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Comparison of Methods for Evaluating Stability Performance of Power
System Stabilizers
JOAKIM HIRAMSSON
Department of Energy and Environment
Chalmers University of Technology

Abstract
Two methods are commonly used by transmission system operators to evaluate the
stability performance of a power system stabilizer (PSS). However, cases have been
encountered where the two evaluation methods do not agree. This is problematic
since it may affect the stability of the power system. In this study it is investigated
and suggested which of two evaluation methods that is better to use when evaluat-
ing the stability performance of a PSS. This study is based on dynamic simulations
of the Nordic32-system where PSS2Bs are placed at different synchronous machines
that are located at different buses in the power system; then, the impact of tuning
the PSS2Bs according to the two evaluation methods is analyzed by the traditional
method of eigenvalue analysis. The eigenvalue analysis shows that tuning of the
PSS2Bs according to the evaluation method used by Statnett results in higher in-
creases in the damping ratios of the complex eigenvalues with imaginary parts in
the range of 0.6 - 6.3 rad/s compared with tuning of the PSS2Bs according to the
evaluation method used by National Grid. Therefore, for the specific cases simu-
lated, it is suggested that the evaluation method used by Statnett is better to use
for purposes of evaluating the stability performance of a PSS.

Keywords: rotor angle stability, stability performance, power system stabilizer,
PSS2B, evaluation methods.
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1
Introduction

The demands on power quality are constantly increasing, and power system stability
is important in order to comply with de�ned power quality limits. Power system sta-
bility is also important for the sustainable development worldwide. The traditional
usage of fossil fuels in power generation is causing concerns for the environment, the
climate and for the health of people [1], [2]. Renewable energy sources (RES) is a
clean way of reducing the need for fossil fuels in power generation [2], [3]. However,
the combination of factors such as increasing power �ows and an increasing usage
of RES is expected to reduce the ability of the power system to withstand outages
as well as increase its vulnerability [2]�[5].

Power system stability can be divided into three categories: voltage-, frequency-,
and rotor angle stability [6]. Rotor angle stability deals with the study of electro-
mechanical oscillations present in the power system, and it can be enhanced by
actively regulating the terminal voltages of the synchronous machines (SMs) in the
power system. Terminal voltage regulation capability is provided by an automatic
voltage regulator (AVR), and regulation is accomplished by controlling the excita-
tion of the SM [7]�[9]. In addition to the AVR, a power system stabilizer (PSS) is
typically utilized to provide damping to the electro-mechanical oscillations [8], [10].

There are two methods commonly used by transmission system operators (TSOs)
to evaluate the stability performance of a PSS. The �rst evaluation method is to
measure the response characteristic from the PSS input to the terminal voltage of
the SM. The obtained response shall be within certain limits in terms of amplitude
and phase for a certain range of angular frequencies [11]. In the second evaluation
method, the amplitude response characteristic from the AVR input to the active
power output from the SM is measured with both disconnected and connected PSS.
For the PSS to provide damping, the amplitude response with connected PSS needs
to be equal to or smaller than the amplitude response with PSS disconnected for a
speci�c range of angular frequencies [12].

Solvina has encountered di�erent cases where PSSs perform within given limits
when evaluated with one of the two evaluation methods; however, when the same
PSSs are evaluated with the other evaluation method they do not perform within
given limits. This indicates that the two evaluation methods do not agree. The
possible disagreement between the two evaluation methods is problematic since it
may infer that some PSSs currently connected to the power system are improperly
tuned; thus, these PSSs may compromise the stability of the power system. This
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has not been addressed in recent research where focus is on research areas such as:
optimal location of the PSS [13], [14]; PSS design and tuning using nonlinear and/or
arti�cial intelligence based control theories [13]�[19]; and pricing of PSS services [20],
[21].

1.1 Aim

Investigate and suggest which of the two evaluation methods that is better to use
when evaluating the stability performance of a PSS.

1.2 Objectives

The aim is broken down into two main objectives where the �rst objective is to gain
understanding about how changes in the response of the �rst evaluation method are
re�ected in the amplitude response of the second evaluation method. The second
objective is to evaluate the performance of a PSS when it is tuned according to
each evaluation method. The second objective comprises three parts: 1) verify the
�ndings of the �rst objective, 2) simulate a multi-bus power system with the PSS
at di�erent locations, and 3) analyze the stability performance of the PSS.

1.3 Method

The �rst objective is accomplished through Matlab/Simulink simulations of a lin-
earized model of a single-machine in�nite bus (SMIB) system. The second objective
is accomplished through dynamic simulations in Simpow. The �rst part of the sec-
ond objective comprises dynamic simulations of an SMIB-system. The second part
of the second objective comprises dynamic simulations of a multi-bus power system.
For each location of the PSS, it is tuned so that it performs well according to each
of the two evaluation methods for two di�erent sets of tunings; hence, four sets of
dynamic simulations are performed for each PSS location. In the third part of the
second objective, the stability performance of the PSS is analyzed by the traditional
method of eigenvalue analysis [22].

1.4 Scope

This is an example study where focus is on investigating the performance of the
two evaluation methods when the power system is subjected to small-signal dis-
turbances. Rotor angle stability problems related to large-signal disturbances are
not considered. Stability problems related to deviating power system frequency or
deviating bus voltages are not considered either.

The linearized model of the SMIB-system is valid for small-signal disturbances
around an initial operating point. The model includes the e�ects of: the �eld circuit
dynamics, the excitation system, and the PSS. The model only captures a certain
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mode of oscillation; therefore, the results are not generalizable to larger power sys-
tems where other modes of oscillation exist [23]. The PSS considered is a PSS2B
and it is assumed that the rotor angular frequency deviation input signal perfectly
represents the true rotor angular frequency deviation. Therefore, only the rotor an-
gular frequency deviation is utilized as the input signal to the PSS. The excitation
system comprises a brushless exciter and an AVR of PID-regulator type. The e�ects
of turbine and governor are not modeled since they do not a�ect the dynamics. The
model is deemed su�cient for investigating basic concepts even though it does not
include the e�ects of damper windings [9], [23], [24]. Moreover, no saturation e�ects
are included when calculating model parameters since saturation data is unavailable.
This a�ects the stability limits of the SMIB-system somewhat; however, this is not
deemed critical.

The dynamic simulations of the SMIB-system and the multi-bus power system uti-
lize an SM-model that includes the e�ects of: the �eld winding, one d-axis damper
winding, two q-axis damper windings, and magnetic saturation. In addition, a tur-
bine and a governor are modeled; however, they do not a�ect the dynamics. The
excitation system is modeled as a PI-regulator. The PSS is a PSS2B and utilizes
rotor angular frequency deviation and electrical power deviation as input signals.

The SMIB-system only captures a certain mode of oscillation. However, the multi-
bus power system capture the e�ects of additional oscillation modes. The dynamic
simulations of the multi-bus power system and the following eigenvalue analysis
therefore provide a general picture of the performance of the PSS. This can in turn
be used for evaluating the performance of the two evaluation methods.

1.5 Outline

The outline of the report is as follows: Chapter 2 introduces the fundamental con-
cepts of small-signal rotor angle stability. Chapters 3 and 4 follow with the modeling
of the di�erent power systems. Chapters 5 and 6 presents the results from the lin-
earized and dynamic simulations whereas Chapter 7 discusses these �ndings in a
somewhat wider perspective. Chapter 8 concludes.
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2
Small-Signal Rotor Angle Stability

Small-signal rotor angle stability deals with the study of electro-mechanical oscilla-
tions caused by small disturbances on the power system, such as small continuous
changes in load and generation [25]. This chapter introduces the fundamental con-
cepts of small-signal rotor angle stability and starts with reviewing some SM fun-
damentals. The following section introduces the nature of small-signal rotor angle
oscillations. The last section of the chapter introduces the PSS and elaborates on
its di�erent components.

2.1 The Synchronous Machine

This section �rst reviews the working principle of the SM. In the following section is
the relationship between the rotor angle and the electrical air-gap power established
with the help of the steady state equivalent circuit and its corresponding phasor
diagram. This section concludes with reviewing the role of the excitation system.

Fig. 2.1 shows the topology of a two-pole round-rotor SM. The armature phase
windings are represented by the coilsaa0, bb0 and cc0. The �eld winding is located
in the rotor and is represented by the coilf f 0 [7], [25].

Fig. 2.1: Topology of a round-rotor SM.
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2. Small-Signal Rotor Angle Stability

In the �gure, each of the armature phase windings has its own magnetic axis and
these are the a-, b- and c-axes for theaa0, bb0 and cc0 coils, respectively. The mag-
netic axes that correspond to the armature phase windings are stationary since the
armature phase windings are �xed in the stator. Furthermore, two magnetic axes
are introduced for the �eld winding: the d-axis, and the q-axis. The q-axis leads
the d-axis by 90 deg. The d- and q-axes comprise a rotating reference frame that
rotates with the same mechanical angular frequency as the rotor and is equal to! m

mechanical rad/s [26].

If the number of stator poles is larger than two, the mechanical angular frequency
of the rotor does not equal the electrical angular frequency of the rotor. However,
the angular frequency of the rotor can be converted from mechanical radians per
second into electrical radians per second. The relation is:

! e =
p
2

! m (2.1)

where! e is the electrical angular frequency andp is the number of stator poles [26].

2.1.1 Working Principle

The SM is excited by a direct current in the �eld winding that generates an excita-
tion magneto-motive force (MMF) wave. The excitation MMF-wave is assumed to
be sinusoidally distributed along the stator with its peak directed along the d-axis.
Thus, the electrical angular frequency of the excitation MMF-wave is, after the pos-
sible conversion according to (2.1), equal to! e [26].

The armature phase currents generate an armature reaction MMF-wave, and it can
be shown that the armature reaction MMF-wave is rotating with the same electrical
angular frequency as the excitation MMF-wave [26, Ch. 3]. Thus, the excitation
MMF-wave and armature reaction MMF-wave can be added together to form the
resultant air-gap MMF-wave, which Fig. 2.2 illustrates [26].

Fig. 2.2: The �eld MMF-wave ( F f ) and the armature reaction MMF-wave
(Fa ) forms the resultant air-gap MMF-wave (F � ).
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2.1.2 Equivalent Circuit and Phasor Diagram

For purposes of steady state analysis, the SM is commonly represented by its equiv-
alent circuit. The equivalent circuit of the SM in steady state is depicted in Fig.
2.3. In the �gure, phasors are used to represent voltages and currents. In addition,
the parameters of the SM, the voltages, and the line current are normalized and
expressed in per unit [25].

Fig. 2.3: Steady state equivalent circuit of the SM.

In the �gure, X a is the armature reaction reactance,Ra is the resistance of the
armature phase winding,X l is the leakage reactance,Vt is the terminal voltage, and
E f is the internal steady state voltage of the SM, andI is the line current [26].
The two reactancesX a and X l are typically combined into a single reactance that
is known as the synchronous reactanceX d [7].

Fig. 2.4 shows the phasor diagram of the SM that corresponds to the steady state
equivalent circuit illustrated in Fig. 2.3 [7].

Fig. 2.4: Steady state phasor diagram of the SM.

In the �gure, � r is known as the power angle of the SM since the electrical air-
gap power generated by the SM is directly related to this angle [7]. The rotor
angle is denoted� , and in the �gure it is the angle between the internal voltage
and the terminal voltage. From the �gure it can be seen that the rotor angle and
the power angle are not equal. However, the leakage reactance is typically small in
comparison to the armature reaction reactance and can therefore often be neglected.
Consequently, it can be approximated that the rotor angle is equal to the power
angle; hence, the electrical air-gap power generated by the SM can be expressed in
terms of the rotor angle [7], [26].
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2.1.3 The Excitation System

The main role of the excitation system is to generate the �eld current that provides
excitation of the SM. By controlling the �eld current, the excitation system controls
the voltage and reactive power �ow from the SM. These are important control tasks
from a power system stability perspective. Besides that, the excitation system also
provides protective functions in order to avoid operation beyond the capability lim-
its of the SM [25].

The excitation system consists of an exciter, a voltage transducer and an AVR.
The role of the exciter is to provide the current to the �eld winding whereas the
AVR provides the necessary control of the exciter. Fig. 2.5 presents the layout of a
general excitation system that is connected to an SM where the protective functions
of the excitation system are omitted [25].

Fig. 2.5: General excitation system.

The input to the AVR is a voltage error signal. The voltage error signal is formed by
comparing a voltage reference signal with a terminal voltage signal obtained via the
voltage transducer. The AVR controls the output of the exciter block to be equal
to the desired �eld voltage. This generates in turn the desired terminal voltage of
the SM [27].

The small-signal performance of the excitation system is evaluated when the SM
is in no-load. The performance evaluation is based on the response in the terminal
voltage when a step in the voltage reference is applied. The relevant performance
measures related to the step response are: rise time, settling time, and overshoot
[28]. Table 2.1 shows the range of expected values inside which the step response
performance measures are expected to be in order for the feedback control system
to be considered good.

Table 2.1: Range of values of the excitation system performance measures,
as de�ned in [28]

Performance Measure Range of Values Unit

Rise time (t r ) 0.025 - 2.5 s
Settling time (ts) 0.2 - 10 s

Overshoot 0 - 40 %
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2.2 Small-Signal Rotor Angle Oscillations

This section introduces the basics of small-signal rotor angle oscillations. First are
the di�erent types of oscillation modes introduced. The second, third, and fourth
sections explain the tools of eigenvalue analysis, modal analysis, and participation
factor analysis, respectively. The following section continues with reviewing the
swing equation whereas the last section explains the central concepts of synchroniz-
ing and damping torques.

2.2.1 Modes of Oscillation

The interesting modes of oscillation are: local-, inter-plant-, inter-area-, torsional-,
and control modes of oscillation [29], [30]. Local modes occur when SMs in one gener-
ating station oscillate against the rest of the power system. The angular frequencies
of local modes are ranging from approximately 5 - 12.6 rad/s [31]. Inter-plant modes
occur when SMs in the same plant oscillate against each other. The angular fre-
quencies of the inter-plant modes are typically in the range of 9.4 - 15.7 rad/s [30].
Inter-area modes occur when SMs in one area of the power system oscillate against
SMs in other areas of the power system. The angular frequencies of the inter-area
modes are ranging from approximately 0.6 - 6.3 rad/s [30]. Torsional and control
modes are associated with oscillations stemming from turbine shaft components and
improperly tuned controllers that are located in the power system, respectively. The
angular frequencies of torsional modes typically exceed 50.3 rad/s [10], [32].

2.2.2 Eigenvalue Analysis

The modes of oscillation and their in�uence on the stability of the power system can
be investigated by expressing the power system on state-space form with the follow-
ing calculation of the eigenvalues of the power system. An eigenvalue can be either
real or complex conjugated, and the both types of eigenvalues give the damping of
the modes that are associated with the eigenvalues. Complex eigenvalues also give
the angular oscillating frequencies of the oscillation modes that are associated with
the complex eigenvalues [25].

A real eigenvalue represents a mode with non-oscillatory behavior in the time do-
main. A certain mode i that is associated with a certain real eigenvalue� i has a
time domain characteristic given byexp[� i t]. Therefore, in order for the mode to
show a stable time domain characteristic it is necessary that the eigenvalue is nega-
tive; consequently, its time domain characteristic represents a decaying exponential
function. The amplitude of the eigenvalue determines the quickness of the decay
where an eigenvalue with large amplitude gives a quickly decaying mode, and vice
versa [25].

A mode i with complex eigenvalue� i = � i � j! i is associated with an oscilla-
tory time domain characteristic since its time domain characteristic is given by
exp[� i t] � sin(! i t + � ). The complex part of � i represents the angular oscillating
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2. Small-Signal Rotor Angle Stability

frequency whereas the real part represents the damping. To show a stable time
domain characteristic the real part needs to be negative [25]. The damping ratio of
the mode is

� i =
� � iq

(� 2
i + ! 2

i )
(2.2)

where a large value of the damping ratio represents a quickly decaying mode [25].

2.2.3 Modal Analysis

For a complex eigenvalue, modal analysis gives information about the amplitude and
phase of the contributions from the di�erent SMs to the oscillation mode associated
with the speci�c complex eigenvalue. However, the information about the amplitude
can be misleading since the amplitude is dependent on the units of the state variables
[25], [30]. Therefore, the modal analysis is only used to give an indication of the
amplitude of the contributions from the di�erent SMs to the oscillation mode.

2.2.4 Participation Factor Analysis

Due to the fact that the modal analysis can be misleading in terms of the amplitude
of the contributions, it needs to be complemented by participation factor analysis.
The participation factor analysis gives accurate information about to what extent
the di�erent SMs and their state variables are contributing to a certain oscillation
mode [30]. Thus, by combining the modal analysis with the participation factor
analysis, it can be established what type of oscillation mode a certain complex
eigenvalue represents. It is also possible to decide whether the mode associated
with the speci�c complex eigenvalue represents an electro-mechanical oscillation.

2.2.5 The Swing Equation

The e�ect of an imbalance between the mechanical driving torque, provided by the
prime mover, and the breaking electrical air-gap torque generated by the SM is
dictated by [25]:

J
d! m

dt
= Tm � Te � K D ! m : (2.3)

Where J is the moment of inertia of the rotor also including all devices connected
to the rotor shaft, K D is the damping factor,Tm and Te are the mechanical and the
electrical air-gap torques, respectively [25].

2.2.6 Synchronizing Torque and Damping Torque

Consider an SM that is connected to an in�nite bus via a transformer and two
parallel transmission lines in a simple SMIB-system con�guration. Such an SMIB-
system is depicted in Fig. 2.6. Phasors are used to represent steady state voltages
as well as the line current. The in�nite bus voltageEB is taken as reference.
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Fig. 2.6: SMIB-system considered for illustrating the synchronizing and the
damping torque components.

In the �gure, � t is the angle of the terminal voltage relative to the angle of the in�nite
bus voltage. The total equivalent reactance external to the SM is equal toX E . The
active electrical power transferred from the SM to the in�nite bus in steady state
is equal to the electrical air-gap power since there are no active power losses in the
considered power system. The electrical air-gap power is

Pe = 3 �
jE f j � j EB j

X E + X d
sin� t (2.4)

where � t is the rotor angle now expressed relative to the angle of the in�nite bus
voltage [30], [33]. The power-angle relationship given by (2.4) is represented by
curve one in Fig. 2.7 where the peak of the electrical air-gap power occurs at� t =
� /2 rad and is equal to Pe;max . In steady state, the rotor angle is �xed at� t = � t;0

and the electrical air-gap power is equal to the mechanical powerPm .

Fig. 2.7: Power-angle curves.

In a situation where the transferred electrical power is reduced there is a correspond-
ing decrease in the electrical air-gap power of the SM. This can be seen in Fig 2.7
where a reduction in the electrical air-gap power is represented by curve two. Upon
reduction of the transferred electrical power the rotor angle equals its initial value
� t;0 and the electrical air-gap power drops toP0

ef . However, the driving mechanical
power supplied by the prime mover still remains atPm . Hence, there is an imbalance
between the mechanical power and the electrical air-gap power.

Due to the imbalance between the mechanical and the electrical air-gap powers,
the rotor of the SM starts to accelerate. The rotor accelerates until the electrical
air-gap power becomes equal to the mechanical power, which corresponds to a rotor
angle equal to� t;1. At this point, the rotor starts to decelerate. However, the rotor
angle is still increasing until the rotor angle reaches� t;2 where it starts to decrease.
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The rotor angle decreases until it gets close to its original value� t;0, where it again
starts to increase. The rotor angle continues to oscillate in this way until it �nally
settles at a new value� t;1 where the electrical air-gap power equals the mechanical
power [30].

A deviation in rotor angle away from its initial value results in a change in the
electrical air-gap power and is also associated with a change in the electrical air-gap
torque. The change in electrical air-gap torque can be expressed as the sum of two
components, as follows [25]:

� Te = TS� � t + TD � ! e: (2.5)

Where Ts is the synchronizing torque component andTD is the damping torque
component [25]. The two termsTS� � t and TD � ! in (2.5) show that the synchro-
nizing and damping torque components each generates an electrical air-gap torque
component in phase with the deviations in rotor angle and rotor angular frequency,
respectively [25], [34].

Both the synchronizing and the damping torque components are important from
a small-signal rotor angle stability perspective. The electrical air-gap torque com-
ponent that is generated in phase with the rotor angle deviation maintains the
synchronism of the SM; thus, aperiodic drift in the rotor angle can be avoided [30],
[35]. However, with only synchronizing torque present, small-signal rotor angle sta-
bility problems may arise due to rotor angle oscillations with increasing amplitude.
Thus, for the rotor angle to end up at a new operating value there is a need to
generate su�cient damping torque in addition to the synchronizing torque. Syn-
chronizing torque is generated by the AVR and damping torque is generated by the
PSS. Small-signal rotor angle stability problems are typically caused by the lack of
damping torque [8], [25], [32].

The quickness of the excitation system a�ects both the synchronizing and the damp-
ing torque components. During operating conditions where the output power from
the SM is high, the e�ects of increasing the quickness of the excitation system is to
increase the synchronizing torque component whereas the damping torque compo-
nent is reduced. During operating conditions where the output power from the SM
is low, the e�ects of increasing the excitation system quickness are the opposite in
terms of changes in the synchronizing and the damping torque components [25].

2.3 The Power System Stabilizer

This section starts with the introduction of a general PSS structure where the in-
dividual blocks that comprise the general PSS structure are explained. The �rst
section also elaborates on the functionality of these blocks. The following section
gives a brief overview over the di�erent PSS models de�ned by IEEE. The last sec-
tion introduces the two evaluation methods.
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The main objective of the PSS is to add damping to local and interarea modes
of oscillation; however, at the same time, the PSS should not reduce damping of
other oscillation modes present in the power system [31]. The PSS is part of the
excitation system as illustrated in Fig. 2.8 where the output from the PSS is nor-
mally added to the voltage reference signal that is fed as an input to the AVR [25];
thus, this con�guration allows for generating the damping torque component by
additional excitation control [36].

Fig. 2.8: General excitation system also including the PSS.

2.3.1 Representation of a General Power System Stabilizer

If the response characteristic from the AVR input to the electrical air-gap torque
exhibits a pure gain characteristic, then the rotor angular frequency deviation can be
used directly to generate the damping torque component. However, the PSS needs
to provide a certain amount of phase lead compensation since the response char-
acteristic from the AVR input to the electrical air-gap torque does not show pure
gain characteristic; rather, the response characteristic from the AVR input to the
electrical air-gap torque shows a phase lagging characteristic. The phase compensa-
tion needs to be provided over a certain range of angular frequencies. It should also
be pointed out that the phase characteristic from the AVR input to the electrical
air-gap torque changes as the operating condition changes [24], [25], [37].

Based on the previously described functions provided by the PSS, it is possible
to construct a general PSS structure. The general PSS structure is illustrated in
Fig. 2.9 [25], [26], [38] where it should be recognized that di�erent PSS models relies
on di�erent input signals in order to generate its stabilizing signal. The di�erent
PSS models that are available realize this PSS structure in di�erent ways.

Fig. 2.9: General PSS structure.

The �gure illustrates that the structure of any PSS can be considered to consist of
a series of blocks, namely: a synthetization block, a gain block, a washout block,
a phase compensation block, and an output limiter block. The rest of this section
explains the functionality of each of the di�erent blocks that comprise this general
PSS structure.
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Synthetization Block
The synthetization block generates the stabilizing signal based on one or multiple
input signals.

Gain Block
The gain block consists of a gain, and it determines the amount of damping provided
by the PSS [25].

Washout Block
The washout block consists of one or several washout �lters, and the washout block
provides �ltering of dc components present in the input signal whereas components
of higher angular frequency are passed [39]. Without the presence of the washout
�lter in the PSS, the terminal voltage would be a�ected by steady increases in the
rotor angular frequency [37].

The transfer function of a single general washout �lter is

GW (s) =

 
TW s

1 + TW s

! N

(2.6)

where the washout �lter is characterized by the time constantTW and N denotes
the order of the �lter [25], [30]. Fig. 2.10 shows the response of a �rst-order washout
�lter for di�erent values of the time constant. The values of the time constant are
typical for PSS applications [25].

Fig. 2.10: Response of the washout �lter with varying time constant. Solid:
TW = 1 s, dashed: TW = 5 s, blue dotted: TW = 10 s, and green dash-dotted:
TW = 20 s.

From the �gure, it is clear that the washout �lter attenuates angular frequencies up
to the break angular frequency, which is approximately given by! W = 1=TW rad/s.
The washout �lter generates phase lead compensation equal to 90 deg for angular
frequencies below approximately! W =10 rad/s. The phase lead decreases and equals
zero at an angular frequency equal to approximately10! W rad/s [40]. The �gure
also shows how variations inTW shift the response along the x-axis.
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Fig. 2.11 illustrates the e�ects of varying the order of the washout �lter in terms of
the response of the washout �lter.

Fig. 2.11: Response of the washout �lter with varying �lter order. Solid: N
= 1, dashed: N = 2, and blue dotted: N = 3.

As can be seen in the �gure, increasing the order of the washout �lter increases the
slope of the amplitude characteristic. The slope of the amplitude characteristic is
equal to N � 20 dB/decade in the linear region. Increasing the order of the washout
�lter also increases the phase lead compensation provided at low angular frequen-
cies. The phase lead compensation provided by the washout �lter at low angular
frequencies is equal toN � 90 deg.

Phase Compensation Block
The fourth block in Fig. 2.9 is the phase compensation block. The phase compen-
sation block consists of one or several lead-lag �lters where the time constants of
the lead-lag �lters can be set independently. This �exibility allows for tuning the
di�erent parts of the response of the phase compensation block independently. This
freedom is used in order to provide the desired amplitude and phase characteristics
of the response of the PSS.

The transfer function of a single general lead-lag �lter is

Gll (s) =

 
1 + Tll 1s
1 + Tll 2s

! N

(2.7)

where Tll 1 and Tll 2 are the time constants of the �lter and N denotes the order of
the �lter [24], [27].

Fig. 2.12 shows the response of a �rst-order lead-lag �lter that provides phase
lead compensation.
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Fig. 2.12: Response of the lead-lag �lter with Tll 1 = 0.17 s and Tll 2 = 0.02 s.

It is illustrated that phase lead compensation is provided whenTll 1 is larger than
Tll 2 since the break angular frequency associated with the zero is lower than the
break angular frequency associated with the pole. On the other hand, phase lag
compensation can be provided whenTll 1 is smaller than Tll 2; consequently, mak-
ing the break angular frequency associated with the pole smaller than the break
angular frequency associated with the zero [40], [41]. In the case of phase lag com-
pensation, both amplitude and phase characteristics are mirrored around the x-axis.

Fig. 2.13 illustrates the e�ects of varying the ratio ofTll 1 to Tll 2 when the lead-
lag �lter provides phase lead compensation.

Fig. 2.13: Response of the lead-lag �lter with varying ratio of Tll 1 to Tll 2.
Solid: Tll 1/ Tll 2 = 8.5; dashed: Tll 1/ Tll 2 = 2.94; and blue dotted: Tll 1/ Tll 2 =
1.86.

From the �gure, it is clear that the amplitude characteristic decreases as the ratio of
Tll 1 to Tll 2 decreases. In addition, decreasing the ratio ofTll 1 to Tll 2 decreases both
the height and the width of the phase characteristic. Furthermore, a given response
can be shifted along the x-axis by changing the values ofTll 1 and Tll 2 but keeping
the ratio of Tll 1 to Tll 2 constant. The e�ect of varying the ratio of Tll 2 to Tll 1 are
similar for a lead-lag �lter that provides phase lag compensation.
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Fig. 2.14 illustrates the e�ects of increasing the order of the lead-lag �lter. It
is shown that increasing the �lter order increases the amplitude characteristic, and
increasing the �lter order also increases the height and width of the phase char-
acteristic. The e�ects are the similar for a lead-lag �lter that provides phase lag
compensation.

Fig. 2.14: Response of the lead-lag �lter with varying �lter order. Solid: N
= 1, dashed: N = 2, and blue dotted: N = 3.

Output Limiter Block
The last block in Fig. 2.9 consists of a limiter that keeps the output from the PSS
within certain limits. This block is needed in order to avoid large �uctuations in the
terminal voltage during the transient state [31].

2.3.2 IEEE Power System Stabilizer Model De�nitions

This section provides a brief overview of the di�erent IEEE PSS model de�nitions.
The section focuses especially on the basis on which each PSS model generates its
stabilizing signal.

PSS1A Model
The PSS1A model utilizes a single input signal that typically is rotor angular fre-
quency. This signal is easy accessible and represents the easiest way of generating
the electrical air-gap torque component in phase with the rotor angular frequency
deviation [27]. On the other hand, the deviation in rotor angular frequency is to a
large extent re�ected in the frequency of the terminal voltage; therefore, the PSS1A
model can also utilize the terminal voltage frequency as the input signal [30].

Measuring the deviation in electric power is a third way of obtaining the stabi-
lizing signal. Rewriting (2.3), neglecting damping e�ects and with the following
linearization of the resulting equation yields

Mm
d� ! sm

dt
= � Pm � � Pe (2.8)
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where Mm is the angular momentum and! sm is a synthesized mechanical rotor
angular frequency signal that is used as the stabilizing signal. The synthesized
mechanical rotor angular frequency deviation signal can be obtained from (2.8) by
considering the deviation in mechanical power to be zero. Hence, integration of (2.8)
yields the stabilizing signal [30]:

� ! sm = �
1

Mm

Z
� Pe: (2.9)

The drawback of the PSS1A is related to its input signal. The PSS1A that utilizes
the rotor angular frequency or the frequency of the terminal voltage as input signal
may be a�ected by torsional oscillations. In terms of the PSS1A that is based on
generating a stabilizing signal through the deviation in electrical power, from (2.9) it
can be seen that a non-zero deviation in mechanical power will a�ect the stabilizing
signal since it is assumed that the deviation in mechanical power is zero [10].

PSS2B Model
The PSS2B model utilizes two input signals in order to generate a synthesized signal
that represents mechanical rotor angular frequency deviation, and this signal is used
as stabilizing signal. The generation of this signal can be based on a wide selection of
input signals: the rotor angular frequency deviation, the terminal voltage frequency,
the electrical power deviation, the accelerating power of SM, the terminal voltage
of the SM, and the derivative of the terminal voltage of the SM [42].

A detailed sketch of a PSS2B that utilizes rotor angular frequency deviation and
electrical power deviation as input signals is provided in Fig. 2.15 [38].

Fig. 2.15: Detailed sketch of a PSS2B.

In the �gure it is possible to identify each of the blocks introduced in Fig. 2.9. The
gain of the PSS2B is given by the constantK S1. There are two washout �lters asso-
ciated with each of the two input signals, and the washout �lters are characterized
by the time constantsTW 1 - TW 4.

The synthetization block comprises a ramp tracking �lter, a transducer �lter and an
integrator. The ramp tracking �lter is characterized by the time constantsT8 and T9

as well as the constantsMR and NR . The ramp tracking �lter is basically a low-pass
�lter that �lters out torsional oscillation components in its input signal, and the
ramp tracking �lter should generate zero steady state error when its input signal is
a ramp signal [42], [43]. The transducer �lter is characterized by the time constant
T6 and the integrator is approximated by the low-pass �lter with time constantT7.
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The two constantsK S2 and K S3 govern the contribution from each of the two input
signals. For more information on the procedure of generating the synthesized me-
chanical rotor angular frequency deviation signal, the reader is referred to [30, Ch.
8],[42].

The phase compensation block consists of three lead-lag �lters that are charac-
terized by the time constantsT1 - T4 and T10 - T11. The output limiter is a voltage
limiter that keeps the output voltage within VSMAX and VSMIN .

PSS3B Model
The PSS3B model utilize two input signals, namely: the rotor angular frequency
deviation and the electrical power. The two input signals are used to obtain an
equivalent mechanical power signal. The obtained equivalent mechanical power sig-
nal is used in combination with the electrical power signal to generate a signal that
represents the accelerating power of the SM that is used as stabilizing signal [38].

PSS4B Model
The PSS4B model is based on two input signals that generate two stabilizing sig-
nals. The input signals are the rotor angular frequency deviation and the electrical
power deviation. The �rst stabilizing signal is obtained by the appropriate �ltering
of the rotor angular frequency signal, and it is fed to both a low-frequency band and
a medium-frequency band. The electrical power deviation input signal is used to
generate a synthesized rotor angular frequency signal comprising its high-frequency
components. This synthesized signal is the second stabilizing signal and is fed to
a high-frequency band. The outputs from the low-, medium-, and high-frequency
bands are then summed into a signal that forms the output of the PSS4B.

The low-, medium-, and high-frequency bands are tuned in order to provide damping
to oscillation modes with low-, medium-, and high oscillating angular frequencies,
respectively. Thus, the advantage of the PSS4B compared with previous PSS mod-
els is that it provides damping over a larger range of angular oscillating frequencies
[27], [38], [44].

2.3.3 Evaluation Methods for Power System Stabilizers

This section introduces the two evaluation methods commonly used by TSOs for
purposes of evaluating the performance of PSSs. For each evaluation method, the
section presents the measurement points utilized to obtain the response. The condi-
tions that needs to be satis�ed in order for the PSS to be considered properly tuned
according to each evaluation method are also presented.

First Evaluation Method
Fig. 2.16 shows the measurement points of the �rst evaluation method where the
response is taken from the PSS input to the terminal voltage of the SM. The response
is obtained when the SM is in o�ine operation. This means that it is in no-load
operation as well as disconnected from the grid [11].
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Fig. 2.16: Measurement points of the �rst evaluation method.

The obtained response is evaluated in terms of some prede�ned amplitude and phase
limits. Fig. 2.17 illustrates both present and proposed limits as used by the Norwe-
gian TSO Statnett. The limits in the �gure are presented in [11] and from now on,
the �rst evaluation method is referred to as the FIKS-method. It should be pointed
out that other TSOs may use other limits that are not considered.

Fig. 2.17: Amplitude and phase limits of the FIKS-method. Solid: present
limits and dashed: proposed limits.

Second Evaluation Method
The second evaluation method considers the amplitude response from the voltage
reference to the electrical air-gap power output from the SM [12]. The measurement
points are illustrated in Fig. 2.18.

Fig. 2.18: Measurement points of the second evaluation method.
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The �gure shows that the amplitude response is obtained with PSS both connected
and disconnected [12]. The �gure also illustrates that the electrical air-gap torque is
utilized as the output point instead of the electrical air-gap power. This is possible
if normalization according to the per unit system is used since per unit torque and
per unit power are numerically equal [25].

For the PSS to be properly tuned according to the second evaluation method, the
amplitude response obtained with PSS connected needs to be lower than or equal
to the amplitude response obtained with PSS disconnected. In the evaluation of
the amplitude responses, the British TSO National Grid considers angular frequen-
cies ranging between 1.26 - 18.85 rad/s [12]. From now on, the second evaluation
method is referred to as the NG-method. Fig. 2.19 provides an example where the
PSS is properly tuned and one example where the PSS is improperly tuned when it
is evaluated with the NG-method.

(a)

(b)

Fig. 2.19: Example responses obtained by the NG-method. Solid: PSS
connected and red dashed: PSS disconnected.(a) Properly tuned PSS. (b)
Improperly tuned PSS.
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3
Modeling of Linearized Power

System

This chapter �rst introduces the SMIB-system considered in the �rst objective,
and this is followed by the modeling and implementation of this SMIB-system into
Matlab/Simulink by the use of the classical model. The classical model is extended
in the second section to account for the e�ect of �eld circuit dynamics. The third and
fourth sections extend the model further to account for the e�ects of an excitation
system and a PSS, respectively.

3.1 The Single-Machine In�nite Bus System

The power system comprises an SM that is operating towards an in�nite bus via a
transmission line. The SM is generating 0.695 p.u. of active power and 0.1745 p.u.
of reactive power. The power system frequency is 50 Hz, and the SMIB-system is
illustrated in Fig. 3.1.

Fig. 3.1: SMIB-system considered in the �rst objective.

The SMIB-system is set up to be similar to the SMIB-systems considered in [25,
Fig. E12.6] and in [10]. In cases where needed SM parameters are missing, stan-
dard values are assumed based on [35, Table 2.2]. Complete lists of values of the
parameters are provided in Tables A.1 and A.2 in Appendix A.

3.2 The Classical Model

For purposes of small-signal analysis of the SMIB-system, the SM is represented by
its transient model that is depicted in Fig. 3.2. The transient SM-model assumes
constant d-axis �ux linkages [23], [25].
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Fig. 3.2: Transient SM-model.

In the �gure, E
0

f is the internal transient voltage andX f is the �eld winding re-
actance [6], [25]. The equivalent reactance ofX f , X a and X l gives the transient
reactance and is expressed as follows [6]:

X
0

d = X l +
1

1
X a

+ 1
X f

(3.1)

Replacing the SM in Fig. 3.2 with its transient model yields the model of the SMIB-
system that is depicted in Fig. 3.3. The in�nite bus voltage is taken as reference
and the rotor angle� t is expressed relative to the in�nite bus voltage angle.

Fig. 3.3: Model of the SMIB-system considered in the �rst objective.

Introducing X T = X
0

d + X E as the total reactance between the internal transient
voltage and the in�nite bus voltage in Fig. 3.3; subsequently, the per unit electrical
air-gap power supplied by the SM is [25]:

Pe =
jE

0

f j � j EB j

X T
sin(� t ): (3.2)

Eq. (3.2) also gives the per unit electrical air-gap torque since the per unit elec-
trical air gap torque is numerically equal to the per unit electrical air-gap power.
Linearization of (3.2) around an initial operating point � t;0 yields

� Te =
jE

0

f j � j EB j

X T
cos(� t;0) � � � t (3.3)

where (3.3) represents an electrical air-gap torque component in phase with the
rotor angle deviation [25]. According to (2.5), (3.3) can be expressed in terms of a
synchronizing torque componentK S as follows [25]:

� Te = K S� � t : (3.4)

The e�ect of an imbalance between the driving mechanical torque and the breaking
electrical air-gap torque is given by (2.3). For purposes of small-signal rotor angle
stability studies, (2.3) is expressed in per unit and linearized, yielding
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2H
d� ! e

dt
= � Tm � � Te � K D � ! e (3.5)

whereH is the per unit inertia constant. The per unit inertia constant is given by

H =
1
2

J � ! 2
m0

Sbase
(3.6)

where Sbase is the volt-ampere rating of the SM and! m0 is the rated mechanical
angular frequency of the SM [25].

The per unit deviation in electrical angular frequency is

� ! e =
1
! 0

�
� d� t

dt
(3.7)

where! 0 is the rated electrical angular frequency of the SM [25]. Substituting (3.4)
and (3.7) into (3.5) and taking the Laplace transform of the resulting equation by
assuming all initial conditions to be zero yields [25]:

� � t =
! 0

s

� 1
2Hs

�
� Tm � K S� � t � K D � ! e

� �

: (3.8)

Eq. (3.8) describes the small-signal behavior of the SMIB-system de�ned in Fig. 3.1
when the SM is modeled by its transient model. Fig. 3.4 shows the block diagram
that represents (3.8) [25].

Fig. 3.4: Block diagram of the model of the SMIB-system considered in the
�rst objective.

Table 3.1 gives the values of the parameters of the block diagram in Fig. 3.4. The val-
ues of the parameters are used when implementing the model into Matlab/Simulink.

Table 3.1: Values of the parameters of the block diagram in Fig. 3.4

Parameter Value Unit

! 0 314.159 electrical rad/s
H 2.600 (MW � s)/MVA
K S 0.872 p.u. torque/dev. elect. rad
K D 0.000 p.u. torque/p.u. dev. ang. freq.
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3.3 Including Field Circuit Dynamics

The �eld circuit dynamics cause variations in the �ux linkage [23]. Fig. 3.4 is
therefore modi�ed by introducing a �eld circuit block as is shown in Fig. 3.5 [25].

Fig. 3.5: Block diagram of the model of the SMIB-system also including the
�eld circuit dynamics.

In the �gure, the coe�cient K 1 gives the change in electrical air-gap torque per
change in rotor angle andK 2 gives the change in electrical air-gap torque per change
in air-gap �ux linkage. The coe�cient K 3 gives the change in air-gap �ux linkage
per change in �eld voltage and the coe�cientK 4 gives the change in equivalent �eld
voltage per change in rotor angle [34].Tfd is the �eld circuit time constant [23].

The coe�cients K 1; : : : ; K 4 and the �eld circuit time constant Tfd are dependent
on the operating condition of the SMIB-system and the parameter values of the SM
[23]. The values of the coe�cients and the time constant are provided in Table 3.2,
and the procedure of calculating them is presented in Appendix B.

Table 3.2: Values of the coe�cients K 1; : : : ; K 4 and the �eld circuit time
constant Tfd

Parameter Value Unit

K 1 0.752 p.u. torque/p.u. rot. ang.
K 2 0.769 p.u. torque/p.u. air-gap �ux link.
K 3 0.610 p.u. air-gap �ux link./p.u. �eld volt.
K 4 0.734 p.u. �eld volt./p.u. rot. ang.
Tfd 4.267 s

From Fig. 3.5, the change in electrical air-gap torque can be expressed as

� Te = K 1� � t + K 2�	 fd (3.9)

where	 fd is the air-gap �ux linkage [45]. The change in air-gap �ux linkage is given
by

�	 fd =
K 3

1 + Tfd s
(� E fd � K 4� � ) (3.10)
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