power on a line
can be controlled independently. Also, the device is capable of controlling
the line voltage. With this functionality, the UPFC is known as a complete
FACTS controller. However, due to its complexity and cost of installation
it has not yet been installed in any great numbers around the world.

The main topic of this thesis is the Dynamic Power Flow Controller
(DPFC)[8], which can be said to provide a low cost alternative to the UPFC.
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The DPFC, drawn in Fig. 3.3 (c) is a combination of one traditional PST and
a TSSC/TSSR, which provides a set of thyristor controlled reactance steps
connected in series with the line. A Mechanically switched Shunt Capaci-
tor (MSC) is optional in the DPFC configuration, depending on the system
reactive power requirements. In this thesis, a DPFC without an MSC has
been considered.

The DPFC configuration has a much faster dynamic performance than
a traditional PST and it is capable of rapidly controlling the active and
reactive power transmitted through a line. The main advantages of the
DPFC in relation to a common PST are:

(1) The speed of the power flow control of the DPFC is much
higher than that of the PST. This means that the DPFC can be used for
power oscillation damping and transient stability improvement in the power
system. Due to its limited speed of control, a PST is usually operated with
preventive control, that is, with a preset tap changer position which does not
change during or immediately after a fault. This tap setting needs to satisfy
the stability criteria of all N-1 contingency situations and it is usually not the
optimal setting if the transmission losses of the system are considered. The
DPFC may in contrast to this be operated with corrective control, where
the tap setting giving the lowest power system losses at all times is used. In
case of a contingency, the power flows in the system can be rapidly altered
using the TSSC/TSSR to comply with the (N-1) requirements.

(2) The DPFC allows for reactive power support and control
of the reactive power flow of the line. This feature can be used for
improvement of system voltage stability/recovery. For example, it can be
used to give fast voltage support in an overload situation by engaging full
capacitive compensation of the TSSC. In some networks, the reactive power
consumption of a regular PST is unacceptable. By using a DPFC instead,
the TSSC can be used to compensate for the tap-dependent series inductance
of the PST, keeping the total series reactance of the device close to zero.

With these features, the DPFC can be used for power flow control, power
oscillation damping, transient stability improvement, and voltage stability
improvement. The focus of this work so far has been to develop strategies
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Figure 3.3: Combined series- and shunt-connected FACTS devices: (a)
Thyristor Controlled Phase-Shifting Transformer (TCPST),
(b) Unified Power Flow Controller (UPFC), (c) Dynamic
Power Flow Controller (DPFC), drawn with no MSC. Only
the equipment for one phase is shown for each device.

for the first three tasks, where the voltage stability issues have been left as
future work.

3.5 Previous work on control issues for PST and

TCSC/TSSC

Since the control of a DPFC involves coordination of the control of a phase-
shifting transformer and a controllable series reactance it is meaningful to
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take a look at the current field of research on the control of PST and
TCSC/TSSC devices. Since the mechanically switched PST is a slow device
which is not capable of any fast control moves following a grid contingency,
most of the work in this thesis has been devoted to the control of the TSSC
part of the DPFC. Some of the work is considering the effect of a series
connected PST while most of the thesis concentrates on adaptive control
of a single controlled series reactance in the grid like the TCSC or TSSC.
A massive amount of research has been done on the control of TCSC in
particular during the last 10-15 years while only a small amount of research
has been reported on automatic control of PST:s. In the following section,
the function of the PST and TCSC/TSSC is described in a more detailed
manner and a brief review on the current research on automatic control of
these devices is given.

3.5.1 Phase-shifting transformers

Basic functionality of the PST

The PST is a device that is used for power flow control in order to relieve
congestions and minimize power losses in grids around the world. There are
many different topologies for the PST. Functionally, one of the most im-
portant distinctions is between the asymmetrical and the symmetrical PST.
This refers to the capability of the PST to inject a voltage directly in quadra-
ture with the line voltage resulting in an alteration in the voltage magnitude
(asymmetrical) or that of a voltage injection capability which alters the line
voltage angle with no change in the line voltage magnitude (symmetrical).
This may be accomplished with either a single-core or a two-core design.
The topology of a two-core asymmetric design PST is shown in Fig. 3.4 and
a two-core symmetric design is shown in Fig. 3.5. The design of the so called
”quadrature booster” PST in Fig. 3.4 clearly illustrates the principle behind
phase shifters. Here a the voltage of each phase is fed to a shunt transformer
which is tap controlled. The voltage difference between the voltages on the
secondary sides of the shunt transformers corresponding to the first phase
and the one corresponding to the second phase is then a voltage in quadra-
ture with the voltage of the third phase. This voltage difference is added in
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Figure 3.4: Two-core asymmetric design phase-shifting transformer (pic-
ture from ABB).

series with the third phase by means of a series transformer. The result is a
voltage phase and magnitude shift of the third phase according to Fig. 3.6
(c). The same principle is used for all three phases to finalize the design of
the PST.

In Fig. 3.6 (a), the general phase shifts in all three phases accomplished
by an ideal (symmetric) PST is shown. In Fig. 3.6 (b) and (c) the voltage
phasors of one phase before and after the PST are shown for an ideal sym-
metric and an ideal asymmetric PST topology. Note that the asymmetric
design alters the voltage magnitude, whereas a symmetric design does not.

In order to get a more accurate description of the PST electrical character-
istics, the internal series impedance of the PST must be taken into account.
This value will be dependent on the selected tap of the shunt transformer. In
Fig. 3.7 (a), the PST is schematically depicted including the PST impedance
ZT =RT +jXT . In Fig. 3.7 (b), the voltage phasors of one phase on both sides
of the PST are shown as well as the voltage phasor at an imaginary point
excluding the impedance of the device. This is done both when the PST
supplies an advance and a retardation to the voltage phase angle.
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Figure 3.5: Two-core symmetric design phase-shifting transformer (picture
from ABB).
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Figure 3.6: Principal voltage shifts for different PST topologies: (a) Phase
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Figure 3.7: (a) Principal schematic of a PST with denotations, (b) Phasor
diagram of the advancing and retarding angles including the
influence of the PST series impedance shown for one phase.
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In the case of an advancing phase angle, the PST ideally gives a phase
angle shift of ∆θadv0. However, the current passing through the device gives a
phase retardation of β yielding a total phase advancement of ∆θadv=∆θadv0-
β. In the case with a retarding phase angle, the PST gives a phase shift of
∆θret0 ideally and the current passing through the device impedance adds
another angle β to the total phase shift ∆θret=∆θret0+β. The value and
sign of the angle β can be calculated with the knowledge of the values of the
device impedance, current and the load power factor.

The series impedance of a PST is dependent on the tap settings of the
tap changers used in the particular topology. Generally, it increases from
its value at zero phase shift both when the angle is advanced and when it
is retarded with the same behavior in both directions. An estimate for a
two-core asymmetric PST is that the series impedance starts at zero phase
shift at the value of the short circuit impedance of the series transformer and
increases with increasing tap (in both directions) to a peak value when the
phase angle shift is at its maximum (in both the positive and the negative
direction) which is roughly twice the initial value at zero phase shift.

The phase-shifting capability of installed (ABB) PST:s range from ± 10
degrees to about ± 70 degrees depending on power grid requirements with
voltage ratings in the range of 100 kV to 400 kV and power ratings between
100 MVA and 1600 MVA.

Control of phase-shifting transformers

The control of a PST is usually operated manually by the TSO in the par-
ticular power grid where the device is placed. The impact on the line power
flows of a certain change in phase angle at a particular PST is dependent
on the grid parameters. This dependence is subject to change if the grid
topology changes for example as a result of a disturbance in the grid. A
steady-state model for the dependence of the line power flows on the phase
angle shift of a PST situated somewhere in a power system is given in [9].
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Using this model, the active power Pij through a line with a PST and the
power Ppq through another line in the same system can be written:

Pij = P 0
ij + ∆θijξ

ij
∆θ (3.1)

Ppq = P 0
pq + ∆θijξ

pq
∆θ. (3.2)

Here, the phase shift angle of the PST is given as ∆θij and the Phase Shifter
Distribution Factors (PSDF) given by ξ can be calculated with the knowledge
of the admittance matrix of the grid as

ξij
∆θ = ∂Pij

∂∆θ = yij(1 + yij(2cij − cii − cjj)) (3.3)

ξpq
∆θ = ∂Ppq

∂∆θ = ypqyij(cpj − cpi + cqi − cqj) (3.4)

with yij and cij denoting the element at row i and column j in the admittance
matrix and the inverse admittance matrix respectively.

Recently, attention has been given to the issue of coordinated control of
PST:s. In interconnected grids with multiple phase shifters, it is a com-
plicated task to determine how the PST:s should be controlled in order
to optimize the grid losses and security margins. One automatic control
method for coordinated control of multiple PST:s based on the steady-state
load flow model described above is given in [9]. The controller successfully
uses the Linear Least Squares method to calculate the optimal settings for
multiple PST:s in the Dutch and Belgian power grids, achieving a previously
known loading target of the cross border flows. It is noted, however, that it
is essential that the admittance matrix is updated when a topology chang-
ing disturbance occurs since the PSDF may change significantly in such an
event, causing the controller to fail.

Another automatic control approach [10], focusing on the different objec-
tives that may arise for different TSO:s in an interconnected power system,
uses game theory to develop a control scheme for control of multiple phase
shifters. The proposed solution is the Nash equilibrium of a sequence of opti-
mizations performed by the various TSO:s, each of them taking into account
the other TSO:s’ control settings as well as operating constraints relative to
the whole system.
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3.5.2 Thyristor Controlled - and Thyristor Switched Series
Capacitors

Basic functionality of TCSC and TSSC

The work in this thesis on TCSC and TSSC concerns the outer loop of control
which determines which series reactance value that should be selected at a
particular instant. There is also an inner loop of control for each device which
determines the firing angle of the thyristor valves. This loop determines how
to switch the thyristors in order to achieve the reactance value for the device
selected by the outer loop. Even if this control loop is not taken into account
in this work it is briefly reviewed here for completeness.

The TCSC and the TSSC can topologically be seen as the same device,
that is a series capacitor which is connected in parallel with a thyristor
switched reactor. However, in the TSSC case, the reactor inductance is
generally chosen to be very small whereas the inductive reactance in the
TCSC case is usually in the range of 5-20 % of the capacitor reactance. The
TSSC usually consists of several thyristor switched units in series as is seen
in Fig. 3.8 (a) whereas the TCSC is more commonly used as a single phase-
angle controlled unit as in Fig. 3.8 (b) even if series connected installations
exist.

The operation of the thyristors in the two different devices is also quite
different:

In the TSSC, the thyristors are always turned on at instants with
zero(minimum) capacitor voltage to minimize the surge current through the
switches. The thyristors are then naturally turned off as the current through
the devices passes through zero. This mode of operation yields a device
where the capacitors in the circuit is either fully connected in series with
the line or fully disconnected, avoiding any introduction of harmonics in the
power grid. With a scheme of several switched capacitive units, the TSSC
can control the degree of series compensation of the line in steps depending
on the chosen values for the different capacitive units. It should be noted,
however, that the demand for zero-voltage turn on of the thyristor valves
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(b)

(a)

C1 C2 C3

Figure 3.8: (a) Principal schematic of a TSSC with three different capaci-
tor units, (b) Principal schematic of a TCSC.

introduces a delay of up to one full cycle for bypassing series capacitors in
the circuit. This delay limits the speed of control of the TSSC.

The TCSC is, on the other hand, operated by changing the conduction
time of the thyristor valve by controlling the fire angle. Using this strategy,
the actual fundamental frequency reactance of the device may be changed
in a continuous manner. The variable reactive impedance of the device can
be written as

XTCSC(α) =
XCXL(α)

XL(α) + XC
(3.5)

with XL(α) as the fundamental frequency reactance of the TCR branch
which is variable with the firing angle and XC being the fixed reactance of
the capacitor (which is a negative number). XL(α) is variable in the region
XL0 ≤ XL(α) ≤ ∞ with XL0 denoting the reactance of the TCR branch
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Figure 3.9: TCSC reactance versus thyristor turn on delay angle.

with the thyristors fully conducting. The delay angle α is defined as the
delay angle for the thyristor valve turn on measured from the zero crossing
of the capacitor voltage. From Eq. 3.5 it can be seen that parallel resonance
occurs when XL(α) = −XC which leads to a TCSC impedance which is
theoretically infinite. To avoid the resonance region, TCSC operation is
inhibited in a region αLlim ≤ α ≤ αClim around the resonance angle αr.
The operation region of the TCSC is illustrated in Fig. 3.9.

The static model of the TCSC presented above provides some insight into
the function of the device. To understand the dynamic properties of the
device a more detailed study is required. Since this thesis does not focus on
these issues, this part is omitted. A more elaborate discussion on the TCSC
properties can be found in [5].
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Control of TCSC and TSSC

There has been a lot of research in the field of control of controlled series
compensation. Most of the work has been done on the outer loop of control
of the devices, that is, assuming that the device acts as a fast controllable re-
actance connected in series with one transmission line in the grid. The focus
of most research in the field has been to use controllable series compensators
to damp inter-area oscillations and to improve the transient stability of the
power system. The proposed approaches include traditional pole placement
techniques, robust control, adaptive control, and non-linear control.

The work on switched series compensators dates back to 1966 with E. W.
Kimbarks classic paper on stability improvement [11] where he shows the
benefit of switched series compensation for improvement of transient stability
in power systems. He also shows that it is possible to significantly reduce
any subsequent power oscillations after a disturbance in a power system by
switching in a suitable series capacitor at a suitable location at the time of
the fault. More work on bang-bang control of switched capacitors was done
in the 1970:s where optimal control laws for damping of power oscillations in
a one machine - infinite bus system in minimum time with a small number
of capacitor switchings were developed [12] [13]. These control laws were
based on a Hamiltonian approach where the power system characteristics are
known after the disturbance and the voltage phase angle at the generator
is known to the controller. Other approaches to time-optimal control of
switched series capacitors for transient stability improvement and oscillation
damping were proposed in the late 1990:s with the works of D. N. Kosterev
et. al. [14] and J. Chang et. al. [15]. These authors use an energy function
approach together with numerical phase plane analysis to determine the
switching instants for the time optimal controller which stabilizes the system
by means of a small number of switching events. Both authors also move
on to design a suboptimal control scheme which is more robust and better
suited for stabilization of complex power systems.

All of the above mentioned schemes aim at time-optimal control of any
transients following a fault, that is both transient stability improvement and
oscillation damping. In most recent works, however, it is common to use
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two controllers, one for transient stability improvement and one for power
oscillation damping. The transient stability controller is usually a controller
which utilizes an open-loop preprogrammed response to severe disturbances.
The damping controller is usually a closed loop controller designed using
control theory of some kind.

With the invent of the continuously controllable TCSC in the late 1980:s,
more conventional methods to design especially damping controllers became
available. The residue method, which is a well known approach for design
of PSS controllers, was used to design a damping controller for the TCSC in
[16]. Since most power systems are complex, and the design of a controller
based on a full system model is time-consuming and demanding computa-
tionally, a power system reduction technique was proposed for damping con-
troller design of CSC in [17]. Here a complex power system with an unstable
inter-area oscillation mode is reduced in order by a factor of ten based on
the singular values of the Gramians of the power system model after which
a damping controller is designed based on an LQR (Linear Quadratic Reg-
ulator) approach. Another, less computation intense reduction technique
based on Modal equivalents in [18] showed promising results when applying
reduction techniques to the huge Brazilian power system. Here, the original
system has over 1600 state variables which were reduced to 22 and 34 re-
spectively. These reduced models were then used to design TCSC damping
controllers to damp the north-south inter-area oscillation mode in the system
with good results. This paper shows that relatively low order models based
on a relatively small amount of system data (dominant eigenvalues and their
residues) may be effective in the design of damping controllers, significantly
reducing the effort in the controller design.

A controller based on robust control theory and in particular the H∞
controller design technique was proposed in [19]. The controller was here
realistically implemented in hardware and tested in a real-time system em-
ulating the grid using a computer. The controller objective was to damp
three different modes of power oscillation by means of one installed TCSC
unit in a model of the New England - New York power system. The study
showed good damping performance in a wide range of operating conditions
and disturbances in real-time simulations of the power grid.
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Some research on adaptive controllers for power oscillation damping by
means of TCSC has been done recently. In [20], the authors investigate an
approach which uses a number of predefined linearized models of the system
corresponding to different topologies that may arise due to faulted lines or
other changes in the grid characteristics such as changes in load characteris-
tics or major changes in the power flow levels of critical lines. These models
are put in a model bank and the controller then uses the actual system
response to determine the linear combination of the possible configurations
which best describes the current system. This approach is denoted Multiple-
Model Adaptive Controller (MMAC) and it uses a probabilistic method to
determine the weights of the predefined models in the system model guess
which most accurately describes the current system. For each predefined
model, a TCSC controller is initially tuned by conventional loop shaping
techniques and the resulting adaptive controller is then formed by continu-
ously summing up the responses of the different controllers weighted by the
probability of the corresponding models and normalizing the result. The
controller was shown to perform well when tested in digital simulation of a
four-machine system of the type described in [21], which is a standard sys-
tem to study inter-area oscillations. Another approach to adaptive control of
TCSC for damping of power oscillations was demonstrated in [22]. Here the
system identification is done by considering the system to be Auto-Regressive
with external input (ARX-model). The parameters of this model are then
estimated by means of a Kalman filter using the response in the TCSC line
power to the changes in line reactance inserted by the TCSC to determine the
system parameters. The controller design is continuously updated by pole
placement in the estimated closed loop system. The function of the TCSC
controller was tested in simulation of the New England system with the aim
to damp out one critically damped oscillation mode with promising results.
Another adaptive damping approach which was used in an installation of
a TCSC in Brazil was described in [23]. Here a gain-scheduling technique
based on a phasor estimation of the power oscillation characteristics was used
to create the control signal to the TCSC. The scheme is currently used for
damping of the critical oscillation mode on the North-South interconnection
in Brazil since 1999.

41



3 FACTS devices and their control

While most of the recent research on controllable series compensators was
devoted to damping control, some work was also done on transient stability
control. This includes the work presented in [24], where a discrete control
scheme was developed based on an energy function approach and [25] which
is an application study of a TCSC installation in Montana, U. S.. In this
paper, Phasor Measurement Units (PMUs) are used to give a picture of the
disturbances in the phase plane and the transient scheme is triggered if the
δ − ω curve trajectory leaves a predefined transiently stable region. The
scheme then inserts series compensation which is a function of the voltage
phase angle deviation between the grid areas which are separated as a re-
sult of the disturbance. Another interesting contribution to the research on
transient stability improvement is provided in [26]. Here a discrete scheme
for transient control of shunt FACTS devices is developed based on the
equal-area criterion. This scheme may also be extended for use with series
connected FACTS devices like the TCSC.

A summary of the recent research on TCSC control can be found in [27].
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In order to design a controller using conventional control theory a system
model is required. This includes an assumption for the model structure and
additional information about the current values of the model parameters.
Power systems are very complex systems with a structure which is changing
with time and parameters that are also subject to changes in different time
scales. Load changes may change the grid characteristics both very rapidly
but also in a more controlled slower fashion. Faults in the power grid may
change the grid characteristics both in the very fast time-scale, where short-
circuits may cause systems to lose synchronism and in the slow time scale,
when voltage instabilities may occur due to interactions between the AVR of
the generators and the dynamics of tap-changers in the grid. This scenario
poses a great challenge to control engineers trying to design control systems
for grid connected devices.

In the previous chapter we have seen different approaches to this problem.
Conventional linearized control loop shaping approaches may be straight-
forward to apply and can work very well in a number of operating conditions.
However, if the grid topology changes or if the operating conditions are far
from the assumed ones, these approaches may fail. Robust control theory
offers an alternative where the possible deviations from the initial system are
classified as disturbances and an optimal controller may be designed taking
these deviations into account. The disadvantages of these methods are that
detailed knowledge of the system is required and that it may be hard to
classify the possible disturbances in the manner which the methods require.
Another option for designing controllers in this system is adaptive control.
There are many approaches which can be used here, but they all have in
common that the system parameters are explicitly of implicitly estimated
during a control event in order to optimize the controller performance. So
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far, the robust control and adaptive control methods have not been widely
used in the power industry for control of FACTS devices. This may be
due to their relative complexity when compared to traditional loop-shaping
methods and the demands of reliability in the business. A utility may prefer
a simple sub-optimal solution with well-known stability characteristics over
a less documented method which improves performance to the cost of a more
complex implementation.

In this thesis, adaptive control methods for CSC and DPFC are proposed.
Two different generic system models are used for the control design. One
which may be used for any controlled series compensation device and one
which takes into account the phase shift introduced by the PST in the DPFC
configuration. The control methods for a pure CSC device may be seen as
an intermediate step towards the design of a controller for the full DPFC de-
vice. Examples of CSC devices are the Thyristor Controlled Series Capacitor
(TCSC) and the Thyristor Switched Series Capacitor (TSSC).

The system models that are used in this thesis are very simple. The goal of
the work has been to design a controller with as few parameters as possible
in order to simplify the implementation and to facilitate the understanding
of the controller performance.

4.1 System model for control of CSC

4.1.1 Power flow control by means of CSC

The goal for the work presented in this thesis is to design a controller for
power oscillation damping (POD), power flow control, and transient stability
improvement. Initially, the focus will be on the tasks of oscillation damping
and power flow control. First, it is instructive to qualitatively investigate
the nature of power flow control by means of CSC. For a short transmission
line, neglecting the line resistances, the power transmitted on a transmission
line of reactance X can be expressed using Eq. 2.26:

P =
U1U2 sin(θ1 − θ2)

X
. (4.1)
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A B

P1

P2

P3
CSC

Figure 4.1: Simplified schematic diagram of two power grid areas with in-
terconnecting lines and a controllable series compensator.

Here the voltage magnitudes on each side of the line are given as U1 and U2

and the voltage phase angles are given as θ1 and θ2. Equation 4.1 is a key
relation for power flow control and it will be used in different forms in the
following.

In Fig. 4.1, two interconnected power systems with a controlled series com-
pensator on one of the tie-lines is shown. In a system of this type, the total
active power flow on the interconnecting lines is determined by the total
amount of active power generation in the two areas A and B and the total
amount of active power load in each of the areas. In a functioning power
system, the amount of generated power must equal the amount of consumed
power in order to keep the electrical frequency of the system constant. This
task is performed by the automatic frequency control described in Chapter
2. Assuming a system which is balanced with respect to generation and
load, the total power transmitted over the inter-tie between areas A and
B in Fig. 4.1 will be constant Ptot0 = P1 + P2 + P3 in a steady-state sit-
uation. Now, consider what happens if the CSC in the figure changes its
series reactance. This will change the total reactance of the transmission
lines connecting A and B, altering the characteristics of the system. This
disturbance will change the power flow steady-state solution of the system
equations and an oscillation of the generator electrical phase angles will be
initiated in the system. This oscillation will persist until a new steady-state
is reached. It is important to realize that this new steady-state of the system
will correspond to the same total active power Ptot0 as before the change in
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compensation being transmitted between the areas (neglecting the voltage
dependence of the loads in the grid). However, since the relative impedances
of the interconnecting tie lines in the system now are different from the ini-
tial state, the distribution of the power among the different ties will have
changed. If a capacitive reactance step is inserted by the CSC, the average
power flow on the CSC line will be higher than before and the power flow
on the other ties will be reduced. On the contrary, if an inductive reactance
step is inserted by the CSC, the average power flow on the CSC line will be
lower than before and the power flow on the other tie-lines will be increased.
These relationships may be expected from Eq. 4.1 but since the voltage
phase angles at the line ends also change due to the change in compensa-
tion level, a mathematical derivation is necessary to determine the effect of
controlled series compensation on the steady-state line power.

4.1.2 System model

This section will focus on the system model which is used for the controller
design. Initially, a number of general assumptions on the characteristics of
the power system are established:

� The power system is assumed to consist of mainly two grid areas which
are prone to inter-area power oscillations of one dominating frequency.
This assumption is based on the fact that many power systems which
require supplementary power oscillation damping are of this type.

� The generators in the system are assumed to provide the grid with
voltages which are well controlled in magnitude. This is according to
the classical modeling approach for synchronous machines. If PSS are
used, the dynamics of these are seen as a contribution to the general
damping of the inter-area mode and these dynamics are not modeled
explicitly.

� The loads in the system are assumed to be voltage-independent static
loads. The voltage characteristics of loads in a power system influences
the damping of power oscillations in the system. In the models, this
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Figure 4.2: Generic system model for control of CSC.

influence on the mode damping is considered as a part of the general
damping of the inter-area mode.

With these assumptions in mind, a very simple way to describe a power
system of this type is according to Fig. 4.2. Here, each of the power system
areas (1 and 2) is represented by a synchronous machine modeled by the
classical model. The transmission line where the CSC is installed is repre-
sented by a variable inductive reactance X whereas the grid reactances are
reduced to one parallel reactance Xeq and one series reactance Xi. Xi is the
sum of the series reactances Xi1 and Xi2 corresponding to each of the grid
areas.

It should be stressed that variables denoted by Xsubscript in the following
generally refer to reactances which are given with a positive sign if the reac-
tance is inductive and by a negative sign if the reactance is capacitive. This
means for example that the reactance of the CSC device, XCSC is negative
if the device inserts a capacitive reactance in series with the line and that
the maximum capacitive reactance of the CSC, denoted by XCSCmin, is a
negative number.

The system in Fig. 4.2 will exhibit one mode of electro-mechanical os-
cillation when it is subject to a disturbance. It is assumed that the an-
gular frequency of this mode is ωosc (or fosc expressed in Hz) and that
the damping exponent of the mode is σ. This means that the inter-area
power oscillation in this system can be described by an equation of the form
Posc(t) = Ceσtsin(ωosct). The loads in the system are represented by two
loads L1 and L2 which are assumed to be constant active power voltage-
independent loads connected close to each machine representation.
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Figure 4.3: Motivation for the choice of CSC system model.
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An attempt to motivate the choice of system model is made in Fig. 4.3.
In the upper part of the figure, a power system consisting of two grid ar-
eas that are weakly interconnected is shown. In the middle of the figure,
this system has been reduced to a steady-state model where the grid areas
are represented by the voltage phasors U1 6 θ1 and U2 6 θ2 behind the short-
circuit impedances Zi1 and Zi2. The interconnecting lines are represented
by the impedances Z and Zeq. In order to extend this model to a dynamic
representation of the grid, it is assumed that local modes of oscillation are
neglected in each of the grid areas. This makes it possible to represent each
grid area as a single synchronous machine model with the aggregated mo-
ment of inertia of all synchronous machines in the grid area. The resistances
in the system are also neglected and all lines in the model are represented
by their reactance values. We introduce the total mechanical power which is
generated at the turbines in each area as P ′

m1 and P ′
m2 for the grid areas 1

and 2 respectively. The total load in each area is represented by the constant
loads PL1 and PL2.

The system model was first described in Paper 1 together with an outline
of estimation routines and a verification study on the prediction capability
of the model for larger power systems.

4.1.3 Theory

The parameters in the system model must be estimated for each system and
system topology in order to base a controller on the model. To perform
this basic estimation, the dynamics of the system model must be investi-
gated. In order to proceed, it is important to know which parameters that
are measured and available to the controller in real-time. Since the goal is to
develop a controller based on locally measured quantities, the focus should
be on these parameters. A natural start is to investigate how changes in the
inserted series reactance at the FACTS device affect the active power trans-
mitted on the FACTS line. Once an expression for the step response in the
line power has been derived, this can be used to estimate the grid parameters
in the system model from actual measurements at the CSC location.
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Assume that the power system can be described by the model in Fig. 4.2.
First, the change in the average CSC line power resulting from a step change
in the CSC reactance is derived.

The total instantaneous power transmitted across the inter-tie may be
expressed as

Ptot =
U1jU2j sin(θ1j − θ2j)(Xeq + X)

XeqX
, (4.2)

with denotations from Fig. 4.2. The instantaneous power on the CSC line
is then given by

PX =
U1jU2j sin(θ1j − θ2j)

X
. (4.3)

Combination of these two equations yields

PX =
Xeq

Xeq + X
Ptot. (4.4)

Equation 4.4 is also valid for the average values of the power (averaged over
a full oscillation cycle) on the line during a power oscillation and the total
power. This means that the average power on the CSC line can be expressed
as

PXstat =
Xeq

Xeq + X0
Ptot0, (4.5)

with X0 as the constant reactance of the CSC line. Ptot0, the average trans-
mitted power between the areas (measured over a full oscillation cycle), is
assumed to be constant for any change in the reactance X according to the
discussion in Section 4.1.1.

Equation 4.5 also applies to the transmitted power after a step in reactance
such that X=X0+∆X . Accordingly, the average line power after the step
can be expressed as

P ′
Xstat =

Xeq

Xeq + X0 + ∆X
Ptot0. (4.6)

Dividing Eq. 4.6 by Eq. 4.5 yields

P ′
Xstat(X) = PXstat

(
Xeq + X0

Xeq + X0 + ∆X

)
. (4.7)
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This expression shows the dependence of the average line power on the line
compensation level in the reduced system of Fig. 4.2. Equation 4.7 can be
used to estimate Xeq from measurements in a system which fulfils the general
assumptions of Section 4.1.2.

In order to estimate the other grid parameter Xi it is necessary to derive
equations for the dynamic response in the line power as a result of a step in
the line compensation. This derivation is given in detail in Paper 1 while a
brief summary of the calculations is given below.

The dynamics of a synchronous machine connected to an infinite bus can
be expressed as in Eq. 2.1:

d2θ

dt2
=

ω0

2H
(P ′

m − P ′
e). (4.8)

Here the electrical angle of the machine is denoted θ, P ′
e is the power trans-

mitted from the generator to the grid and P ′
m is the mechanical power de-

livered to the generator from the turbine(s). H is the constant of inertia of
the generator and ω0 is the electrical angular frequency of the power grid.

In a system of the type described in Fig. 4.2, the active power delivered
to the grid from the resulting generator model of area 1 can be written as
P ′

e1 = PL1 + Pe1 where PL1 is the total load in area 1 and Pe1 is the power
transmitted from area 1 to area 2 which can be expressed as

Pe1 =
U1U2 sin(θ1 − θ2)

Xtot
, (4.9)

where

Xtot = Xi +
XXeq

X + Xeq
. (4.10)

The variable Xtot defined in Eq. 4.10 will for simplicity be referred to as
the ”total reactance between grid areas” in the following. In steady-state,
P ′

e1 must equal the total mechanical power generated in grid area 1, P ′
m1.

Equations 4.9 and 4.10, together with the equations describing the generator
model of area 2 can be combined to describe the dynamics of the system
model in Fig. 4.2. If the resulting system equations are linearized around
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the stationary stable difference in the voltage phase angles of the grid areas,
θstat, the system equations can be written:

d2∆θ1

dt2
=

ω0

2H1
Pe max cos(θstat)(∆θ2 −∆θ1) (4.11)

d2∆θ2

dt2
=

ω0

2H2
Pe max cos(θstat)(∆θ1 −∆θ2), (4.12)

where

Pe max =
U1U2

Xtot
. (4.13)

Here, subscripts 1 and 2 refer to the respective generators in the system
model with ∆θ1 and ∆θ2 denoting the respective voltage phase angle differ-
ences from the point of linearization. Since the average value of the total
power transmitted between the grid areas, Ptot0 is assumed to be constant,
a changed total reactance Xtot will lead to a change in the phase angle dif-
ference between grid areas in steady-state, θstat dictated by Eq. 4.9. Thus,
the change in line reactance inserted by the CSC can be seen as a sudden
change in θstat from θstat = θ1stat − θ2stat to θ′stat = θ′1stat − θ′2stat, and the
resulting oscillation will be of the type illustrated in Fig. 4.4.

Since an oscillation in voltage phase angles corresponds to a power oscil-
lation, the change in series compensation leads to a change in the CSC line
power which can be divided into two parts. The first is given by Eq. 4.7 and
corresponds to the stationary change in power on the line and the second is
an oscillatory term. The derivation of the oscillatory term is performed in
Paper 1 and the derivation is omitted here. The dynamics of the ideal step
response at t = t0 when the system is initially at rest can be expressed:

PX(t) = PXstat t < t0 (4.14)

PX(t) = P ′
Xstat

(
1 + Xtot−X′

tot
X′

tot
eσ(t−t0) cos(ω′osc(t− t0))

)
t ≥ t0 (4.15)

where

P ′
Xstat = PXstat

X + Xeq

X ′ + Xeq
(4.16)

and

ω′osc =

√
U1U2 cos(θ′stat)ω0

2X ′
tot

(
1

H1
+

1
H2

). (4.17)
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Figure 4.4: Typical dynamic behavior of generator rotor angles in response
to a changed steady-state angle difference resulting from a
change in the CSC reactance in the system model.

Here, PXstat is the initial constant power on the line before the step, PXstat′

is the average active power on the line after the step, X is the CSC line
reactance initially and X ′ is the CSC line reactance after the step. Xtot is
the total line reactance between the areas according to Eq. 4.10 and X ′

tot

is the total reactance after the step change in compensation. It can be seen
that Eq. 4.15 includes one change in the stationary value and one oscillatory
term. This equation can be used to estimate the parameters of the system
model using measurements of a step response at the CSC line power if the
power system is at steady-state initially.

Before proceeding, it is necessary to discuss the situation when the system
is not at steady-state when a reactance change is applied. This is the normal
case for parameter estimation during an oscillation damping event. To begin
with, note that Eq. 4.7 is valid even if the system is not at rest initially since
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it shows the dependence of the average values of CSC line power to a changed
line reactance. In order to find out more about the dynamic properties of a
system which is in oscillation it is instructive to set t = t0 in Eq. 4.15 and
derive the expression for the power on the line directly after a step in the
line reactance for a system at rest initially. Using Eq. 4.16, an expression
for the instantaneous power on the line right after the reactance change, P ′

X

can then be derived. This yields

P ′
X = PXstat

X + Xeq

X ′ + Xeq

Xtot

X ′
tot

. (4.18)

It can be shown that the same relation holds for a system which is not at
steady-state initially. Regardless of the system state, the following holds:

The total power transmitted between the areas before and after the reac-
tance change can be expressed by Eq. 4.9. Since it is assumed that the
voltages at the machines are well controlled, the voltage magnitudes in Eq.
4.9 are equal both before and after the disturbance. The phase angles of the
voltages at the reduced model machines are governed by inertia and these
will change very little during the change in reactance, which we assume to be
very fast (a few tens of milliseconds). Hence, the voltage phase angles before
and after the reactance change can also be assumed to be equal.

It should be noted that the assumption of constant generator voltage mag-
nitudes when a reactance step is executed will introduce model errors. Since
the dynamics of the instantaneous changes in line power are very fast, the
dynamics of the generator exciters will influence the step response in the line
power. However, judging from time-domain simulations of the four-machine
test system, the effect appears to be quite small. The generator terminal
voltage magnitude changes resulting from steps in the CSC reactance are
generally less than 1 % in the simulations.

Expressing the total transmitted power by Eq. 4.9 immediately before and
immediately after the change in reactance and eliminating voltage angles and
voltage magnitudes yields

P ′
totX

′
tot = PtotXtot. (4.19)

Here, the instantaneous values of the total power transmitted between the
grid areas before and after the step are given as Ptot and P ′

tot respectively
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and the total reactance between the grid areas is given as Xtot initially and
X ′

tot after the reactance change. Expressing the power transmitted on the
the CSC line by Eq. 4.4 gives

P ′
X

X ′ + Xeq

Xeq
X ′

tot = PX
X + Xeq

Xeq
Xtot. (4.20)

Here, PX and P ′
X denote the instantaneous values of the power on the CSC

line before and after the step while X and X ′ denote the initial and final
values of the CSC line reactance. Rearranging yields

P ′
X = PX

X + Xeq

X ′ + Xeq

Xtot

X ′
tot

(4.21)

which is the same as Eq. 4.18.

The key results of the above derivation are the two relations, Eq. 4.7 and
Eq. 4.21, that are valid even if the system is not at steady state when the
reactance change occurs. It is important to note that no linearization has
been used in deriving these two expressions. The relations can be used to
estimate the parameters Xi and Xeq which will be shown in the following
sections.

4.1.4 Parameter estimation

The parameters in the system model which are explicitly used in the pro-
posed controller are Xi, Xeq, σ and ωosc. The estimation routines are based
on a Recursive Least Squares (RLS) estimator with a dedicated PI controller
for frequency correction. This procedure provides an estimate of the CSC
line power oscillation amplitude, phase and the frequency of oscillation ωosc.
This information is essential for the function of the damping controller as
well as for the interpretation of the step responses used in the parameter
estimation of Xi and Xeq.

A conventional way to estimate the parameters of the system in Fig. 4.2
would be to initially linearize the system equations and work out the trans-
fer function from the input variable X denoting the CSC line reactance to
the output variable PX denoting the CSC line power. Then, a least-squares
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approach could be used to estimate the grid parameters from the step re-
sponses in the output variable. However, considering the non-linearity of the
system, this technique would not be optimal when the system is operated far
from the point of linearization. In order to find a more suitable estimation
technique it is instructive to review the equations for the dynamic and static
step responses of the system Eq. 4.7 and Eq. 4.21.

P ′
Xstat(X) = PXstat

(
Xeq + X

Xeq + X ′

)
. (4.22)

P ′
X = PX

X + Xeq

X ′ + Xeq

Xtot

X ′
tot

(4.23)

Now, discretize the system in time, denoting each time step with a number
k = 1, 2, ..., N . Let y1(k) denote the average power (during a full power
oscillation cycle) passing through the CSC line following the k:th time-step
and y2(k) denote the instantaneous power measured initially at each time
step. Additionally, let the input signal X be denoted by u(k). Then the
estimators for y1(k + 1) and y2(k + 1) at time instant k can be written as

ŷ1(k + 1) = y1(k)
(

Xeq + u(k)
Xeq + u(k + 1)

)
(4.24)

and

ŷ2(k + 1) = y2(k)
(Xi + Xeq)u(k) + XiXeq

(Xi + Xeq)u(k + 1) + XiXeq
, (4.25)

where Eq. 4.10 has been used in the second equation. A standard least
squares approach estimation of Xi and Xeq from known values of the system
responses y1(k) and y2(k) to changes in the control signal u(k) would be to
minimize the least squares loss function

V (N,Xi,Xeq) =
1
2

N∑

k=1

(
(y1(k)− ŷ1(k))2 + (y2(k)− ŷ2(k))2

)
. (4.26)

It can be seen that both relations Eq. 4.24 and Eq. 4.25 are non-linear
and to apply standard RLS-estimation to estimate the parameters would
require linearizations where some system information would be lost. Since
the proposed oscillation damping controller may work with large discrete
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4.1 System model for control of CSC

changes in the series reactance in a wide range of operating conditions, this
type of approximations are not optimal. Non-linear optimization, which
presents another more accurate way to solve the problem is considered to be
too time-consuming at this stage of the project, but it should be considered
as a future improvement to the controller.

In order to find a reasonably accurate, approximate solution to the prob-
lem, an alternative method is used here. For each known step response, it
is assumed that the model of the power system equals the real system. The
system parameters can then be calculated using the non-linear relations Eq.
4.22 and Eq. 4.23. The parameter values obtained for each time-step are
then recursively averaged to form the actual estimates of the parameters in
real-time. If the actual parameter estimates for each time step are denoted
Xi(k) and Xeq(k) and the results from each of the individual estimations of
parameters are known as X̂i(k) and X̂eq(k) then

Xeq(k + 1) =
γXeq(k) + X̂eq(k + 1)

γ + 1
(4.27)

Xi(k + 1) =
γXi(k) + X̂i(k + 1)

γ + 1
(4.28)

are defined as the weighted averages of the old estimates and the most recent
estimates of the parameters. Here, γ is a factor which weights the influence
of old estimations when the actual parameter estimates are derived. The
parameter γ may range from 0 for a system which completely trusts the
most recent estimation to ∞ for a system which does not trust the most
recent estimation at all. In the implementation of the controllers assuming
a measurement noise of 1 %, a suitable value for γ was found to be γ = 1.

The used estimation method optimizes the parameters for every individual
step response in a non-linear fashion and averages the obtained estimates in
contrast to non-linear optimization which would find the optimal parameters
considering all the available step responses data and solve the full optimiza-
tion problem.

The procedure of obtaining the individual estimates X̂i(k) and X̂eq(k)
from one known step response is discussed in Section 4.1.6 and Section 4.1.7.
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Finally, it should be mentioned that the damping parameter σ is not esti-
mated at all so far in the project. This parameter is considered to be hard to
estimate since the controller requires the parameters to be estimated within
the span of half an oscillation cycle. In the controller implementation, the
parameter is set to σ = 0 in order to assume a system with poor damping
of the critical model.

4.1.5 Estimation of the power oscillation mode characteristics

In the controller, a Recursive Least Squares (RLS) algorithm is used to es-
timate the oscillation mode characteristics from the measured CSC power
data. The RLS routine used in the controller resolves the measured CSC
power data in real time into an average part and an oscillating component.
The latter component is represented as a rotating phasor. From the phasor,
the amplitude, phase, and frequency of the oscillation can be obtained. The
procedure utilizes an initial oscillation frequency which is selected based on
knowledge about the power system gained by simulation or from practical
experience. When a power oscillation is present, the actual oscillation fre-
quency is estimated using a PI controller to minimize the frequency difference
between the estimated and the measured power oscillation data. The RLS
formulation used here is found in [28], where the details of the derivation are
presented. In this work, the method is briefly summarized.

Assuming that the power oscillation frequency is known as ωosc, the argu-
ment of a rotating coordinate system can be established as

θ = ωosct. (4.29)

Now, assume that the line power data measured at the FACTS device can
be expressed as a function of time:

p(t) = Pav + Re(∆P̄ ejωosct) + v(t), (4.30)

where Pav is the average value of the line power and the oscillative part of
the line power is given by Re(∆P̄ ejωosct). Here, the complex phasor is given
by

∆P̄ = ∆PD(t) + j∆PQ(t), (4.31)
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and v(t) denotes the process noise which includes the characteristics of the
process which are not modeled. With y(t) = p(t), the expression becomes

y(t) = Pav + ∆PD(t)cosθ(t)−∆PQ(t)sinθ(t) + v(t). (4.32)

The algorithm which estimates the model parameters p̂(θ) from the noisy
observations y(t) by the method of least squares can be expressed as

dp̂(θ)
dθ

= KC(θ) [y(θ)− h(θ)p̂(θ)] (4.33)

where

p̂(θ) =




Pav

∆PD

∆PQ


 (4.34)

h(θ) =
[

1 cos θ − sin θ
]

(4.35)

KC(θ) =




κav

κph cos(θ + µ)
−κph cos(θ + µ)


 (4.36)

with the constants

κav = ξF (1 + ξ2
F ), κph = ξF

√
ξ4
F + 5ξ2

F + 4 (4.37)

µ = arctan
[

3ξF

2−ξ2
F

]
, ξF = ωCO

ωosc
. (4.38)

Here ωCO is the cut off frequency of the algorithm which can be interpreted
as the bandwidth of the changes which can be detected by the RLS. The
frequency of oscillation ωosc is initialized at an expected value of the oscilla-
tion frequency and is then, once an oscillation is detected by the algorithm,
adapted by a PI controller which attempts to keep the difference in phase
angle of the rotating coordinate system and the phase angle of the phasor
∆P̄ estimated by the RLS constant.
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Figure 4.5: Four-machine power system inspired by P. Kundur.

4.1.6 Estimation of the parameter Xeq

The parameter Xeq has an intuitive interpretation as the total parallel reac-
tance contribution from the transmission lines which are connected in paral-
lel to the line where the CSC is placed, connecting the two areas. It may be
roughly estimated from inspection of a line schematic of the power system
with information of the transmission line lengths and electrical characteris-
tics. This type of estimation may function as a reality-check to determine if
the parameter value which is estimated from line power measurements is in
the expected range.

The estimation of Xeq is based on the change in average active line power
which is caused by the insertion of a known inductive or capacitive reactance
in series with the transmission line. As an example, the simulated step
response of the CSC line power in a two-area, four-machine system as in
Fig. 4.5 is shown in Fig. 4.6. Using such a measured step response, the
parameters Xi and Xeq can be estimated.

In the controller, which is time-discrete in nature, an estimation of Xeq is
performed at every time-step provided that the CSC reactance is changed
significantly. The estimation relation can be derived from Eq. 4.22. Thus,

X̂eq =
X − P ′Xstat

PXstat
X ′

P ′Xstat
PXstat

− 1
. (4.39)
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Figure 4.6: Simulated step response of the CSC line power in a two-area
system when the CSC reactance is changed at t=1.2 s.

The values of X̂eq calculated from equation Eq. 4.39 should be positive pro-
vided that the measured average power values before and after the reactance
step are correct. However, if bad data is provided to the estimator, the value
may be negative. To improve the controller stability in such cases, the con-
troller is instructed to discard negative Xeq estimates in the implementation.
Also, to reduce the impact of noise on the estimation process, a minimum
change in the average power on the line is required in order to make an
estimation.

It be further be noted from Eq. 4.39 that when the ratio P ′
Xstat/PXstat

approaches one, the estimate grows towards infinity. This is a desired be-
havior since if this ratio is one, it means that changes in the CSC reactance
does not affect the average line power. This in turn must mean that no lines
parallel to the CSC line exist and Xeq is thus infinite.
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4.1.7 Estimation of the parameter Xi

The intuitive interpretation of the parameter Xi is somewhat less clear than
the one for Xeq. If the connection between the two grid areas in the power
system geographically can be viewed as a number of interconnecting lines,
these may be seen as corresponding to Xeq and X while the line reactances
belonging to each of the areas may be seen as included in the parameter Xi.
Also the transient reactances of the synchronous machines contribute to this
variable. It is hard to estimate this parameter by inspection of the power
system, but a rough estimation is possible with the knowledge of the θstat,
the power transmitted between the areas and the values of X and Xeq using
Eq. 4.9 to calculate Xtot and then Eq. 4.10 to derive Xi.

Detailed estimation of Xi is performed using the dynamic step response
in the line power to a change in the line reactance. The estimation for a
system at rest initially can be done by means of Eq. 4.15 while Eq. 4.23 can
be used to estimate the parameter when the system is not at steady-state
initially. Since this case is more general, we threat this estimation technique
in the following.

Assuming that the parameter Xeq has been estimated by means of Eq.
4.39 which is also valid for an oscillating system, the parameter Xi can be
derived using Eq. 4.23. The necessary input data for these estimations are
the average and instantaneous values of the line power initially and after
the reactance step together with the CSC line reactance before and after
the change in reactance. In a real-life system, it is necessary to consider the
time delay of the CSC device (which may be in the range of 20 ms) when
collecting the instantaneous power data for the estimation.

One way to estimate Xi is to note that the change in total reactance be-
tween the areas due to the reactance step can be written without knowledge
of Xi using Eq. 4.10 as

∆X̂tot =
X ′X̂eq

X ′ + X̂eq

− XX̂eq

X + X̂eq

. (4.40)
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Then, by rearranging Eq. 4.23, Xtot can be expressed in quantities that are
known as

X̂tot =
∆X̂tot

PX(X+X̂eq)

P ′X(X′+X̂eq)
− 1

. (4.41)

Finally, by Eq. 4.10

X̂i = X̂tot − XX̂eq

X + X̂eq

. (4.42)

As in the case of estimation of Xeq, bad data may cause large estimation
errors in X̂i. For example, Eq. 4.41 goes to infinity for small changes in X

and PX . In the implementation of the controller, no estimation is performed
if the step response is too small following a reactance change. Also, a negative
estimate of Xi causes the controller to discard the current estimation of both
Xi and Xeq and to revert to the last valid estimation data.

4.2 System model for control of a DPFC

4.2.1 Power flow control by means of a DPFC

The topology of the DPFC gives two means for controlling the line power.
Either, the tap of the PST may be changed, altering the phase angles of the
voltages in Eq. 4.1, or the reactance value of the TSSC may be changed
in order to change the denominator in Eq. 4.1 to control the line power.
Since the PST is a slow device when compared to the TSSC, the tasks that
require speed of control like power oscillation damping, transient stability
improvement, and voltage stability improvement are performed by the TSSC.
The PST is thought to act on a slower time-scale, for instance optimizing the
power system losses. When the fast control tasks are considered, the PST is
a device contributing with its constant electrical characteristics to the grid
environment surrounding the TSSC. This is the basis for construction of
the system model for the DPFC control which is aimed at controlling the
dynamic TSSC part of the device. The control of the internal PST of the
DPFC has not been considered in detail in this thesis. However, the aim of
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Figure 4.7: Generic system model for control of dynamic part of DPFC.

this controller may for instance be to minimize the overall grid losses and
to balance the power flows in the system. These are tasks performed by
the TSO at the system level where a large amount of grid data and remote
system information must be considered.

4.2.2 System model

The system model for control of the dynamic part of the DPFC is based
on the system model developed for control of CSC utilizing the same basic
assumptions. A simple model for the PST consisting of a fixed voltage angle
shift in series with a tap-dependent series reactance replaces the CSC in the
original model yielding a basic model illustrated in Fig. 4.7.

Here, two additional known parameters are introduced, the tap-dependent
series reactance of the PST, XPST and the advancing (boost) phase angle
shift introduced by the PST, ∆θ. The series reactance of the uncompen-
sated DPFC line is given as Xline and the variable reactance inserted by the
dynamic part of the DPFC is denoted XTSSC . The damping of the oscil-
latory mode is given by the damping exponent σ and the frequency of the
mode as ωosc (or fosc expressed in Hz), assuming that the power oscillation
can be described by an equation of the form Posc(t) = Ceσtsin(ωosct). The
unknown grid parameters Xi and Xeq remain the same as in the CSC system
model. For convenience, the denotation X = Xline +XPST +XTSSC is used
in the following.
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4.2.3 Parameter estimation

The parameter estimation follows the same basic principles as in the model
for the CSC. An RLS routine is used to estimate the phase, amplitude, and
frequency of the power oscillation as well as the average line power. The
damping exponent of the oscillatory mode is not estimated but set to a fixed
value σ = 0. The estimation of the grid parameters Xi and Xeq is briefly
discussed in the following sections while the detailed calculations are given
in Appendix A.

Estimation of the parameter Xeq

The Xeq parameter can be estimated in a similar way in the DPFC system
model as in the CSC system model. By measuring the step response on the
DPFC line, the change in average power following a change in the TSSC
reactance can be estimated. It can be shown (see Appendix A) that the
average power on the DPFC line after a step in series reactance from X to
X ′ is given by

P ′
Xstat = PXstat

X + Xeqcos(θ0 + ∆θ)/cos θ0

X ′ + Xeqcos(θ0 + ∆θ)/cos θ0
(4.43)

where the average power transmitted on the line is given as PXstat before the
reactance change and P ′

Xstat after the change in reactance. Here, θ = θ1j−θ2j

and its initial average value θ0 can be calculated from

PXstat(X) =
U1jU2j

X
sin(θ0 + ∆θ0), (4.44)

where it can be assumed that the voltage magnitudes U1j and U2j are con-
stant and equal to the system voltage. Eq. 4.43 is approximately valid
assuming that the change in the angle θ as a result of the step is sufficiently
small (see Appendix A). Note the large similarity of Eq. 4.43 and Eq. 4.22
valid for the system without PST. Defining

XeqEff = Xeqcos(θ0 + ∆θ)/cos θ0 (4.45)
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Eq. 4.43 reduces to the expression valid for CSC, Eq. 4.22 with XeqEff

replacing Xeq. Thus,

XeqEff =
X − P ′Xstat

PXstat
X ′

P ′Xstat
PXstat

− 1
(4.46)

can be used together with Eq. 4.45 to find the parameter Xeq. If the change
in the voltage phase angle difference θ due to the step in line reactance
is significant, the average of the phase angle differences calculated by Eq.
4.44 before and after the reactance step, θav can be used instead of θ0 in Eq.
4.45. This reduces the errors in the assumptions used in the derivation of the
estimation relations. This method is used in the SIMPOW implementation
of the estimator.

Estimation of the parameter Xi

If the instantaneous step response in the DPFC line power to a step in the
TSSC reactance is derived, the result turns out (see Appendix A) to be the
same expression as in the case of the CSC model, that is

P ′
X = PX

X + Xeq

X ′ + Xeq

Xtot

X ′
tot

. (4.47)

Here PX and P ′
X define the DPFC line power immediately before and im-

mediately after a change in the series reactance. Xtot and X ′
tot are defined

by Eq. 4.10 with the reactance values before and after the reactance step.
Note that Xtot is not the total reactance between areas in the DPFC model.
Since the PST inserts a fixed voltage phase shift, it is not possible to define
a total reactance between areas. Xtot is calculated as if there were no phase
shift inserted by the PST.

The estimation of Xi in this model may follow the same steps as does the
estimation of the parameter in the system model for the CSC by means of
Equations 4.40, 4.41, and 4.42.

It is clear from the estimation relations of Xi and Xeq that these routines
contain elements which are sensitive to modeling and measurement errors.
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The calculation of the initial phase angle θ0 for example involves an inverse
sine function which is only defined for arguments less than one and the
relation Eq. 4.43 is only approximately valid. Additionally, the risks of
bad data and too small step responses are the same as for the estimation
in the model for CSC. To robustify the algorithm in the implementation,
limits are put on the argument on the arcsine function in the calculation
of θ0. Also, no estimation is performed if the step responses in the average
and instantaneous power on the line do not exceed certain limits. As in
the case of estimation in the model for the CSC, negative values of the grid
parameters due to measurement or modeling errors are always discarded.
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5 Principles for control of CSC

In this chapter, we introduce approaches to the different control tasks of the
CSC. The system model developed in the preceding chapter is used as the
basis for design of the power oscillation damping and power flow controller.
The transient improvement mechanism, however, is to a large extent, but
not totally, independent of the model.

5.1 Power oscillation damping and fast power flow

control

The controller that is described here is a time-discrete non-linear model-
predictive controller for power oscillation damping and power flow control.
The system parameters are estimated during the controller operation by the
methods discussed in the previous chapter, making the control approach
adaptive. The principles behind the controller are discussed and verified
in Paper 2 and Paper 3. It should be noted, however, that the parameter
estimation approach proposed in the thesis is different from the one presented
in Paper 3 since the latter was found to produce non-linear equations which
were sensitive to numerical instability of the solutions.

5.1.1 Power oscillation damping in one time-step

The motivation for the power oscillation damping approach proposed here
originated from the appearance of the step response of the line power when
a series reactance is inserted in series with one inter-tie transmission line in
a two area system. To discuss this, Fig. 4.6 in the last chapter is revisited.
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Figure 5.1: Simulated step response of the CSC line power in the two-area
system of Fig. 4.5 when the CSC reactance is changed at t=1.2
s.

It can be noted from Fig. 5.1 that a sudden change in the line reactance
of the interconnection initiates an oscillation which, of cause has the same
oscillation frequency as the inter-area mode which shall be damped. An
interesting thought is then if a step in reactance can be arranged such that the
oscillation which is initiated cancels out an already existing oscillation in the
system. From Fig. 5.1 it may be expected that the timing of the step should
be such that an increase in the level of series compensation of the line (as in
Fig. 5.1) should coincide with a low oscillation peak in order for the initiated
oscillation to be exactly in anti-phase with the original oscillation. Similarly,
it may be expected that a decrease in the level of series compensation of the
line should be chosen to coincide with a high peak in the original oscillation in
order to cancel out the oscillation. These thoughts form the basic principles
for the oscillation damping controller which is proposed in this thesis.
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Figure 5.2: Generic system model for control of CSC.

Once a hypothesis on the timing of the reactance step has been established,
the next issue is how to determine the magnitude of the step. It does not
seem unreasonable to believe that the system model proposed in Chapter
4 can be used to estimate the necessary step magnitude provided that the
dynamics of the actual power system can be reasonably accurately predicted
by this simple model. The system model is reprinted in Fig. 5.2.

In order achieve the task of determining the reactance change magnitude
necessary to cancel out a given oscillation, the system equations of the sys-
tem model discussed in Chapter 4 are reviewed. The system of differential
equations describing the system model for control of CSC can be written as:

d2θ1
dt2

= ω0
2H1

(
Pm1 − U1U2 sin(θ1−θ2)

Xtot

)
(5.1)

d2θ2
dt2

= ω0
2H2

(
Pm2 − U1U2 sin(θ2−θ1)

Xtot

)
(5.2)

Here, θ1 and θ2 denote the electrical angles of each of the area-equivalent
machine models, ω0 denotes the electrical angular frequency of the system,
H1 and H2 are the inertia time constants of the reduced machine represen-
tations of the grid areas while Pm1 and Pm2 denote the excess mechanical
power in each area. The excess mechanical power is defined as the power
generated in each area which is not consumed by loads in the same area. As
before, U1 and U2 denote the constant voltage magnitudes at each reduced
machine terminal and the total reactance between the areas is denoted Xtot.

At the positive and negative peaks of the power oscillation, the difference
θ1 − θ2 assumes its highest and lowest values and the time-derivatives of θ1

and θ2 are both zero. In order to stabilize the system at one of these instants
in time it is necessary to also force the second time-derivative of θ1 and θ2 to
be zero. If this is done, all higher order derivatives of θ1 and θ2 will also be
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5 Principles for control of CSC

zero and no oscillations will longer occur in the system. This can be achieved
by assuring that the right-hand side of both differential equations is zero.
If we assume that the average power transmitted between the two areas is
constant during the damping operation, the value of Pm1 = −Pm2 = Ptot0

can be estimated during an on-going oscillation with the knowledge of the
grid parameters X and Xeq by measuring the average CSC line power PXstat

and using Eq. 4.5 as

Ptot0 =
Xeq + X

Xeq
PXstat. (5.3)

Now, in order to force the right-hand side of Eq. 5.2 to zero, assume that
the angle difference θ1 − θ2 does not change during the change in reactance
and that the voltages at the generators are constant. Then, the product
U1U2 sin(θ1 − θ2) valid both before and after the reactance step can be cal-
culated in terms of the initial power and reactance values which yields

P ′
tot =

U1U2 sin(θ1 − θ2)
X ′

tot

=
PtotXtot

X ′
tot

. (5.4)

Here, the total instantaneous power transmitted between the areas before
and after the step is denoted Ptot and P ′

tot respectively, and the total reac-
tance between the areas initially and finally is given as Xtot and X ′

tot. By
setting the expression for P ′

tot equal to Ptot0, the ratio of the total reactances
before and after the reactance change required in order for the step to cancel
the oscillation can be calculated from Eq. 5.4:

Xtot

X ′
tot

=
Ptot0

Ptot
. (5.5)

From Eq. 5.5 the required change in the total reactance can be expressed as

∆Xtot = X ′
tot −Xtot =

(
Ptot

Ptot0
− 1

)
Xtot (5.6)

and the required change in the initial CSC line reactance X0 is found by
applying Eq. 4.10 to the situation before and after the reactance change,
which yields

∆X =
∆Xtot(X0 + Xeq)2

X2
eq −∆XtotX0 −∆XtotXeq

. (5.7)
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Figure 5.3: Simple test system for time-domain simulation.

To test the derived damping relation, the simple system in Fig. 5.3 is con-
sidered.

This system is of the same structure as the system model but it also
includes detailed generator models including exciters and governors. The
transmission lines are modeled with distributed line parameters. When the
system is subject to a 3-phase short circuit which is cleared after 100 ms
with no line disconnection and no action of the CSC device indicated by a
variable reactance in the figure, a power oscillation is initiated as seen in
Fig. 5.4.

Now, consider the case when the grid parameters of the system model have
been estimated by measurement of the step response at the CSC device ini-
tially and the damping relation of Eq. 5.7 is applied to damp the oscillation
at t=3.8 s. The simulation results of the total transmitted power between
the machines as well as the power on the two individual transmission lines
connected in parallel is shown in Fig. 5.5.

The simulation clearly shows a significant reduction in the power oscil-
lation due to the step in series reactance. This is an encouraging result
which indicates that the estimation and damping routines may be appli-
cable in power systems which are described using detailed mathematical
models. Note that the application of one reactance step to damp the power
oscillation leads to a very large power on the CSC line due to a high degree
of compensation. This is clearly not desirable and the technique requires
further modification before it can be used as the basis for a real controller.
The most straight-forward approach to this is to investigate the possibility
of using more than one reactance step to damp an oscillation.
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Figure 5.4: Power oscillation in a two-machine system with no damping
applied.

5.1.2 Power oscillation damping and power flow control in two
time-steps

It has been shown that an oscillation can be ideally damped using only one
change in series reactance applied with a suitable timing. Extending the
method to use two discrete steps separated in time by half an oscillation
cycle gives an additional degree of freedom which can be used to select
the final level of compensation of the line. Since the relation between line
compensation level and line power is known according to Eq. 4.7, this yields
a control method which in the ideal case is able to perform the tasks of power
oscillation damping and power flow control using two discrete changes in line
reactance separated in time by half an oscillation period.
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Figure 5.5: Power oscillation in a two-machine system with single step
damping applied.

To derive the required reactance steps necessary to achieve these two tasks,
it is assumed that the system model is known according to Fig. 4.2. It is also
assumed that the the controller is restricted to act only at instants in time
coinciding with high or low peaks of the power oscillation. Now it is assumed
that the total reactance between grid areas before the first reactance step
is Xtot0, after the first step Xtot1, and after the second step Xtot2. The
reactance of the CSC line is denoted X0 initially, X1 following the first step,
and X2 after the second step. It can be immediately recognized that the
final compensation state X2 can be calculated by means of Eq. 4.7 since
it is assumed that the initial average power on the line is known as PXstat

and the desired average power set-point is denoted PXsp. The expression
becomes:

PXsp = PXstat

(
Xeq + X0

Xeq + X2

)
. (5.8)
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By means of Eq. 4.10, Xtot2 is then known. To calculate Xtot1, denote the
instantaneous total power transmitted between the areas before the steps
at the point where the controller starts to act as Pp0, the total power after
the first step as Pp1, and the the total power right before the second step as
P ′

p1. The average transmitted total power, which is assumed to be constant
during the whole sequence, is denoted Ptot0 and it is calculated from the
CSC line power by means of Eq. 5.3. From Eq. 5.4 it is now found that:

Pp0Xtot0 = Pp1Xtot1. (5.9)

The value of the total power right before the second step can be approxi-
mated by recognizing that the total power always oscillates around its aver-
age value Ptot0 and that, if it is assumed that the real part of the eigenvalue
corresponding to the inter-area mode is σ, the amplitude of the oscillation
right after the first reactance will equal the amplitude multiplied by a damp-
ing factor eσTosc/2, where Tosc is the cycle time of the oscillation. Now, the
total power right before the second reactance change can be written as

P ′
p1 = (Ptot0 − Pp1)eσTosc/2 + Ptot0. (5.10)

Here it has been assumed that the power oscillation has the form of a sine
function in time. This is an assumption which relies on an assumption of
linearity of the system equations. This is actually the only assumption of
linearity which is used in the derivation of the control laws and parameter
estimation routines for the adaptive controller.

Since it is known that the second reactance step must cancel the oscillation
completely, the second reactance step must fulfil

P ′
p1Xtot1 = Ptot0Xtot2 (5.11)

and bring the instantaneous total power value to equal the average level
Ptot0. Combining Eq. 5.9, Eq. 5.10, and Eq. 5.11 now yields

((
Ptot0 − Pp0Xtot0

Xtot1

)
eσTosc/2 + Ptot0

)
Xtot1 = Ptot0Xtot2 (5.12)

and the reactance Xtot1 can be calculated, using Eq. 4.4 to calculate Pp0

from the measured value of the line power at the peak of the power oscillation
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Figure 5.6: Principal function of the two-step damping/power flow control
approach.

when the damping sequence is initiated, Pxp0. By means of Eq. 4.10 the
CSC line reactance X1 is now known and since X0 is known initially and X2

has been calculated, the control law is complete and the necessary reactance
changes can be calculated as ∆X1 = X1 − X0 and ∆X2 = X2 − X1. The
ideal control process is illustrated in Fig. 5.6.

It should be emphasized that the derived control law is a time-optimal
approach based on an idealized system. Naturally, when the control law is
used for damping in a more complex system with measurement noise, it will
not be perfect. Therefore, in the implementation of the controller, the two
step damping process is repeated until the oscillation is completely canceled
out.
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5 Principles for control of CSC

5.1.3 Combining parameter estimation and power oscillation
damping

The control law which was derived in the previous section is based on the
assumption that the parameters of the system model are known. In the
real case, this is seldom true. The characteristics of the power system may
change dramatically as a result of a fault which is cleared by disconnection
of some critical lines. Often, such faults initiate power oscillations and if
the controller does not utilize remote information, the system parameters
will be unknown to the controller. The approach which is proposed in this
work uses a controller which utilizes a set of fixed initial values for the
parameters. These parameter values are chosen such that they in most
system configurations provide suboptimal damping while minimizing the risk
of instability. This setting is used at all times when the damping controller
is initiated. When the damping controller has started its operation, the
step responses in the CSC line power are evaluated and, for each step taken
by the controller, the system grid parameters are estimated. The process
utilizes equations Eq. 4.39 and Eq. 4.42 to estimate the grid parameters
from information of the instantaneous and average step responses in the
CSC line power following every reactance change initiated by the controller.
Following the denotations from Fig. 5.6, the average power on the CSC line is
denoted PXstat initially and P ′

Xstat after the first step and the instantaneous
values of the line power before the first step Pxp0 and Pxp1 after the step are
used together with information of the magnitude of the reactance step to
estimate the grid parameters. It can be noted that a reliable estimation of
the mean power on the CSC line requires some time to stabilize. Since new
values of the parameters are not necessary until the decision is made of how
the next damping step should be sized, a reasonable approach is to let the
estimation of P ′

Xstat be fast enough to stabilize in about half an oscillation
cycle. This gives an estimation process which updates its parameters right
before every new reactance step is determined by the controller.

In order to make the estimation process more robust to measurement
errors, a weighted average of the estimates is constructed each time a new
estimate is availiable as is described in Section 4.1.4.
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5.2 Transient Stability Improvement

5.2 Transient Stability Improvement

In a first order approximation, transient stability is governed by the so called
equal-area criterion [2]. This is based on plotting the transmitted power
between two areas in a graph with power, P versus the voltage phase angle-
difference between areas denoted by δ with a horizontal line showing the
power which is transmitted in stationary state - the excess mechanical power
of the sending area, Pm. The two areas are assumed to be represented by
two synchronous machine models with suitable moments of inertia, internal
voltage magnitude, and phase. Using this model, the load in each area is
assumed to be voltage and frequency independent. The criterion offers a
convenient way to calculate the critical clearing time of faults in the system
by comparing areas in the P − δ graph:

The area which is bounded by the the transmitted power Pfault(δ) and
Pm when integrating with angle in the accelerating phase during the fault
can be expressed as a function of the clearing time of the fault. This area is
set equal to the area bounded by the the transmitted power Ppost(δ) and Pm

integrating during the decelerating phase when the fault has been cleared.
The criterion states that these areas are equal when the voltage phase angle
difference between the areas reaches its maximum. If the area bounded
by Ppost(δ) and Pm is less than the area calculated during the accelerating
phase, the system is transiently unstable and it will fall out of phase.

The strategy which is proposed in this thesis aims to maximize the tran-
sient stability of the system after severe faults, taking into account the ther-
mal overload limit of the CSC line. Before going into the strategy, a few
common faults in a power system will be discussed. To this end, it is as-
sumed that the system is of the type which has been described earlier with
two grid areas interconnected by a number of transmission lines with a CSC
installation on one of these tie-lines.

Case I: A (3 phase) short circuit on one of the interconnecting
lines followed by a disconnection of this line. In this case the sys-
tem will transiently behave in accordance with the principles illustrated in
Fig. 5.7.
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Figure 5.7: Principal transient behavior of the system in the case of a fault
leading to line disconnection of one inter-tie line.

The horizontal line Pm in the figure represents the initial power delivered
from the sending to the receiving area which equals the excess mechani-
cal power delivered to the generators in the sending area. This power is
assumed to be constant during the event. The sinusoidal curves represent
the transmitted power over the inter-tie for different values of the tie reac-
tance as a function of the voltage phase angle separation between the areas.
Assume that the system starts from a stationary state at A and that the
P − δ relationship is described by Ppre(δ). Then, a severe fault interrupts
the transmission and the transmitted power drops to a small value on the
curve Pfault(δ) at B. The generators in the sending end are now accelerated
with respect to the machines in the receiving end and the angle separation
increases. At C, the breakers have isolated the faulted line and the system
resumes transmitting power according to Ppost(δ). The system will then
move with increasing angles along the curve Ppost(δ) until it turns back and
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the angular separation starts to decrease at F when the areas A-B-C-H and
E-F-G-H are equal. In case of a fault with a longer duration, the accelerating
area A-B-C-H will be larger and the maximal decelerating area E-F-I-H will
be less than A-B-C-H and the system will continue its path with increas-
ing angles passing I, eventually falling out of phase. In this case, it is clear
that the transient performance in the first swing can be optimized if the tie
reactance is decreased by insertion of series compensation by the CSC at
the time of the fault. This action would then raise the Ppost(δ) curve and
maximize the decelerating area E-F-I-H. Once the system turns back and
starts to decrease the angular separation, it is possible to reduce the de-
gree of compensation of the line to reduce the magnitude of the next swing
amplitude. This is the start of power oscillation damping, since the system
will now oscillate until it settles at a stationary point depending on the final
compensation level.

If this type of fault is observed by measurement of the line power on the
CSC line, a rapid drop in the transmitted power is first seen followed by
a low power transmission level during the fault and a rapid increase in the
power when the fault is cleared.

Case II: A fault leading to a load disconnection in the sending
area. This type of fault has, in the sense of transient stability, many simi-
larities to a fault leading to a generator disconnection in the receiving area.
The case is illustrated in Fig. 5.8.

Assume in this case that the initial system has an excess mechanical power
in the sending area which is PmPre and a transmitted power which can be
described by Ppre(δ). Then, when the load is reduced in this area, the excess
mechanical power increases to PmPost. It should be pointed out that this
is not a stable equilibrium power transfer since the total system generation
will have to be altered to maintain frequency stability. However, these con-
trol actions have a larger time constant and PmPost may be assumed to be
constant during the first swing.

At the same time as the load change occurs, the voltage magnitudes at the
interconnecting tie line ends will generally change depending on the changed
load flow in the system and the voltage dependence of the loads. It is believed
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Figure 5.8: Principal transient behavior of the system in the case of a
major load loss in the sending area.

that the most common in this case is an increase in the voltage magnitudes
at the sending end of the transmission lines, hence we use this case as an
example. This initial change in the voltage characteristics can be modeled
as a changed voltage for the reduced machine equivalent of the sending end
area which gives a post-fault system which transmits power according to the
curve Ppost(δ). The system will, following the fault, move very rapidly from
A to B and then follow the Ppost(δ) curve passing C to the turning point
at D where the areas B-C-F and C-D-E are equal. In the case of a more
severe fault, the system is transiently instable if the area B-C-F is larger
than the area bounded by Ppost(δ) and PmPost. This area may be enlarged
by inserting series compensation at the CSC device as in fault case I.

If this type of fault is viewed by measuring the line power at the CSC
device, a rapid change of the line power will be seen followed by a slower
increase in the line power when the electrical angles of the machines in
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Figure 5.9: Principal transient behavior of the system in the case of a
generator disconnection in the sending area.

the system start to change. The initial change in the line power will be
either in the positive or in the negative direction depending on the system
configuration. It is believed that the line power is most likely to increase
initially in a typical case of power system operation.

Case III: A fault leading to a generator disconnection in the
sending area. This type of fault is, in the sense of transient stability,
similar to a fault leading to a load disconnection in the receiving area. The
case is illustrated in Fig. 5.9.

Assume in this case that the initial system has an excess mechanical power
in the sending area which is PmPre and a transmitted power which can be
described by Ppre(δ). Then, when the generation is reduced in this area, the
excess mechanical power decreases to PmPost. As in the previous case, this
is not a stable equilibrium power transfer since the total system generation
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will have to be altered to maintain frequency stability but it is assumed that
the level is constant during the first swing of the generator angles.

Analogously with the argumentation for Case II, the voltage magnitudes
at the interconnecting tie line ends will generally change at the instant of the
event. This change can be viewed as an alteration of the voltage magnitude
of the reduced machine representations and in this example it is assumed
that it leads to a lowered P − δ curve, Ppost(δ), which is believed to be the
most likely case. In this particular case, the system starts in a stationary
state at A. As a result of the fault, the system moves from A to B very
rapidly and then on Ppost(δ) passing C until it turns at D when the areas
B-C-F and C-D-E are equal. In this case, the risk of transient instability is
greatly reduced since it is possible for the system to move on the Ppost(δ)
trajectory also on the the negative δ axis, making the area bounded by this
trajectory and PmPost very large. An optimal CSC transient control strategy
would in this case initially be to minimize the degree of compensation of the
line. Then, if the system passes δ = 0 during the first swing, the degree of
compensation should be maximized. When the system starts to swing back,
the power oscillation damping strategy should be enabled.

If this type of fault is viewed by measuring the line power at the CSC
device, a rapid change of the line power in either direction will be seen
followed by a slower decrease in the line power when the electrical angles
of the machines in the system start to change. It is believed that the line
power is most likely to show a decrease initially in a typical power system
operation case.

5.2.1 Proposed transient stability improvement strategy

Based on the above discussion it is clear that fault cases I and II are the ones
most sensitive to transient instability. Case I is perhaps the most danger-
ous case since the accelerating area for the sending area may be very large
since the fault generally reduces the transmission to a very low value. Also,
the transient capability may in this case be significantly reduced due to a
decreased transmission capability resulting from line disconnections. In case
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II, the accelerating area may be relatively small but the transient capability
can still be reduced significantly due to a higher excess mechanical power
in the sending area. Since the nature of a particular fault is difficult to
determine in real-time from the CSC device location, it is strongly argued
that a method utilizing remote system information should be used to trigger
a transient scheme. However, if faults of the type in case I above are con-
sidered to be the most threatening to system transient stability, a method
using only local signals can be formulated in order to give a controller which
is easily implemented in a real power system:

Since the clearance of a fault of type I is seen from the CSC location as a
rapid increase in the line power the transient scheme can be initiated when
a time-derivative of the line power magnitute exceeding a certain limit Clim

is measured at the CSC location during a time exceeding Tlim.

This strategy covers all of the faults of type I and likely most of the faults
of type II. It may also be triggered in case III faults with adverse effect on the
transient stability, however, since this capability is generally very large, this
behavior may be tolerated. Due to its simplicity, the strategy may possibly
be excessively sensitive and initiate the transient scheme also in cases where
a risk of transient instability is not present. However, the triggering method
using local signals may still be useful since the implementation effort of this
method will be significantly less than that of more elaborate methods based
on remote information of the power system. It should be pointed out that,
if the triggering strategy based on locally measured variables is used together
with the damping controller proposed in this thesis it is necessary to block the
transient controller when the damping controller executes its discrete changes
in line reactance.

The proposed transient switching strategy is illustrated in the following
example of a case I fault:

A severe contingency such as a three-phase short circuit in a two-area
power system with an interconnection CSC may lead to a case such as the
one depicted in Fig. 5.10. Assume that the system starts from a stationary
state at A and that the P − δ relationship is described by Ppre(δ). Then, a
severe fault interrupts the transmission and the transmitted power drops to
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Figure 5.10: Principal function of the transient control strategy.

a small value on the curve Pfault(δ) at B. The generators in the sending end
are now accelerated with respect to the machines in the receiving end and
the angle separation increases. At C, the breakers have isolated the faulted
line and the system resumes transmitting power according to Ppost(δ). With
no action of the CSC, the system will move along C-D-E and then towards
I on Ppost(δ). Since the area bounded by D-E-I is smaller than the area A-
B-C-D, the system exhibits transient instability and it will fall out of phase.
If on the other hand, the CSC is engaged at point C, maximizing the degree
of series compensation to the CSC limit XCSCmin, the system will move on
the path C-D-E-F-G on PpostFC(δ). and then turn back since the areas A-
B-C-D and D-F-G-H are equal. At this point, the system has survived the
first-swing and a power oscillation is initiated. It is important to note that
the system may still be transiently unstable if the degree of compensation is
reduced.
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5.2 Transient Stability Improvement

To provide positive damping to the system, the level of compensation
should be decreased at some point provided that the system has survived
the first swing. This should ideally be done at the turning point G provided
that the level of transmitted power after the change in series compensation is
larger than the excess mechanical power level Pm in order to avoid instability.
To reduce the risk of instability, the proposed controller decreases the level
of compensation after turning at G at the point J (δ = 90◦) where the
transmitted power for all tie reactances is maximized. If the fault case is
such that the angle difference never exceeds δ = 90◦, the transition is made
at the point where δ reaches its maximum value (this case is not illustrated).

The choice of the level of compensation after the change at point J is not
trivial. If the level chosen is too low it may push the power curve under the
mechanical level Pm resulting in instability. If the level chosen is too high
it will provide insufficient damping to the system in the following damping
reactance steps. The proposed controller reduces the compensation level at
point J to XCSC = cXCSCmin where c is a constant which can be chosen
depending on the system characteristics. In the implementation of the con-
troller, c = 0.5 has been used. Subsequently, the system follows PpostHC(δ)
and the new decelerating area G-J-K-A-H is significantly reduced from the
area G-J-F-L-H which would be the case if no change in compensation is
applied. This provides positive damping to the system. Since the angle sep-
aration between the areas is not available in real-time at the FACTS device
location, the time instant for the change in compensation may be deter-
mined from measurements of the CSC line current (which is monotonously
increasing with angle separation) and estimation the line active power peaks
by the RLS routine. This is done by storing the value of the line current
on the CSC line at the point where the first peak in line power after the
fault is attained. This instant corresponds to δ = 90◦ and since the current
is monotonously increasing with increased δ, the point J is found when the
current passes this level on the back-swing in δ.
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The scheme during the first-swing of the generator angles can (after it has
been initiated) be concluded in the following compact form:

XCSC = XCSCmin (δ̇s − δ̇r) > 0 (5.13)

XCSC = XCSCmin (δ̇s − δ̇r) < 0, (δs − δr) > 90◦ (5.14)

XCSC = cXCSCmin (δ̇s − δ̇r) < 0, (δs − δr) < 90◦, c ∈ [0,1]. (5.15)

Here, the electrical angles of the reduced machine equivalents in the sending
and receiving area are denoted δs and δr respectively.

Following the pre-programmed transient control scheme operation in two
steps described above, the damping controller is commonly initiated. Even
if the system is transiently stable and survives the first swing provided that
the pre-programmed scheme is used, the system may still show transient
instability if the series compensation level is significantly reduced during one
of the subsequent swings. In order to maximize the transient stability during
subsequent swings, the controller needs to maintain the maximum possible
degree of compensation when the angle separation δs − δr is increasing. To
achieve this goal, without exceeding the short-term thermal overload limit of
the CSC line, the transient control routine alters the given set-point of the
fast power flow control function which is included in the Power Oscillation
Damping (POD) controller. The set-point is changed such that the target
for the average level of line power (PXsp) is the short-term thermal overload
limit Plimit (or the maximum power possible if the overload level cannot be
reached). This limit is the active power level on the CSC line which can be
allowed for the time it takes for the Transmission System Operator(TSO) to
re-dispatch the system to comply with the N-1 criteria of the new conditions
(15-30 min).

The strategy of increasing the degree of line compensation during the oscil-
lation damping after a severe fault will help the system to remain transiently
stable in the subsequent swings after the first swing provided that the first
swing does not give rise to instability by maximizing the decelerating area
when Ppost(δ) > Pm and δ < 90◦. It will also enable the system to operate in
cases with high tie reactance (Pm > Ppost(δ) for all δ) by increasing the series
compensation after the contingency such that a portion of the curve Ppost(δ)
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is pushed above Pm. Additionally, a higher average degree of compensation
during the power oscillation damping scheme reduces the risk of the system
oscillating in the range where δ > 90◦ since the average angle separation
during the power oscillation is reduced. This enhances the effectiveness of
damping schemes relying on linearization of the system equations, such as
the one used in this work.

The proposed transient improvement strategy may be further improved by
limiting the operating range of the CSC during the oscillation damping. In
this case, a maximum limit of XCSC , XCSClim other than the physical limit
of the device would be set when the transient scheme is triggered. This would
limit the controller operation to a band XCSCmin ≤ XCSC ≤ XCSClim, en-
suring a certain level of compensation of the CSC device during the damping
process. This procedure would lower the risk of transient instability during
the damping controller operation. However, limiting the operating range of
the device decreases the effectiveness of the damping controller which makes
the method a trade-off between transient stability improvement and oscilla-
tion damping enhancement. Furthermore, an optimal method for limiting
the operation region will be dependent on knowledge of the system charac-
teristics and such a method is thus not trivial to design. Nevertheless, the
idea is appealing, since such an enhancement of the transient scheme would
make the controller more robust which may be required in order to allow a
higher power transfer across the inter-tie where the CSC is placed.

Finally, it should be mentioned that, depending on the system configu-
ration, it may be difficult to correctly determine the instant for the second
switching in the pre-programmed transient scheme. This is due to the dif-
ficulty of accurate estimation of the first peak in the line power oscillation
following a major fault. An alternative to the strategy is to omit the sec-
ond step in the scheme and let the oscillation damping start right away or
with a certain delay. This strategy does not take into account the risk for
transient instability if a too low compensation level is used when the system
angular difference is very large, but it may be used as a backup strategy if
the proposed strategy fails.
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Figure 5.11: Schematic illustration of the full CSC controller.

5.3 The general control approach

Combining the different objectives and principles for controlling CSC dis-
cussed in the previous sections, a full controller for CSC may have the struc-
ture illustrated in Fig. 5.11. In this figure, the different controllers contribute
the terms XPOD, XFSW , and XPI to the reactance of the CSC - XCSC . All
controllers use the CSC line active power, PX(t) or estimations of it as input
signals. The first swing controller also uses the CSC line RMS current, IX(t)
as an input signal.

The power flow on the line during normal operation conditions is con-
trolled by a slow PI-controller which aims to control the line power to a
reference value Pref provided by the TSO. The design of the PI-controller is
not discussed in this thesis, but since the speed of this controller is selected
to be low, no great difficulties are anticipated in the control design.

In case of an contingency which triggers the transient controller, the fast
power flow controller which is included in the power oscillation damping algo-
rithm is used to increase the power flow on the line rapidly to an emergency
set-point PXsp. This action is initiated locally at the CSC device to assure
the transient stability of the system until the TSO has had time to analyze
the situation and to reschedule the power flows in the system to comply with
the new N-1 security constraints. Once this assessment has been done, the
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CSC line power can be controlled to the new desired set-point by changing
the reference value Pref to the PI-controller. It should be noted that the fast
power flow controller included in the POD algorithm is only active as long
as the POD controller is in service. This means that once the oscillation
amplitude falls below a predefined level, the line power will be completely
controlled by the PI-controller. Due to this, it is necessary to increase the
value of Pref if the transient controller has been initiated following a con-
tingency to keep the CSC line power at a high level during the rescheduling
effort even after that the power oscillations have been damped out.

The power oscillation damping scheme is initiated when the RLS algorithm
detects a power oscillation with an amplitude exceeding a certain predefined
limit and it is disabled when the power oscillation amplitude falls below the
same limit. The controller bases its action on the estimated grid parameters
which are supplied by the system identification part and the values of the
mean power flow on the line and the power oscillation amplitude and phase
provided by the RLS algorithm.

The transient control scheme may be initiated either using remote sig-
nals or locally measured quantities as discussed in the preceding section.
It consists of an discrete open-loop predefined scheme in two steps and it
concludes its operation by providing a changed set-point to the fast power
flow controller in order to maintain transient stability during the damping
process.
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6 Principles for control of the DPFC

In this chapter, the principles for controlling the dynamic TSSC part of the
DPFC are discussed. The control is based on the model presented in the
system identification part and it aims to achieve the tasks of power flow
control, power oscillation damping, and transient instability improvement.
The approach is very similar to the methods proposed for the control of
CSC.

As it was mentioned in Section 4.2.1, this thesis concentrates on the control
of the dynamic part of the DPFC while the PST tap level and thus the
stationary power flow on the line is considered to be determined by the
TSO by means of loss considerations and grid security optimization. In
addition to the power flow control capabilities of the PST, the DPFC can
also use the TSSC to control the power flow on the line. The approach in
this work is that this capability should be mostly used in emergency cases,
when the additional compensation capability is necessary for maintaining
system stability. During normal operation, the TSSC operation should be
limited to small adjustments in the power flow and if necessary for increasing
the control speed of planned power scheduling tasks. The aim of the TSO
should be to perform power power flow control tasks primary by changing
the tap level of the PST while keeping the TSSC part at zero compensation
to reserve this compensation capability for emergency operation.
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Figure 6.1: Generic system model for control of the DPFC.

6.1 Power oscillation damping and fast power flow

control

The principle of power oscillation damping is the same as the the one used for
CSC control. The difference is that the system model has to be adapted to
include the voltage phase shift introduced by the device PST. By following
a similar argumentation as the one used for power oscillation damping in
two discrete steps for CSC, a control law including a fast power flow control
functionality can be found (see Appendix B). The system model which is
used for the DPFC controller given in Chapter 4 is reprinted in Fig. 6.1 for
convenience.

Here, the parameters are the tap-dependent resulting series reactance of
the PST, XPST and the advancing phase angle shift introduced by the PST,
∆θ. The series reactance of the uncompensated line is given as Xline and
the variable reactance inserted by the dynamic part of the DPFC is denoted
XTSSC . The damping exponent of the oscillatory mode corresponding to the
real part of the eigenvalues related to the oscillatory mode is given as σ, the
frequency of the mode as ωosc, and the unknown grid parameters Xi and Xeq

remain the same as in the CSC system model. For convenience, the lumped
variable X = Xline+XPST +XTSSC is introduced in the following derivation.
As for the CSC controller, it is assumed that the damping controller is only
allowed to operate at instants in time coinciding with high and low peaks in
the power oscillation.

In Appendix B it is shown that the control law which damps a given
oscillation in two discrete steps and alters the power flow on the DPFC line
to the new set-point PXsp for a system which can be described by the model
in Fig. 6.1 is given by the following expressions:
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6.1 Power oscillation damping and fast power flow control

Assuming that the initial value of X is X0, the desired value of X after
the damping event - X2 can be calculated from

PXsp = PXstat0

(
XeqEff + X0

XeqEff + X2

)
(6.1)

with XeqEff given by Eq. 4.45, PXstat0 denoting the initial average value of
the DPFC line power and θ = θ1j − θ2j with its initial value θ0 defined from
Eq. 4.44. Then the value of X following the first step in reactance, X1 can
be calculated as

X1 =
XeqEff (K + Ap2)−Ap1XiXeq

Ap1(Xi + Xeq)−K −Ap2
(6.2)

with

K = PXspXtot2(X2 + Xeq), (6.3)

Ap1 = PXstat0

(
1 + eσTosc/2

)
(X0 + XeqEff ) (6.4)

and

Ap2 = PXp0Xtot0(X0 + Xeq)eσTosc/2. (6.5)

Here, the instantaneous power on the DPFC line right before the first step is
denoted PXp0, the ”virtual” total reactance between the grid areas calculated
by Eq. 4.10 is denoted by Xtot0 initially and Xtot2 following the second
reactance step in the sequence while the cycle time of the oscillation is given
by Tosc. Using these expressions, X1 can be found and the control law is
complete with the necessary reactance changes given by ∆X1 = X1 − X0

and ∆X2 = X2 −X1. Since XPST and Xline are constant during the event,
∆X1 and ∆X2 are the required steps by the TSSC to damp the oscillation
and reach the power flow goal.

Naturally, when the control law is applied in a more complex system with
characteristics not completely described by the system model and in the pres-
ence of noise, the process will have to be repeated until the power oscillation
damping goal is achieved.
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Figure 6.2: Schematic illustration of the full DPFC controller.

6.2 Transient stability improvement

The transient stability scheme developed for CSC is also applicable to the
DPFC. For a detailed discussion on this topic, refer to Section 5.2.

6.3 The general control approach

Based on the principles of control described in this chapter, a multi-objective
controller for the DPFC can be designed. This controller has a structure
according to Fig. 6.2. In this figure, the different controllers contribute with
the terms XPOD, XFSW , and XPI to the reactance of the TSSC - XTSSC .
All controllers use the DPFC line active power, PX(t) or estimations of it
as input signals. The first swing controller also uses the DPFC line RMS
current, IX(t) as an input signal.

This control structure has most properties in common with the multi-
objective controller proposed for the CSC in Section 5.3. The power oscilla-
tion damping with its fast power flow control functionality and the transient
control structure all have the same functions and input signals as in the CSC
case. The system identification part provides the estimated parameters to
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6.3 The general control approach

the controller in the same way as it was done in the CSC controller. The
main differences between the controllers lie in the system model, the estima-
tion routines and the damping algorithms. In the overall structure, it is here
assumed that the long term reference value for the DPFC line power Pref is
provided by the TSO together with the selected value for the PST tap level.
In order to select these values, loss optimization targets and grid security
constraints must be considered. The optimization of the tap level should
in most cases be done in a way such that the PST alone is controlling the
long-term stationary power on the line keeping the TSSC compensation close
to zero. This is done in order to reserve the TSSC capability for corrective
control during contingencies. Since this capability is available for N-1 cases,
the PST can be controlled in a more efficient way, optimizing the overall
grid losses.
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7 Results and discussion

In this chapter, simulation results for the CSC and the DPFC controllers
are presented. Digital time-domain simulations were performed in two dif-
ferent test systems including CSC devices in order to determine the controller
damping efficiency and the transient controller stability improvement. For
the DPFC, simulations were performed in a simple test system in order to
determine the feasibility of the damping controller for different settings of the
device PST. All simulations were performed using the STRI AB, SIMPOW
power simulation software.

7.1 Test systems

7.1.1 Four-machine system

Initially, during testing of the controllers for CSC and DPFC, it is beneficial
to use a simple test system which can be easily analyzed. One such system
for study of power oscillations was proposed in [21] and a similar one was
given in [29]. The system used for this purpose in this thesis is based on
the one presented in [29], and it is illustrated in Fig. 7.1. The system used
here has the same properties as the system described in [29] except for the
following details:

� In the test system, one more transmission line was used to interconnect
the two grid areas and the length of all lines in the inter-tie were
stretched to 150 km instead of 110 km to give approximately the same
total tie line reactance as in the original system. A FACTS device of
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Figure 7.1: Four-machine power system inspired by P. Kundur.

either CSC or DPFC type was installed in series with one transmission
line between node 8 and node 9 close to node 8.

� In order to maintain a decent voltage profile across the inter-tie lines,
a shunt capacitor was inserted at node 8 in the test system.

� The system was studied in one high and one low power transfer
case with the load data (high/low) PL7=967/1367 MW, QL7=100/200
MVAr, PL9=1967/1367 MW, QL9=100/200 MVAr and the shunt ca-
pacitor data QC7=-400 MVAr, QC8=-100 MVAr and QC9=-400 MVAr.

� In [29] it is assumed that the active components of the loads have
constant current characteristics and the reactive components of the
loads have constant impedance characteristics. In the test system used
in this work, this case is considered together with the case of a system
with totally voltage independent loads.

In [29], the influence of different exciter characteristics on the power os-
cillation modes is investigated. In this thesis, only the case which shows the
highest degree of small-signal instability is considered. This is the case with
thyristor controlled exciters utilizing high gain.

The test system has two local rotor angle modes of power oscillation with a
frequency in the range of 1 Hz with a reasonable damping and one inter-area
mode of oscillation with a frequency in the range of 0.5 Hz which is poorly
damped. One important goal for the FACTS controllers in this system is to
improve the damping of the inter-area mode.
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Figure 7.2: 23-machine system by CIGRÉ describing the Nordic power sys-
tem.

7.1.2 Twenty-three machine system

The twenty-three machine system is the system Nordic 32 from [30] shown
in Fig. 7.2.

The system was constructed for transient stability and voltage stability
studies in the Scandinavian power system. Although being fictitious the
original system has dynamic properties similar to the Swedish and Nordic
power system. The system can be divided into four different parts, three
of these corresponding to the Swedish areas Southwest, Central, and North

101



7 Results and discussion

and the fourth corresponding to a foreign part denoted External. There are
19 nodes at the 400 kV voltage level in the system. These are named by
four-digit numbers starting with ’4’. In a similar way, the two 220 kV buses
are denoted with numbers starting with ’2’ and the eleven sub-transmission
130 kV buses are numbered starting with ’1’. The nine pure load buses at
130 kV, denoted by two-digit numbers are connected to the 400 kV power
system by means of transformers equipped with tap-changers. The External
and Northern regions contain a large number of hydro power generation while
the other areas hold thermal power plants. The Southwest and the External
areas are essentially self-supporting while the Central region imports half of
its power consumption from the Northern area.

The system is in its original form well-damped, mainly because of well
tuned PSS units connected to the system generators. A discussion of the
original system characteristics is found in [31]. The loads are in the original
system modeled using voltage and frequency dependent load models. To
challenge the damping controller, all of the PSS used in the system were dis-
connected and the load characteristics were changed to voltage independent
load at nodes 2031 and 2032 and voltage and frequency independent load at
nodes 41, 42, 43, 46, and 51. The system was simulated in the normal load
case (lf029) and the severe peak load case (lf028) described in [30]. In the
peak load case, the system has the three least damped modes: σ1 = −0.017,
f1 = 0.50Hz ; σ2 = −0.22, f2 = 0.75Hz; σ3 = −0.26, f3 = 0.88Hz whereas
the system in the normal load case has the least damped modes σ1 = −0.090,
f1 = 0.54Hz; σ2 = −0.21, f2 = 0.73Hz; σ3 = −0.31, f3 = 0.88Hz. The
least damped mode is considered to be the critical one. Geographically, this
mode corresponds to the generators in Finland (4071, 4072) swinging to-
wards the rest of the Nordic system. To improve the damping of this mode,
improve the transient stability in the system and control the power flows in
the system, a CSC device is placed in series with the line 4011-4021 where
the observability and controllability of the critical mode is good.
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7.2 CSC controller results

7.2.1 Controller implementation

The controller described in Section 5.3 was implemented in the SIMPOW
power system simulation software. The implementation was done according
to Fig. 5.11 except for the power flow PI-controller which was omitted. The
purpose of the studies were to verify the damping controller and transient
controller functions during the first 10-20 seconds after a severe fault in the
power system. Long-term power flow control by the CSC was not considered
in the study. The test systems of [29] and [30] were implemented and the
power flow data were verified using reference data before the systems were
modified to the versions described in the preceding section. These systems
were then configured for a large amount of fault cases and time-domain
simulations were performed with and without the CSC controller enabled.

The response time of the TCSC or the TSSC is generally in the range
of 20 ms. Since the power oscillations which are subject to damping are of
considerably slower dynamics, the dynamics of the CSC have been neglected
in this study and the CSC has been assumed to be an ideal variable reactance.

In order to consider the limitations of the control signal and various other
aspects, it was necessary to include additional functions to the implementa-
tion of the damping controller and parameter estimator described in Chapter
4 and 5. The most important of these are mentioned below along with some
remarks on the implementation:

� A limit on the required minimum magnitude of the step response in
the line power, both in average and instantaneous terms to trigger a
grid parameter estimation was introduced. A suitable limit for the
required relative change in the line power was found to be in the range
of 1.5-5 %. It is possible to use a lower limit on the change in the line
average power used in the estimation of Xeq since these values are less
sensitive to measurement noise than the instantaneous values used in
the estimation of Xi.

103



7 Results and discussion

RLS algorithm
PX

Power oscillation damping  

and fast power flow control
System identification

TrigEst, Xstart

Pmean0, Ppeak0

Pav

Xi, Xeq

Zim, Zre, Pav

XPOD

Figure 7.3: Communication between RLS routine, Damping Controller
and System Identification unit.

� Since the control signal, the inserted series reactance of the CSC is
limited, it is necessary to include limits in the implementation of the
damping control law.

� Since there are physical limits for the values that the total reactance in
the system model can attain, the controller must contain a structure
for handling control law outputs outside the physical limits for the
system.

� Due to the high speed demands on the RLS estimation determining
the power oscillation amplitude, phase and the average level of power
transmitted on the line, the RLS algorithm is reset following every
discrete reactance step taken by the damping controller. This improves
the accuracy of the estimation and thence the controller performance.

The internal communication between different units in the controller
implementation during an oscillation damping sequence is illustrated in
Fig. 7.3.

Here, the power flow on the CSC line, PX(t) is measured and decomposed
in its average and oscillative components by the RLS algorithm assuming
that the power on the line can be described as

p(t) = Pav(t) + Re(∆P̄ ejωosct) = Pav(t) + Posc(t). (7.1)
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The output from the RLS routine is the real and imaginary parts of the the
rotating phasor

Z = ∆P̄ ejωosct = Zre(t) + iZim(t). (7.2)

Zre(t) = Posc(t) describes the oscillative part of the line power and Zim(t)
is, in a quasi-stationary oscillating state, the same signal phase-shifted by 90
degrees. At the high and low peaks of the power oscillation, Zim(t) will be
zero and Zre(t) will attain its maximum value during the oscillation cycle.

To achieve a greater understanding of how the controller implementation
is working in order to damp oscillations and perform system identification,
it is instructive to view the flow-sheet in Fig. 7.4. This figure illustrates the
sequence of communications between the damping controller and the system
identification unit. By following this sequence, it can be understood how
the different limitations are implemented in the controller and how the two
routines work together to form a functioning unit.

The transient improvement controller described in Section 5.2 is dependent
on information of the sending and receiving area voltage phase angles and
their time-derivative. If this information is not available to the controller,
it is necessary to determine the appropriate switching times using measure-
ments of the locally available signals. The method used in this controller
implementation utilizes the measured CSC line power and the measured line
current as input signals. As described in Section 5.2, the transient controller
may be initiated when the measured magnitude of the line power has a time-
derivative exceeding a predefined limit during a certain minimum amount
of time. The transient controller should inhibit the other controller parts
during its operation since transient instability is the most immediate threat
to system stability. Since the operation of the damping controller gives rise
to high line power time derivatives during its discrete operation, it is neces-
sary to disable the trigger for the transient controller during the execution
of the damping and estimation sequences at each time step. The duration
of the controller-imposed changes in the line power are well known and the
disabling of the transient controller during these short time periods should
not have a major impact on the controller reliability.
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Figure 7.4: Flow-sheet of damping controller and estimation routine ac-
tions during the damping process.
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Figure 7.5: Phasor diagram of the sending and receiving end voltages and
line current of a transmission line.

Since the sequence of the first swing transient controller only consists of
two separate switchings of the CSC, all that remains after the controller
has been initiated and the degree of CSC compensation has been set to
its maximum is to determine the instant for the second reactance change
in the sequence. According to the control law Eq. 5.13 - 5.15, the CSC
compensation level should be directly reduced if the angle difference between
areas starts to decrease while the angle difference is less than 90◦. In the
case of higher angle differences, the switching should occur when the angle
difference equals 90◦ and the angle difference is decreasing. To distinguish
between these two cases, the controller utilizes the fact that while the power
flow between the areas increases with an angle difference up to 90◦ and
then decreases again for higher angles, the current magnitude on the line is
monotonously increasing with the angle. That this is the case can be seen
by denoting the line current phasor Ī, the line reactance X, and the sending
and receiving end voltage phasors ŪS and ŪR. Then,

Ī =
ŪS − ŪR

jX
. (7.3)

In Fig. 7.5, a phasor diagram for the voltages and currents of one transmis-
sion line is drawn.

The magnitude of the line current is proportional to the length of the
phasor ŪS − ŪR. From Fig. 7.5 (and the law of cosine) it can be seen that
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the length of this vector is monotonously increasing with δ for angles less
than 180◦.

From Fig. 5.10 it can be noted that the second change in the series reac-
tance in the transient sequence occurs at a local maximum in the line power.
If the angle swing is less than 90◦, it will be the first power maximum and if
the swing is larger that 90◦, it will be the second maximum. The implemen-
tation approach to determine the instant for the second reactance change
follows from the strategy for the first-swing controller described below:

1. Initiate the first-swing controller when the time-derivative of the line
power magnitude exceeds a limit Clim during a time exceeding Tlim.
Increase the level of compensation of the CSC to its maximum value.

2. When the RLS routine indicates the first maximum in the line power
after the fault, record the line current magnitude.

3. Monitor the line current magnitude. When it falls below the value
recorded at the first peak in the line power, decrease the level of com-
pensation of the CSC by Eq. 5.15.

4. Conclude the action of the transient controller by changing the set-
point of the fast power flow feature of the damping controller to a
value close to the short-term thermal overload level of the CSC line.

Due to the monotonously increasing property of the line current, this
strategy will work for angular swings both smaller and larger than 90◦.
During a small angle swing, the current will immediately start to decline
after the first maximum in power and the reactance change will be made at
the instant coinciding with the first peak in line power. During a large power
swing, the current will continue to increase after the first peak in the power
and then start to decline when the angle difference has passed its maximum
and hit the recorded current value for the first power peak at 90◦ angular
difference between areas where the reactance change is performed.
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7.2.2 Simulation results

Four-machine system

Time-domain simulations were performed in the four-machine system of
Fig. 7.1 in order to determine the effectiveness of the damping controller as
well as the impact of the controller on the transient stability of the system.
Four different contingencies were studied at two different levels of inter-area
power transfer, one high line load case with 600 MW transfer and one low
load case with 180 MW transfer in steady state. In order to test the CSC
controller in a system with a poorly damped inter-area mode, the PSS con-
nected to each generator was set to operate with a reduced gain. The results
were described in detail in Paper 4 and they will be summarized here.

The studied contingencies were:

1. A 3-phase short circuit (SC) at node 8 cleared with no line disconnec-
tion after 200 ms.

2. A 3-phase SC at node 8 cleared by disconnection of one N8-N9 line in
parallel to the CSC after 200 ms.

3. A 3-phase SC at node 8 cleared by disconnecting one of the N7-N8
lines after 200 ms.

4. A disconnection of load at node 7. ∆P=-250 MW ∆Q=-50 MVAr in
the high transfer case and ∆P=-250 MW ∆Q=-100 MVAr in the low
transfer case.

In order to illustrate the typical behavior of the controller in a fault case,
the four-machine system with voltage dependent loads was simulated in con-
tingency nr. 2 above. The short-term thermal overload capability of the
CSC line was assumed to be 400 MW and this value was used as the post-
contingency set-point of the fast power flow controller. Gaussian pseudo-
random noise with a standard deviation of 1 % of the stationary value of
the input signal (PX) was added to the controller input in all simulations in
order to simulate measurement noise. From Fig. 7.6 it can be seen that the
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Figure 7.6: Four-machine system with CSC, high load case: Speed of Gen-
erators G1-G4 after contingency 2. G1(dotted, orange), G2
(dash-dotted, magenta), G3 (dashed, green) and G4 (solid,
blue).

damping of the inter-area mode is greatly improved by the CSC operation.
Fig. 7.7 shows the controller action in more detail. The first-swing controller
is activated by the high positive time derivative of the line power at fault
clearance and performs its two steps at t=1.2 and t=1.7 s. The damping
controller is engaged at t=2.3 s. Since the estimation routines are dependent
on step response data, the parameters cannot be estimated prior to the first
reactance step in a damping sequence. Therefore, a starting guess for the
parameters is necessary to determine the initial action of the controller. This
starting guess is chosen as the set of parameters which corresponds to the
grid (N-1) or even (N-2) configuration case where the product of the control-
lability and the observability of the inter-area oscillation mode at the CSC
location is the largest. This approach leads to a controller which generally
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Figure 7.7: Four-machine system with CSC, high load case: Active Power
and RMS Current on the CSC line and CSC Reactance after
contingency 2.

is sub-optimal initially in order for it to maintain stability in all system con-
figurations. As the system parameters are estimated with better accuracy,
the efficiency of the damping controller is increased over time. The damping
of the oscillation is completed at t=7.3 s and the power flow on the line is
stabilized close to the chosen set-point (400 MW).

Fig. 7.8 shows the evolution of the system identification parameters Xi,
Xeq, and ωosc. The system exhibits a dominant inter-area mode of oscillation
in the range of 0.52-0.75 Hz depending on configuration. The starting guess
of ωosc is chosen to be 3.77 rad/s (0.6 Hz). The parameters Xi and Xeq

are initialized using a conservative approach and they are then updated
whenever a reactance step response above the set limit in the active power
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Figure 7.8: Four-machine system with CSC, high load case: Parameters
Xi, Xeq, and ωosc after contingency 2.

of the CSC line is detected. It can be seen that the parameters stabilize close
to Xi=0.21 p.u. and Xeq=0.15 p.u. after a few steps in the CSC reactance.

In Fig. 7.9 and Fig. 7.10, the damping exponents (σ) for the critical oscil-
lation mode in the four contingencies and the two different load conditions
are shown. This is done both for the case of voltage dependent loads in the
system and the case with voltage independent loads. In the figures, the case
with no controlled series compensation is denoted by ”No Cntrl” and the
case when the full CSC controller is enabled is denoted by ”Cntrl”. The
simulations were performed with the first-swing controller and the power
flow control feature of the CSC controller activated, leading to a changed
line power flow during the damping operation. The values for the damp-
ing exponent σ are given as the real part of the eigenvalue of the linearized
system matrix corresponding to the critical mode for the system without a
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Figure 7.9: Four-machine system with CSC, voltage dependent loads:
Damping exponent σ of critical mode for contingencies 1-4.

CSC controller. For the system with CSC controller, σ is calculated from
the time-domain simulation results assuming that the total inter-area power
oscillation with the critical mode frequency ωosc and maximum oscillation
amplitude A can be described by Aeσtsin(ωosct) during the time when the
CSC controller is active. This interpretation of the damping is used since
it is not possible to define a small-signal coefficient in the case of the time-
discrete controller since it operates only when oscillations with a certain
amplitude are present. Also, the damping exponent will change during the
time of the damping and it may theoretically approach negative infinity if
the damping should be completed in only one time-step. This method of
calculating the damping exponent is used throughout the text.

From Fig. 7.9 and Fig. 7.10 it can be seen that the damping of the oscil-
lations in the original system is least effective for contingency nr. 1 at high
load, where the damping of the inter-area mode is close to zero. For the sys-
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Figure 7.10: Four-machine system with CSC, voltage independent loads:
Damping exponent σ of critical mode for contingencies 1-4.

tem with the CSC controller, it can be seen that the damping is significantly
improved in all the studied cases. The improvement of the system damping
is slightly larger in the system with voltage dependent load.

Fig. 7.11 and Fig. 7.12 show the required time, TD after the fault until the
line power oscillation amplitude has settled below 10 MW (p-p) and the ini-
tial maximum power oscillation amplitude (p-p) on the CSC line. TD for the
cases when the controller operates are results from time-domain simulations
while the values given for the system when the degree of compensation of the
line is zero are approximate and calculated from the small-signal values of
σ obtained in an eigenvalue analysis. The maximum line power oscillation
was measured with full CSC compensation since this is in most cases the
final setting of the CSC following the damping operation due to the high
post-contingency power flow set-point.
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Figure 7.11: Four-machine system with CSC, voltage dependent loads:
Required time to damp line power oscillation below 10 MW
p-p (TD) and maximum line power oscillation amplitude for
contingencies 1-4.

Fig. 7.11 and Fig. 7.12 give some information on the severity of the faults
and the damping effectiveness in the studied contingencies. For the system
with voltage dependent loads, contingency nr. 1 in the high load case is the
most severe with a very long damping time in the range of 3000 s and a large
power oscillation amplitude when the CSC controller is disabled. Also, in
the case of voltage independent loads, the original system damping times are
generally longer for the high load cases than for the low load cases. Here,
the contingencies 1-3 are severe cases with very poor damping initially and
damping times longer than 500 s. With the CSC controller enabled, the
damping times in the different fault cases are in the range of 5-10 s in all
fault cases for both the system with voltage dependent loads and the one
with voltage independent loads. It can be concluded that the CSC controller
improves the damping of the inter-area mode significantly in the test system
and that the obtained values for the required damping times with the CSC
controller enabled are acceptable from a system operation point of view.
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Figure 7.12: Four-machine system with CSC, voltage independent loads:
Required time to damp line power oscillation below 10 MW
p-p (TD) and maximum line power oscillation amplitude for
contingencies 1-4.

The fast power flow feature of the power flow controller works generally
well in the studied cases. The controller was in this implementation opti-
mized for oscillation damping. This means that the controller is disabled
when the power oscillation amplitude decreases below a specified level (10
MW p-p in this study). This commonly leads to a remaining difference be-
tween the set-point of the fast power flow controller and the actual power flow
on the line. The controller could also be optimized for power flow control,
where a more accurate power flow control performance would be prioritized
on the expense of a slightly less effective power oscillation damping.

The stationary error of the fast power flow controller was in this study
usually within ±3% of the set-point value provided that the set-point value
was within the operating range of the CSC. In a full controller implementa-
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tion, the PI-controller will work to reduce the stationary error in the power
flow control to zero. In rare cases, due to modeling errors, the oscillation
amplitude was seen to be damped below the specified level already after the
first step in a two-step damping event, aborting the second step. This means
that the series compensation level after the event will be different from the
calculated value and the power flow on the line may not be close to the
set-point. The result will, in a full implementation of the controller be that
the line power flow will require longer time to reach the set-point since the
power flow control will be mainly performed by the slow PI-controller.

In order to investigate the performance of the proposed transient stability
controller, additional simulations were made in the four-machine system. It
was assumed that the system transfer capacity is limited by the transient
stability in the worst case contingency nr. 2. The system was investigated
with the CSC in five different configurations:

1. No first swing controller is used. The CSC operates only to damp
oscillations.

2. A first swing controller which operates like the one described in this
thesis except that the degree of compensation of the line is set to zero
when it is reduced from its maximum value. The CSC compensation
base level is maintained at zero during the damping event. This ap-
proach is similar to the one of [26].

3. The first swing controller proposed in this thesis is used. The controller
post contingency power set-point (the CSC line short-term thermal
overload limit) is set to 400 MW.

4. The first swing controller proposed in this thesis is used. The controller
post contingency power set-point (the CSC line short-term thermal
overload limit) is set to 450 MW.

5. The first swing controller proposed in this thesis is used. The controller
post contingency power set-point (the CSC line short-term thermal
overload limit) is set to 500 MW.
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Table 7.1: Maximum total power transfer limit of interconnecting lines in
the four-machine system

Case number Maximum total transfer limit (MW)
1 690
2 720
3 760
4 780
5 820

Repetitive simulations of contingency nr. 2 were performed in order to
determine the maximum limit of the transmitted power for which the tran-
sient stability and system damping (damping of all oscillations within 10 s)
were maintained. To achieve sufficient voltage support in the peak power
transfer cases in this study, the total amount of reactive power supplied by
the shunt capacitors in the test system was increased by about 40 % from
its original value. The results are summarized in Table 7.1. It can be seen
that the maximum transfer limit of the tie-lines between the areas is signif-
icantly improved by application of the proposed transient controller. The
short-term thermal overload limit of the CSC line is seen to be a major de-
termining factor for the total power transfer limit provided that the transient
controller described here is used. It should be noted that the transfer capacity
was in all cases limited by unsatisfactory oscillation damping. This damping
performance degradation is due to the fact that the system is in this severe
contingency operating in the non-linear range where the voltage phase angle
difference between areas exceeds 90 degrees during the oscillation and the
assumptions made in the derivation of the damping controller are no longer
valid. This problem is likely to affect also other linear damping controllers
relying on locally measured signals as controller inputs. The used control
approach with a raised degree of compensation during the power oscillation
damping improves the damping performance by reducing the average voltage
phase angle differences in the system facilitating damping controller action.
A higher thermal overload limit of the CSC line makes it possible for the
controller to use a higher average compensation level during damping which
leads to a better damping performance and thereby a higher power transfer
capability by Table 7.1.
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Table 7.2

Fault Number Fault Type Lines disconnected at clearing
1 3-ph. SC at node 1012 1012-1014
2 3-ph. SC at node 4011 4011-4012
3 3-ph. SC at node 4011 4011-4022
4 3-ph. SC at node 4012 4012-4022
5 3-ph. SC at node 4022 4022-4031
6 3-ph. SC at node 4021 4021-4032
7 3-ph. SC at node 4042 4032-4042
8 3-ph. SC at node 4042 4042-4044
9 3-ph. SC at node 4041 4041-4044
10 3-ph. SC at node 4041 4031-4041
11 3-ph. SC at node 4043 4043-4044
12 3-ph. SC at node 4032 4032-4044
13 3-ph. SC at node 4071 4011-4071
14 3-ph. SC at node 4045 4044-4045
15 Generator trip at node 1012 -
16 3-ph. SC at node 4021 4021-4042
17 3-ph. SC at node 4032 4031-4032
18 Generator trip at node 4051 -

Twenty-three machine system

In order to test the CSC controller in a more realistic power system, the
Cigre Nordic 32 system modified according to Section 7.1.2 was used. Here
the goal for the CSC controller was to improve the damping of the critical
inter-area oscillation mode with an oscillation frequency of approximately
0.5 Hz.

Simulations were carried out in 18 contingencies according to Table 7.2 in
two load cases; one peak load case (lf028) and one normal load case (lf029)
described in [30]. Simulated pseudo-random noise of 1 % was added to the
controller input in order to simulate measurement noise. With the aim to
maximize the system stability improvement, the post-contingency set-point
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Figure 7.13: Twenty three-machine system with CSC: Maximum CSC
line power oscillation amplitude (measured with XCSC =
XCSCmin)) for different contingencies.

for the line power provided to the fast power flow controller was set to 1300
MW which was assumed to be the short-term thermal overload limit of the
400 kV line where the CSC is placed.

When the series compensation of the line is increased by the controller
during the oscillation damping, adjusting the line power to the given set-
point, the damping of the critical mode changes. In most cases, the short-
term thermal limit of the line cannot be reached and the compensation level
ends up at its maximum capacitive value after the damping event. Therefore,
the small-signal damping of the critical mode and other results are given both
for the case with no compensation of the CSC, with fixed full compensation
of the CSC, and with the CSC controller enabled. In Fig. 7.13 the maximum
power oscillation amplitude measured at the CSC location after each fault
is shown. The simulations were conducted applying XCSC = XCSCmin at
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the fault clearance in order to facilitate comparison to the CSC controller
results where the transient controller is triggered in all the studied cases.
The maximum power oscillation amplitude gives valuable information about
the severity of the contingencies. From Fig. 7.13 it can be noted that faults
nr 1-5 seem to be the most severe while faults 6-10 are likely to be less
severe. Faults 16 and 17 in the peak load case are transiently instable and
Fault 18 is transiently stable but it exhibits small-signal instability with a
high negative damping. Therefore, it was not possible to reliably determine
the maximum oscillation amplitude in these cases.

The simulation results for the small-signal damping of the critical mode
are shown for the peak load case (lf028) in Fig. 7.14 and for the normal load
case in Fig. 7.15. From Fig. 7.14 it can be noted that faults 3-5 and 10 show
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Figure 7.15: Twenty three-machine system with CSC in the normal load
case (Lf029): Damping exponent σ of critical mode for con-
tingencies 1-18 for system no CSC, with full compensation of
CSC and with CSC controller enabled.

transient instability in the case with no CSC. The cases 16-18 are instable
in all cases and are therefore omitted in the figure. Moreover, for the system
with the CSC disabled, the damping of the critical mode is negative in most
of the fault cases while it in the other cases has a small positive value. The
system is transiently stable in fault cases 1-15 both when the transient CSC
controller is separately enabled and when the full CSC controller is enabled.

A significant improvement of the critical mode damping in cases 1-15 is
seen with the CSC controller enabled. However, it is also important to note
from Fig. 7.14 that the damping of the critical mode is in many cases sig-
nificantly improved just by increasing the line compensation level to a fixed
value. Since the controller generally operates with a high average series com-
pensation level, a fair performance evaluation of the damping controller must
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compare the damping exponents obtained when the CSC damping controller
is active with the values obtained when a fixed high line compensation level
is used.

The fault cases 16-18 which were not resolved successfully in the peak load
case should be mentioned. Fault 16 is a pure transient instability and it is
resolved if the maximum degree of compensation of the CSC is increased to
90 % from the 75 % used in these simulations. Fault 17 is a case where the
system operates very close to its limit with voltage angle differences close to
90 degrees in the stationary state. In this particular case, due to modeling
errors, the controller chooses a too low degree of compensation at one point
during the damping which makes the system transiently unstable. This case
can be resolved if a minimum degree of compensation of the CSC during
damping is introduced so that the CSC degree of compensation k is limited
within a band: 40% ≤ k ≤ 75%. This, however, reduces the dynamic
performance range of the controller. Finally, fault 18 is a case where the
damping of the critical mode is negative also with a high compensation
level of the CSC. This leads to a case where the discrete damping scheme
needs to be reapplied repetitively. Moreover, in this particular case, small
step responses of the discrete reactance changes lead to delayed parameter
estimation and suboptimal damping performance. The performance can be
improved by another choice of the initial values of the parameters Xi and
Xeq which is not likely to have any adverse effect on the damping in the
other fault cases.

In Fig. 7.15, the damping exponent of the critical mode for the system
with normal load is shown. It can be seen that in this mode of operation,
the system is transiently stable in all the studied cases. In one contingency
(fault 18), the system shows small-signal instability with no CSC and with
fixed full compensation of the CSC. The damping of the critical mode is
significantly improved in all cases and the small-signal instability is resolved
with the CSC controller enabled. It can be noted that the damping of the
mode does not change significantly from the original values when a fixed full
series compensation level is applied by the CSC in this mode of operation.
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Figure 7.16: Twenty three-machine system with CSC in the peak load case
(Lf028): Required time to damp line power oscillation below
30 MW p-p, TD in contingencies 1-15 for system with full
compensation of CSC and with CSC controller enabled.

In Fig. 7.16, the damping time, TD for each fault in the peak load case
is shown as the time after the fault it will take for the power oscillation
on the CSC line to be reduced to below 15 MW in amplitude. TD for the
cases when the controller operates are results from time-domain simulations
while the values given for the system when the degree of compensation of the
line is fixed are approximate and calculated from the small-signal values of σ

obtained in an eigenvalue analysis. The damping time of the oscillations is an
appropriate parameter to study when judging the effectiveness of the discrete
damping controller. In the peak load case, TD for the studied faults range
from 10 to 150 seconds for the case with full series compensation and from
6 to 15 seconds with the CSC controller enabled. For the original system
in the peak load case with no CSC, the mode exhibits small signal instability
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Figure 7.17: Twenty three-machine system with CSC in the normal load
case (Lf029): Required time to damp line power oscillation
below 30 MW p-p, TD for contingencies 1-18 for system with
full compensation of CSC and with CSC controller enabled.
Due to small-signal instability in fault case 18 when the CSC
controller is disabled, no value is given for this case

in most cases and the damping times cannot be defined. The damping times
for fault cases 1-15 when the CSC controller is enabled are believed to be
satisfactory from a system operation point of view.

In Fig. 7.17, the damping times for the critical mode in the normal load
case are given. In the system with a fixed high degree of series compensation,
the damping times range from 10 to 120 s, while they in the case with the
CSC controller enabled range from 6 to 12 seconds. The damping times for
the system with no CSC are in this case in the same range as those for the
system with a fixed high level of compensation shown in the figure. It can
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Figure 7.18: Twenty three-machine system with CSC in peak load case
(Lf028): Time-domain simulations of Fault 5. Power on CSC
line and angle of generator at node 4063 relative to slack node
4011.

be concluded that the CSC controller improves the damping to satisfactory
values in all 18 contingencies in this mode of operation.

As an example of the controller behavior in the time-domain, results from
the simulations of fault 5 are demonstrated in figures Fig. 7.18, Fig. 7.19
and Fig. 7.20. Fig. 7.18 shows the CSC line power in the peak load case as a
function of time for the cases of no controlled series compensation (No cntrl),
with a CSC using only the first-swing(transient) controller (FSW cntrl) and
for the case of a CSC with the full controller enabled (Full cntrl). Note
that the power values are those used as input to the controller, including
simulated noise. For the same cases, the figure also shows the rotor angle
of the generator at node 4063 located in the far south of the power system
relative to the slack node 4011. This generator angle has a high participation
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Figure 7.19: Twenty three-machine system with CSC in the peak load case
(Lf028): Time-domain simulations of Fault 5. Inserted series
reactance of the CSC unit and the estimated reactances Xi,
Xeq, and the inter-area mode frequency fosc.

factor with respect to the critical mode. It is seen from Fig. 7.18 that the
system exhibits transient instability in the uncontrolled case. In the case
where only the open loop response of the first-swing controller is enabled,
the system remains transiently stable, but the oscillation is poorly damped.
Finally, in the fully controlled case, the oscillation is damped at the same
time as the power on the line is changed to the set-point 1300 MW. The
CSC reactance versus time for the three cases is shown in Fig. 7.19 together
with the estimated parameters of the system model.

The system response for the same fault in the normal loading condition
(lf029) is plotted in Fig. 7.20. Here it can be noted that the power flow
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Figure 7.20: Twenty three-machine system with CSC in the normal load
case (Lf029): Time-domain simulations of Fault 5. Power on
the CSC line and the rotor angle of generator at node 4063
relative to slack node 4011.

set-point of 1300 MW cannot be reached and the CSC reactance settles at
maximum capacitive compensation after the damping event.

As in the case of the study of the four-machine system, the fast power
flow control feature of the controller shows good performance in this study.
In this study, the power flow of the CSC line was generally stabilized within
±2.5% of the set-point value when the power flow was attainable given the
limits of the CSC reactance. Also in this case, the controller was optimized
for power oscillation damping.
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7.3 DPFC controller results

7.3.1 Controller implementation

The controller for DPFC power oscillation damping, fast power flow control,
and transient stability improvement was implemented in SIMPOW using
the same controller structure as for the CSC controller described above.
The PI-controller used for long term power flow control included in Fig. 6.2
was not included in the implementation and the tap setting of the PST
was chosen manually before each simulation. The purpose of the studies
was to verify the damping controller function during the first 10-20 seconds
after a severe fault in the power system for different settings of the PST tap.
The differences between the controller implementation for the DPFC and the
CSC are mainly due to the different system models. This leads to differences
in the estimation routines and the control laws used for damping and fast
power flow control. The transient stability improvement control feature is
the same in both implementations. Since the DPFC includes a TSSC which
only can insert series reactance values according to the values attainable by
combination of the switched reactance units in the configuration, the control
signal was discretized in the implementation of the DPFC controller. Since
the CSC is assumed to be able to insert series reactances which can be chosen
arbitrarily within the operating range, such discretization is not necessary
in the study of the CSC controller. As in the case of the CSC controller
study, the dynamics of the TSSC have been neglected in this study. This
can be done since the TSSC dynamics are much faster than the dynamics of
the power oscillations subject to damping.

One very interesting fact that was discovered during testing of the DPFC
estimator and damping controller is the following:

Given a certain change in the DPFC line reactance and certain step re-
sponse data, the desired reactance steps, calculated by the controller in order
to damp a certain oscillation will be exactly the same regardless of if the
controller and estimator are based on the system model for CSC or if the
model for DPFC is used.
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This means that, assuming that the controller bases its action on previous
estimation, it does not matter if the controller takes into account the phase
shift of the PST or not. The reactance steps taken by the controller will be
the same. However, the estimated parameters Xi and Xeq will be different
depending of the chosen system model. This is not surprising since the phase
angle shift of the PST will be seen as a different line reactance if the CSC
system model is used, thereby directly changing the estimated parameters.
This leads to that the damping controllers based on the CSC and DPFC
system models will behave differently if they base their calculations on the
same grid parameters Xi and Xeq. This is the case in the beginning of a
damping sequence when no prior estimation of the parameters is available
and a set of fixed ”safe” values of the parameters are used. The controller
based on the DPFC system model has then an advantage, since it uses the
knowledge of the phase angle shift of the PST which may change during the
controller operation together with the fixed initial values of the grid parame-
ters to determine the first step in a damping sequence. The controller based
on the CSC model does not take into account changes in the PST setting
and makes use of the same initial grid parameters in all operating points.
From a damping performance point of view, the usage of the DPFC system
model can only be motivated due to this advantage. Once the controller
bases its actions totally on previous estimations of the grid parameters, no
difference will be seen between the two approaches.

7.3.2 Simulation results

Four-machine system

The four-machine system described in Fig. 7.1 was used to investigate the
performance of the DPFC damping controller. An operation example for
one particular contingency as well as the details of the study are given in
Paper 5. Here, the results of the study are summarized.

In this study, a DPFC with three switched capacitive elements is placed
in series with one of the interconnecting lines N8-N9 in the four machine
system. The TSSC values were selected on a binary basis resulting in eight
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allowed reactance values which are equidistant between zero and the max-
imum capacitive compensation XTSSCmin (which was chosen to be 2/3 of
the inductive reactance of the DPFC line). The available TSSC reactance
value closest to the desired reactance value of the controller was chosen at
all times during the controller operation.

The PST was implemented as a Quadrature Booster which enables voltage
phase angle shifts in the region [-15°, 15°]. In order to test the performance of
the damping controller in different operating points, the four machine system
was studied in the same four contingencies used for the study of the CSC
controller at two different inter-area power transfer levels; a low inter-area
transfer of 180 MW, and a high transfer case with 600 MW of transferred
power. As in the CSC study, the PSS connected to the generators in the
system were chosen to have a low gain to yield a system with a poorly
damped inter-area mode. The studied contingencies were:

1. A 3-phase short circuit at node 8 cleared with no line disconnection
after 200 ms.

2. A 3-phase short circuit at node 8 cleared by disconnection of one N8-N9
line in parallel to the CSC after 200 ms.

3. A 3-phase short circuit at node 8 cleared by disconnecting one of the
N7-N8 lines after 200 ms.

4. A disconnection of load at node 7. ∆P=-250 MW ∆Q=-50 MVAr in
the high transfer case and ∆P=-250 MW ∆Q=-100 MVAr in the low
transfer case.

The CSC line short-term thermal overload limit was assumed to be in the
range of 300-350 MW for the inter-area tie lines in the system. The post-fault
contingency set-point for the fast power flow controller was set to 300 MW.
The maximum inter-area power oscillation amplitude for each fault case,
which is a measure of the severity of the contingencies is plotted in Fig. 7.21.
It can be seen that Fault 1 yields the largest power oscillation amplitude with
a peak-to-peak amplitude in the range of 400 MW for the high load case and
250 MW for the low-load case. The lowest power oscillation amplitudes are
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Figure 7.21: Four-machine system with DPFC, voltage dependent loads:
Maximum total inter-area power oscillation amplitude with
different tap settings of the PST for contingencies 1-4.

observed in Fault 4 with a peak-to-peak amplitude in the range of 100 MW
in both cases.

The damping exponents (σ) for the different fault cases at different tap
settings are shown in Fig. 7.22. Boosting tap levels, characterized by their
advance in voltage phase angle are denoted with positive (+) angles and
buck-mode phase shifts are conversely marked as negative (-) angles. No
Cntrl. - values are the real part of the linearized system eigenvalues cor-
responding to the critical mode with the DPFC controller disabled. Cntrl.
- values are calculated from time-domain simulations with the DPFC con-
troller enabled by fitting a curve of the form C ∗ eσt (C and σ are constants,
t is time) to the total power oscillation envelope. It can be seen that the
damping of the system with no TSSC control is quite poor for all contin-
gency situations, especially in the high-transfer case. The least damped os-
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Figure 7.22: Four-machine system with DPFC, voltage dependent loads:
Damping exponent σ of the critical mode with different tap
settings of the PST for contingencies 1-4.

cillations are seen in Fault 1 where the damping is close to zero. With TSSC
damping enabled, the system damping of the inter-area mode is significantly
improved.

The damping time TD, which is the time required after the clearance of
each fault until the power oscillation on the DPFC line is damped below
10 MW in amplitude (peak-to-peak) for the two levels of inter-area power
transfer and the different tap settings are given in Fig. 7.23 and Fig. 7.24. It
can be seen that the damping time, TD, with the controller enabled is in the
range of 2 - 10 s in all cases except for the case with ∆θ = −15◦ in the high-
transfer case. This case will be discussed below. With no supplementary
damping added, TD is in the range of 8 - 1300 s in the high-power transfer
case and in the range of 9 - 26 s in the low-power transfer case.
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Figure 7.23: Four-machine system with DPFC, voltage dependent loads
and total power transfer 600 MW: required time to damp
the power oscillation on the line below 10 MW p-p, TD with
different tap settings of the PST for contingencies 1-4.

From the results presented in Figures 7.22, 7.23 and 7.24, two important
observations can be made:

� There is a relation between the tap setting of the PST and the damping
performance which is most prominent in the high power transfer case.
In operating conditions characterized by large boosting (+) phase an-
gles, the damping performance is degraded compared to buck (-) and
zero (0) phase angle cases. One reason for this is that the observ-
ability of the oscillation mode in the power signal of the DPFC line
decreases with increasing boosting phase shift leading to a reduced
Signal-To-Noise (SNR) ratio of the controller input signal. Another
reason is that the controllability of the mode from the TSSC increases
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Figure 7.24: Four-machine system with DPFC, voltage dependent loads
and total power transfer 180 MW: required time to damp the
power oscillation on the DPFC line below 10 MW p-p, TD

with different tap settings of the PST for contingencies 1-4.

with boost angle, amplifying the effect of the control errors introduced
by the discretization of the inserted series reactances. A third rea-
son for the degradation is that the assumptions of linearity used in
the derivation of the control laws are less accurate at high boosting
angles. The degradation issue may affect how the DPFC should be
operated regardless of which type of (linear) controller that is used for
power oscillation damping. If a certain power oscillation damping per-
formance is required, certain tap/power transfer configurations may
not be allowed due to this issue. It should be pointed out that a con-
troller utilizing remote signals for oscillation damping would probably
not suffer from this degradation problem.
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� In Fault 4 of the high-power transfer case at ∆θ = −15◦, the DPFC
does not improve the damping of the system. This is due to the fact
that only discrete values of series reactance are available for power
oscillation damping. In this fault case, the power oscillation is initially
fairly small, and the controller demands changes in reactance which
are smaller than the lowest available value given by the discretization.
As a result, the controller will not insert any series reactance in the
circuit and the damping will not be improved from its initial value.

Another important issue which has its origin in the discretization of the
TSSC reactance is that it is important that the first step in a damping
sequence, (∆Xinitial) is always executed. Due to a low observability of the
oscillation mode at the DPFC location, the desired first reactance step in
a damping sequence may be smaller than the smallest step available from
the group of switched reactances. Thus, ∆Xinitial will be zero. Due to this,
no estimation of grid parameters will occur and, provided that the power
oscillation has an original positive damping, no damping improvement will be
seen since no further action of the TSSC will be taken. A conservative setting
of the initial grid parameters Xi and Xeq does not improve the situation since
this will yield a desired first step which is comparably small and likely to be
insufficient. One way to improve the controller performance in such cases
would be to change the rule for choosing the TSSC reactance such that if the
desired first step in a damping sequence is too small to give a change in the
TSSC reactance by the ”closest value” rule, the smallest reactance step in
the right direction should still be executed. This would give the estimation
process a chance to change the controller ”gain” and improve the damping
performance.

As in the case of the study of the CSC controller, the fast power flow
control feature of the controller shows good performance in this study. The
stationary error of the fast power flow controller was generally seen to be
in the range of ±2%−±3% as in the case of the CSC controller. In one of
the studied cases, the amplitude of the power oscillation was reduced below
the set disabling limit of 10 MW p-p in the middle of a two-step damping
sequence. As discussed for the CSC controller, this yields a larger stationary
error of the fast power flow controller which in this case was about 10 %.
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7.3 DPFC controller results

As in the case of the CSC controller, the DPFC controller was optimized for
power oscillation damping which slightly degrades the power flow controller
performance.
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Controllers for power oscillation damping, power flow control, and transient
stability improvement by means of CSC and DPFC have been proposed in
this thesis. The damping- and power flow controllers are adaptive and the
transient controller is an open-loop scheme. All controllers require very little
to be known about the power system where the device is placed as long as
the basic system assumption of one dominating power oscillation mode is
fulfilled. With these characteristics, the controllers provide an alternative to
controllers based on full-scale system models, requiring only a small amount
of system information and a short implementation time.

The proposed damping controller performance was studied in simulations
of a four-machine test system with one poorly damped inter-area mode of
oscillation. The system was studied in four different contingencies at two
different inter-area power transfer levels. The damping of the inter-area
mode was improved to acceptable levels in all the studied cases when the
proposed controllers were used both with the CSC and the DPFC as the
controllable device.

In the case of the DPFC controller, a performance degradation of the
damping controller was observed at high boosting angles of the PST. This
degradation is believed to be due to the changes in controllability and ob-
servability of the inter-area mode in the locally measured line power used as
input to the controller. This problem is also expected to affect other types of
damping controllers for the DPFC using locally measured signals as inputs.

Additionally, the four-machine test system was studied at very high levels
of power transfer in order to determine the effectiveness of the proposed
transient controller for the CSC. In this study, it was seen that it was possible
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to increase the maximum inter-area power transfer by approximately 15 %
when the proposed transient controller was used in addition to the damping
controller compared to the system with only a damping controller.

The CSC controller performance has also been studied in simulations of a
23-machine system where the aim was to improve the damping of one inter-
area power oscillation mode and to improve the transient stability of the
system. The system was studied in 18 different contingencies in two different
operation points, one with normal load and one with peak load. With the
CSC controller disabled, the system exhibited small-signal instability in 9
of the 18 contingencies in the peak-load case. Additionally, the system was
transiently unstable in 6 of the 18 studied faults in the peak load case. With
the CSC controller, the system was transiently stable and the damping of the
inter-area mode was improved to acceptable levels in 15 of the 18 fault cases.
In the normal-load case, the system was initially transiently stable, but the
damping of the inter-area mode was insufficient in many cases and the system
showed small-signal instability in one case. With the CSC controller, the
damping of the inter-area mode was improved to acceptable levels in all 18
contingencies.

Possible future work on the proposed controllers includes:

� Study the performance of the DPFC controller in the 23-machine sys-
tem in a similar way as was done for the CSC controller.

� Investigate if it is possible to improve the DPFC damping controller
performance in situations when the observability of the mode is low
in the locally measured signals or the total power oscillation has a
low magnitude. This may be done by making it mandatory for a
first step in a damping sequence to be executed, even if the desired
reactance change given by the controller is smaller than half of the
smallest possible step magnitude given by the discrete reactance values
of the TSSC. In this way, an estimation process could be initiated which
may lead to an improved controller performance

� Study if the estimation process may be improved by applying non-
linear estimation techniques to the step response data which is collected
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during the damping sequence. The estimation process would then
directly solve the full estimation problem given all the available data
at each time step.

� Study if the quality of the grid parameter estimates can be improved
if a linear estimation method of RLS type is used for parameter esti-
mation.

� Investigate the controller performance in the presence of colored noise.
This may be noise generated as harmonics by power electronic equip-
ment connected in the power grid.

� Compare the performance of the developed controller and a continuous
linear adaptive controller based on the same system model.
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A Parameter estimation in the DPFC

system model

Here, the estimation relations and the power oscillation damping control
laws for the extended DPFC system model in Fig. 6.1 are derived.

A.1 Estimation of the parameter Xeq

Initially, assume that the average total power transmitted between the grid
areas is denoted by Ptot0 and the average power on the DPFC line is denoted
by PXstat. For convenience, the total reactance of the DPFC line is denoted
by X = XPST + XTSSC + Xline. Let ∆θ denote the advancing (boost)
phase shift of the PST. In order to find an estimation relation for Xeq, the
relation between the average power transmitted through the DPFC line and
the inserted TSSC reactance is derived. Then,

Ptot0 =
U1jU2j

Xeq
sin(θ) +

U1jU2j

X
sin(θ + ∆θ), (A.1)

with

θ = θ1j − θ2j . (A.2)

The power through the controlled line can be expressed as

PXstat =
U1jU2j

X
sin(θ + ∆θ). (A.3)

Differentiating Eq. A.1 and Eq. A.3 with respect to X leads to

0 =
U1jU2j

Xeq
cos(θ)

dθ

dX
+

dPXstat

dX
. (A.4)
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A Parameter estimation in the DPFC system model

Table A.1: Values of R for different values of θ and ∆θ.

θ ∆θ = −15◦ ∆θ = +15◦

30 R=1.12 R=0.82
40 R=1.18 R=0.75
50 R=1.27 R=0.65
60 R=1.41 R=0.52
70 R=1.67 R=0.25

PXstat

dX
= −U1jU2j

X2
sin(θ + ∆θ) +

U1jU2j

X
cos(θ + ∆θ)

dθ

dX
, (A.5)

Eliminating dθ/dX between Eq. A.5 and Eq. A.4 and rearranging gives

dPXstat

dX
=

−U1jU2j sin(θ + ∆θ)
X2 + XeqXcos(θ + ∆θ)/cos θ

. (A.6)

Using Eq. A.3, this simplifies to

dPXstat

dX
=

−PXstat

X + Xeqcos(θ + ∆θ)/cos θ
. (A.7)

If this differential equation in X is solved for the average power on the line
PXstat(X) it yields

PXstat(X0 + ∆X) = PXstat(X0)
X0 + Xeqcos(θ + ∆θ)/cos θ

X0 + ∆X + Xeqcos(θ + ∆θ)/cos θ
. (A.8)

Here the initial value of X is denoted X0 and the change in the line reactance
is given as ∆X. Here the ratio R = cos(θ + ∆θ)/cos(θ) was assumed to be
constant. If we assume that the PST gives maximum ±15◦ in phase angle
shift and that θ < 70◦ then R for different angle differences is given by Table
A.1 below.

It can be seen that the assumption is valid if the steps in X produce small
changes in the angle difference θ. The assumption fails when the steps give
large changes in separation angle θ. The assumption is more accurate when
the PST has a retarding angle. In order to improve the parameter estimation
in the SIMPOW implementation, the separation angle θ before and after the
estimation steps is calculated and the average value of the ratio R is used
for the estimation.
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A.2 Estimation of the parameter Xi

This expression Eq. A.8 can be compared with the expression of the static
step response for the system without the PST,

PXstat(X0 + ∆X) = PXstat(X0)
(

Xeq + X0

Xeq + X0 + ∆X

)
. (A.9)

It can be noted by comparing the expressions that the Xeq variable in Eq.
A.9 is replaced by Xeq cos(θ + ∆θ)/(cos θ) in the DPFC case.

The relation Eq. A.8 is used by the DPFC controller to determine the
value of Xeq when the response in the line average power following a step in
the TSSC reactance is known.

A.2 Estimation of the parameter Xi

As in the case of the derivation of the estimation relation for the system
model with CSC it is interesting to derive the instantanous response of the
transmitted power through the DPFC line. To this end, we can assume that
the generator electrical angles are constant due to the large inertia. Using
this assumption, the peak power transmitted through the line can be calcu-
lated. The DPFC system model can then be simplified to the one in Fig. A.1.
Here the symmetry has been used to move Xi1 and Xi2 to the sending end
side. This can be done when the concern is power flow calculations. In this
system, the receiving generator voltage is connected directly to Xeq and to
the right side of the PST. US , the sending end generator voltage, UR, the
receiving generator voltage and UR∆, the receiving generator voltage phase
shifted with ∆θ are assumed to be constant voltages during the disturbance.

The system can be transformed using a Y-∆ transformation as in Fig. A.2.

This transformation gives

XSR∆ = XiX

(
1
X

+
1
Xi

+
1

Xeq

)
= (XXi + XXeq + XiXeq) /Xeq (A.10)

XRR∆ = XeqX

(
1
X

+
1
Xi

+
1

Xeq

)
= (XXi + XXeq + XiXeq) /Xi. (A.11)
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UR, 
��

X

Xeq

Xi=Xi1+Xi2

Ptot
PX ��

UR�, ���US, 
��

Figure A.1: Reduced DPFC system model.
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Xi

Xeq

X

XSR�
XSR

XRR�
UR

UR�
US

Figure A.2: Y-∆ transformation of reduced DPFC model.

The initial power on the controlled line can now be expressed as

PX =
UR∆US sin θ∆

XSR∆
+

UR∆UR sin(∆θ)
XRR∆

(A.12)

where θ∆ = θS − θR∆ denotes the voltage angle between the US and UR∆

nodes. If a step in X from X to X ′ is applied, XSR∆ is changed accordingly
from XSR∆ to XSR∆’. For the instantaneous response we can assume due to
the inertia of the synchronous machines that θ∆ and ∆θ are constant. We
also assume that the voltages at the generators are well controlled so that
US , UR and UR∆ can be assumed to be constant. Eq. A.12 is valid both
before and after the step in reactance, thus the power transmitted through
the controlled line after the step can be expressed as

P ′
X =

UR∆US sin θ∆

X ′
SR∆

+
UR∆UR sin(∆θ)

X ′
RR∆

. (A.13)
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A.2 Estimation of the parameter Xi

Dividing Eq. A.13 with Eq. A.12 and rearranging yields

P ′
X = PX

(XXi + XXeq + XiXeq)
(X ′Xi + X ′Xeq + XiXeq)

, (A.14)

which reduces to

P ′
X = PX

Xtot(X + Xeq)
X ′

tot(X ′ + Xeq)
(A.15)

with

Xtot = Xi +
XXeq

X + Xeq
. (A.16)

This expression is the same as the relation derived for the system model
with no PST included. Eq. A.15 can be used to estimate the parameter Xi

for a particular system once Xeq has been estimated from Eq. A.8.
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B Derivation of the control law in the

DPFC system model

In this section, the oscillation damping control law for the DPFC controller
is derived. The goal of the derivation is to find a control law which ideally
damps an oscillation and changes the power flow of the line to a specified
value by means of two reactance changes separated in time by half an oscil-
lation cycle. The idealized curve-forms of the line power and the total power
are illustrated in Fig. 5.6. Provided that the parameters of the system have
been established, the necessary reactance steps to damp an oscillation in two
discrete steps can be calculated as follows:

Let the initial average power on the DPFC line be denoted by PXstat0.
For convenience, the total reactance of the DPFC line is given by X =
XPST + XTSSC + Xline with denotations from Fig. 6.1. The initial value of
X is X0, the value after the first reactance step is X1 and the final value is
denoted X2. Let ∆θ denote the advancing (boost) phase shift of the PST.
We assume that the grid parameters are known as Xi and Xeq.

The desired value of the total DPFC line reactance X2 in order for the
average power on the line to equal the given power set-point PXsp after the
two steps can be calculated using Eq. A.8 so that

PXsp(X) = PXstat0

(
XeqEff + X0

XeqEff + X2

)
(B.1)

with

XeqEff = Xeq
cos(θ0 + ∆θ)

cos θ0
. (B.2)
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B Derivation of the control law in the DPFC system model

Here, θ0 = θ1j − θ2j , the initial average phase angle shift of the DPFC line
can be calculated from

PXstat0 =
U1jU2j sin(θ0 + ∆θ)

X0
, (B.3)

where we assume the voltage magnitudes at the line ends U1j and U2j to
equal the nominal voltage U0.

Using the denotations given in Fig. 5.6, the power on the line after the
first step can be calculated using Eq. 4.47 as

PXp1 = PXp0
Xtot0(X0 + Xeq)
Xtot1(X1 + Xeq)

(B.4)

with

Xtot = Xi +
XXeq

X + Xeq
. (B.5)

Here, the peak power on the DPFC line right before the first step is denoted
PXp0 and after the first step as PXp1, the ”virtual” total reactance between
grid areas calculated by Eq. B.5 is denoted by Xtot0 initially and Xtot1

following the first reactance step in the sequence.

The next oscillation peak value in the line power can be calculated as

P ′
Xp1 = (PXstat1 − PXp1) eσTosc/2 + PXstat1, (B.6)

with

PXstat1 = PXstat0

(
X0 + XeqEff

X1 + XeqEff

)
(B.7)

as the average line power after the first step in reactance. Here it has been
assumed that the oscillation is symmetric around the average power value,
which is an assumption of linearity of the system equations. The real part
of the oscillation mode eigenvalue is given by σ and the cycle time of the
oscillation is given by Tosc.

In order to damp the oscillation completely after the second step in reac-
tance, the instantaneous value of the active power after the step on the line
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must equal the average value, which is known as PXsp. Hence, by using Eq.
4.47, the following relation can be obtained:

PXsp = P ′
Xp1

Xtot1(X1 + Xeq)
Xtot2(X2 + Xeq)

. (B.8)

Insertion of Eq. B.4 and Eq. B.6 in Eq. B.8 gives:

K = Ap1

(
Xtot1(X1 + Xeq)

X1 + XeqEff

)
−Ap2 (B.9)

with,

K = PXspXtot2(X2 + Xeq), (B.10)

Ap1 = PXstat0

(
1 + eσTosc/2

)
(X0 + XeqEff ) , (B.11)

and

Ap2 = PXp0Xtot0(X0 + Xeq)eσTosc/2. (B.12)

Solving for X1 yields the non-linear relation,

X1 =
XeqEff (K + Ap2)−Ap1XiXeq

Ap1(Xi + Xeq)−K −Ap2
. (B.13)

Now, the requested reactance values after the first and second step in reac-
tance are known as X1 and X2 respectively and the control law is complete.
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List of Acronyms

ARX Auto Regressive with eXternal input

CSC Controlled Series Compensator

COI Center Of Inertia

DPFC Dynamic Power Flow Controller

FACTS Flexible AC Transmission Systems

FSW First Swing (transient)

GTO Gate Turn Off thyristor

IGBT Insulated Gate Bipolar Transistor

LQR Linear Quadratic Regulator

MMAC Multiple Model Adaptive Controller

MPC Model Predictive Controller

PMU Phasor Measurement Unit

POD Power Oscillation Damping

PSDF Phase Shifter Distribution Factor

PSS Power System Stabilizer

PST Phase-Shifting Transformer
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List of Acronyms

RLS Recursive Least Squares (estimator)

SC Short Circuit

SNR Signal to Noise Ratio

SPM Structure Preserving Model

SSSC Static Synchronous Series Compensator

STATCOM Static Synchronous Compensator

SVC Static Var Compensator

SVS Static Var System

TCBR Thyristor Controlled Braking Resistor

TCR Thyristor Controlled Reactor

TCSC Thyristor Controlled Series Capacitor

TCSR Thyristor Controlled Series Reactor

TSSC Thyristor Switched Series Capacitor

TSSR Thyristor Switched Series Reactor

UPFC Unified Power Flow Controller

VSC Voltage Source Converter
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List of Symbols

The symbols are listed in approximative order of appearance in the thesis.

H Generator constant of inertia. [s]

θ Generator rotor angle relative to synchronously rotating
frame. [rad.]

ω Angular frequency for rotor oscillations relative to syn-
chronously rotating frame. [rad./s]

ω0 Nominal electrical AC frequency. [rad./s]

D Damping constant. [p.u./(rad./s)]

P ′
m Mechanical power delivered to generator. [p.u.]

P ′
e Electrical power delivered from generator. [p.u.]

SN Nominal power rating of generator. [W ]

Wkin Kinetical energy of generator and turbine at nominal
speed.

[J ]

ω0m Rated mechanical angular frequency of generator.

[rad./s]

J Combined moment of inertia of generator and turbine.
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List of Symbols

[kgm2]

x′d Generator transient d-axis reactance. [p.u.]

xl Line reactance to infinite bus in one machine system.

[p.u.]

E Generator voltage magnitude behind transient reactance.

[p.u.]

U Node voltage magnitude. [p.u.]

Ē Generator voltage phasor behind transient reactance.

[p.u.]

Ī Generator current phasor. [p.u.]

Ȳ Power system admittance matrix. [p.u.]

Ȳij Admittance matrix element, row i, column j. [p.u.]

Ḡij Real part of admittance matrix element i, j. [p.u.]

B̄ij Imaginary part of admittance matrix element i, j.

[p.u.]

PL0 Nominal value of active power load. [p.u.]

QL0 Nominal value of reactive power load. [p.u.]

UL Voltage magnitude at load node. [p.u.]

UL0 Nominal voltage magnitude at load node. [p.u.]

E′
qk
6 δ Generator internal bus voltage at k:th node in SPM model.

160



[p.u.]

x′dk k:th generator node transient reactance, including trans-
former reactance in SPM model. [p.u.]

Uk 6 θ Voltage at k:th node in SPM model. [p.u.]

Mk Inertia constant of k:th machine in SPM model.

[s2/rad]

T ′dok D-axis transient open-circuit time constant of k:th generator
in SPM model. [s]

xdk k:th generator node stationary reactance in SPM model.

[p.u.]

Efk EMF proportional to the field voltage of generator k in SPM
model. [p.u.]

∆θij Phase shift angle of PST connected between nodes i and j.

[rad.]

ξ∆θ Phase shifter distribution factor of PST connected between
nodes i an j. [p.u./rad.]

ZT PST series impedance. [p.u.]

∆θadv0 Ideal advancing phase angle shift of PST. [rad.]

∆θadv Actual advancing phase angle shift of PST. [rad.]

∆θret0 Ideal retarding phase angle shift of PST. [rad.]

∆θret Actual retarding phase angle shift of PST. [rad.]

β Phase retardation angle due to PST impedance.
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List of Symbols

[rad.]

XTCSC Reactive impedance of TCSC unit. [p.u.]

XL Reactance of TCR branch in the TCSC. [p.u.]

XC Reactance of the fixed capacitor in the TCSC unit.

[p.u.]

α Firing delay angle for TCSC calculated from the zero cross-
ing of the capacitor voltage. [rad.]

Ptot0 Total average active power transmitted between two grid
areas. [p.u.]

ωosc Angular frequency of the inter-area oscillation.

[rad./s]

fosc Frequency of the inter-area oscillation. [Hz]

Tosc Period time for the inter-area oscillation. [Hz]

Pm Excess mechanical power in a grid area. [p.u.]

Pe Electrical power transmitted between two grid areas.

[p.u.]

Z Impedance of the CSC line including the CSC device in the
system model for CSC. [p.u.]

Zi1 Short circuit impedance of area 1 in the system model for
CSC.

[p.u.]
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Zi2 Short circuit impedance of area 2 in the system model for
CSC.

[p.u.]

Zeq Parallel impedance in the system model for CSC.

[p.u.]

Xi Total series reactance in the system model for CSC and
DPFC.

[p.u.]

Xi1 Series reactance of area 1 in the system model for CSC and
DPFC.

[p.u.]

Xi2 Series reactance of area 2 in the system model for CSC and
DPFC.

[p.u.]

Xeq Parallel reactance in the system model for CSC and DPFC.

[p.u.]

X Reactance of the CSC or DPFC line in the system model in-
cluding the CSC or DPFC device reactance.[p.u.]

X ′ Reactance of the CSC or DPFC line in the system model
including the CSC or DPFC device reactance after a certain
change in line reactance. [p.u.]

U1 Voltage magnitude at machine equivalent of area 1 in the
CSC or DPFC system model. [p.u.]
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List of Symbols

U2 Voltage magnitude at machine equivalent of area 2 in the
CSC or DPFC system model. [p.u.]

θ1 Voltage phase angle at machine equivalent of area 1 in the
CSC or DPFC system model. [rad.]

θ2 Voltage phase angle at machine equivalent of area 2 in the
CSC or DPFC system model. [rad.]

U1j Voltage magnitude at CSC/DPFC line end 1 in the CSC or
DPFC system model. [p.u.]

U2j Voltage magnitude at CSC/DPFC line end 2 in the CSC or
DPFC system model. [p.u.]

θ1j Voltage phase angle at CSC/DPFC line end 1 in the CSC
or DPFC system model. [rad.]

θ2j Voltage phase angle at CSC/DPFC line end 2 in the CSC
or DPFC system model. [rad.]

PX Instantaneous power transmitted through the CSC/DPFC
line. [p.u.]

P ′
X Instantaneous power transmitted through the CSC/DPFC

line after a certain change in the line reactance.

[p.u.]

PXstat Average power (averaged over a full oscillation cycle)
transmitted through the CSC/DPFC line.

[p.u.]

P ′
Xstat Average power (averaged over a full oscillation cycle) trans-

mitted through the CSC/DPFC line after a certain change
in the line reactance. [p.u.]
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Xtot Total reactance between machine representations in CSC
system model or ”virtual” total reactance in DPFC system
model. [p.u.]

X ′
tot Total reactance between machine representations in CSC

system model or ”virtual” total reactance in DPFC system
model after a certain change in the line reactance.

[p.u.]

∆X Magnitude of a step change in line reactance performed by
CSC or DPFC unit. [p.u.]

Pav Average value of the line power estimated by the RLS.

[p.u.]

∆P̄ Phasor describing the power oscillation estimated by the
RLS in the synchronously rotating frame. [p.u.]

∆PD Real part of ∆P̄ . [p.u.]

∆PQ Imaginary part of ∆P̄ . [p.u.]

ωCO Cut off frequency of the RLS algorithm. [rad/s]

θstat Steady-state voltage phase angle between the machines in
the CSC system model around which the system equations
are linearized. [rad.]

θ′stat Steady-state voltage phase angle between the machines in
the CSC system model around which the system equations
are linearized after a certain change in the line reactance.

[rad.]
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List of Symbols

σ Real part of the eigenvalue corresponding to the inter-area
oscillation mode in the system model for the CSC and
DPFC. [rad/s]

∆θ Ideal phase angle shift of PST in system model (positive
when advancing). [deg./rad.]

Xline Reactance of the DPFC line not including the DPFC itself.

[p.u.]

XPST The tap-dependent series reactance of the PST.

[p.u.]

θ0 The steady-state voltage phase angle difference between
the DPFC line ends before a step in the TSSC reactance.

[rad.]

θav The average of the steady-state voltage phase angle differ-
ences between the DPFC line ends before and after a step
in the TSSC reactance. [rad.]

XeqEff A transformed ”effective” version of the parallel reactance
Xeq in the DPFC system model. [p.u.]

PXsp Post-contingency set-point for the fast power flow controller
used in the CSC and DPFC controller. [p.u.]

X0 Initial value of the CSC or DPFC line reactance including
the controllable device. [p.u.]

X1 Value of the CSC or DPFC line reactance including the con-
trollable device after the first step in a two-step damping
sequence. [p.u.]

166



X2 Value of the CSC or DPFC line reactance including the con-
trollable device after the second step in a two-step damping
sequence. [p.u.]

Xtot0 Total initial reactance between machine representations in
CSC system model or ”virtual” total reactance in DPFC
system model. [p.u.]

Xtot1 Total reactance between machine representations after the
first step in a damping sequence for the CSC or DPFC con-
troller. [p.u.]

Xtot2 Total reactance between machine representations after the
second step in a damping sequence for the CSC or DPFC
controller. [p.u.]

PXstat0 Initial value of the average power (averaged over a full os-
cillation cycle) on the DPFC line when a damping sequence
is started. [p.u.]

PXstat1 Value of the average power (averaged over a full oscillation
cycle) on the DPFC line after the first step in a damping
sequence. [p.u.]

Pp0 Instantaneous value of the total inter-area power before the
first step in a CSC damping sequence. [p.u.]

Pp1 Instantaneous value of the total inter-area power after the
first step in a CSC damping sequence. [p.u.]

P ′
p1 Value of the estimated instantaneous total inter-area

power before the second step in a CSC damping sequence.

[p.u.]

PXp0 Value of the instantaneous CSC or DPFC line power
before the first step in a CSC or DPFC damping sequence.
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List of Symbols

[p.u.]

PXp1 Value of the instantaneous CSC or DPFC line power after
the first step in a CSC or DPFC damping sequence.

[p.u.]

P ′
Xp1 Value of the estimated instantaneous CSC or DPFC line

power before the second step in a CSC or DPFC damping
sequence. [p.u.]

∆X1 First desired reactance step in a two-step damping sequence
determined by the DPFC or CSC controller.[p.u.]

∆X2 Second desired reactance step in a two-step damping
sequence determined by the DPFC or CSC controller.

[p.u.]

∆Xtot Change in the total reactance between areas in the system
model due to a change in the controlled line reactance.

[p.u.]

δ Voltage phase angle difference between the sending and re-
ceiving areas in a COI reference frame. [p.u.]

δr Voltage phase angle of the receiving area in a COI reference
frame. [p.u.]

δs Voltage phase angle of the sending area in a COI reference
frame. [p.u.]

Ppost(δ) Post-fault P − δ dependence used for transient stability as-
sessment. [p.u.]

PpostFC(δ) Post-fault P − δ dependence with full series compensation
of the CSC or DPFC device. [p.u.]
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PpostHC(δ) Post-fault P − δ dependence with half of the maximum
capacitive series reactance of the CSC or DPFC device
used.

[p.u.]

Ppre(δ) Pre-fault P − δ dependence used for transient stability as-
sessment. [p.u.]

Pfault(δ) P−δ dependence during the fault used for transient stability
assessment. [p.u.]

PmPost Post-fault excess mechanical power in the grid area trans-
mitting power. [p.u.]

PmPre Pre-fault excess mechanical power in the grid area transmit-
ting power. [p.u.]

XCSC CSC reactance value determined by complete CSC con-
troller. [p.u.]

XTSSC TSSC reactance value determined by complete CSC con-
troller. [p.u.]

XCSCmin Minimum reactance value (maximum capacitive reactance)
of CSC unit. [p.u.]

XCSClim Maximum reactance value (minimum capacitive reactance)
of CSC unit during oscillation damping different from the
physical limit of the device. [p.u.]

XPOD POD contribution to XCSC or XTSSC . [p.u.]

XFSW Transient stability contribution to XCSC or XTSSC .

[p.u.]
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List of Symbols

XPI Long term power flow control contribution to XCSC or
XTSSC . [p.u.]

Pref Reference value for the line power flow provided to the CSC
or DPFC controller. [p.u.]

IX CSC or DPFC line RMS current. [p.u.]

γ Weight factor used in the estimation process for Xi and
Xeq.

[−]

Zim Imaginary part of the rotating phasor representing the line
power oscillation estimated by the RLS estimator.

[p.u.]

Zre Real part of the rotating phasor representing the line power
oscillation estimated by the RLS estimator. [p.u.]

Pav Average value of the line power estimated by the RLS esti-
mator. [p.u.]

TD Time after a fault until the line power oscillation has an am-
plitude which is lower than a certain value. [s]

∆Xinitial Actual first reactance step in a damping sequence of the
DPFC controller. [p.u.]

R Term relating XeqEff to Xeq in the DPFC system model.

[p.u.]

US Voltage magnitude of the sending area machine representa-
tion in the derivation of estimation relations in the DPFC
system model. [p.u.]
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UR Voltage magnitude of the receiving area machine represen-
tation in the derivation of estimation relations in the DPFC
system model. [p.u.]

UR∆ Voltage magnitude of node R∆ in the derivation of estima-
tion relations in the DPFC system model. [p.u.]

θS Voltage phase angle of the sending area machine represen-
tation in the derivation of estimation relations in the DPFC
system model. [p.u.]

θR Voltage phase angle of the receiving area machine represen-
tation in the derivation of estimation relations in the DPFC
system model. [p.u.]

θR∆ Voltage phase angle of node R∆ in the derivation of estima-
tion relations in the DPFC system model. [p.u.]

θ∆ Voltage phase angle difference between node S and node
R∆ in the derivation of estimation relations in the DPFC
system model. [p.u.]

XSR∆ Initial equivalent reactance between between node S and
node R∆ in the ∆-configuration of the DPFC system
model.

[p.u.]

XRR∆ Initial equivalent reactance between node R and node R∆
in the ∆-configuration of the DPFC system model.

[p.u.]

X ′
SR∆ Equivalent reactance between node S and node R∆ in the

∆-configuration of the DPFC system model after a change
in the DPFC line reactance. [p.u.]
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List of Symbols

X ′
RR∆ Equivalent reactance between node R and node R∆ in the

∆-configuration of the DPFC system model after a change
in the DPFC line reactance.

[p.u.]

XSR Initial equivalent reactance between node S and node R in
the ∆-configuration of the DPFC system model.

[p.u.]
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