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Abstract

This thesis proposes two novel algorithms to analyze whether the power system loses
synchronism subsequent to credible contingencies. The two algorithms are based on
the concept of Lyapunov exponents (LEs) and the Prony analysis respectively.

The concept of LEs is a theoretically sound technique to study the system stability
of nonlinear dynamic systems. The LEs measure the exponential rates of divergence or
convergence of trajectories in the state space. Considering the higher computational
burden associated with the convergence of the true LEs, a modified algorithm is
proposed to study the transient stability of the post-fault power system. It is shown
that the finite-time LEs calculated by the modified algorithm accurately predicts the
said stability:.

If the power system is transient stable, the rotor angle trajectories of the post-fault
system exponentially decay with time. The damping ratios of the dominant oscillatory
modes present in these power swings provide the indication on the oscillatory stability.
The improved Prony algorithm presented in the thesis can be used to identify the
oscillatory stability of the power system subsequent to a contingency.

It is shown that that these new algorithms can be used in two applications in
power systems, online dynamic security assessment and online oscillations monitoring.
The proposed algorithm for rotor angle security assessment first uses the LEs-based
algorithm to identify the transient stability. The stable cases are then processed by
the improved Prony algorithm. The proposed online oscillations monitoring algorithm
uses an event-detection logic and a parallel filter bank before applying the improved
Prony algorithm on the measured response to extract the dominant oscillatory modes
and to determine their frequencies and damping ratios.

The suitability of the two algorithms for the aforementioned applications is inves-
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tigated using different case studies. It is shown that the computational burdens of
the two algorithms are acceptable for the online applications. Furthermore, the oscil-
lations monitoring algorithm, extracts only the dominant modes present in the input
signal, extracts both low-frequency inter-area modes and sub-synchronous modes, and
performs well under noisy conditions. These features make it more appropriate for

wide-area monitoring of power system oscillations using synchronized measurements.



Symbols

t time
At time step

X, U,y state vector, input vector, output vector

Z transformed state vector

A state matrix

Vv bus voltage vector

I current injection vector

Y network admittance matrix

P, Q active power and reactive power

i ith eigenvalue

o, jw real part and imaginary part of an eigenvalue

f,C frequency and damping ratio of an oscillatory mode

b, per unit mechanical power input of a synchronous generator
P, per unit electrical power output of a synchronous generator
Wo synchronous speed

) generator rotor angle

Aw speed deviation from synchronous speed

H Kp inertia constant and mechanical damping constant of a sync. gen.
Ep infinite bus voltage

A; i'" Lyapunov exponent

AU orthogonalized vector

AV orthonormalized vector

Tc fault clearing time

[0) right eigenvector
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Chapter 1

Introduction

Reliability is a major concern of an electrical power utility in order to ensure adequate
electricity supply to consumers. Every power utility has standards to express its
reliability. For example, North American Electric Reliability Corporation (NERC)
establishes such standards for United States, Canada and the northern portion of
Baja California in Mexico. NERC defines two fundamental concepts mentioned below
for the reliability of a bulk-power system [1]:

Adequacy: The ability of the electric system to supply the aggregate electric
power and energy requirements of the electricity consumers at all times, taking into
account scheduled and reasonably expected unscheduled outages of system compo-
nents.

Operating reliability: The ability of the electric system to withstand sudden
disturbances such as electric short circuits or unanticipated loss of system components.

NERC further highlights the below mentioned characteristics, which are manda-

tory for a bulk-power system to achieve an adequate level of reliability.

1. The system is controlled to stay within acceptable limits during normal opera-

tion;
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2. The system performs acceptable after credible contingencies;

3. The system limits the impact and scope of instability and cascading outages

when they occur;

4. The system’s facilities are protected from unacceptable damage by operating

them within facility ratings;
5. The system’s integrity can be restored promptly if it is lost;

6. The system has the ability to supply the aggregate electric power and energy
requirements of the electricity consumers at all times, taking into account sched-

uled and reasonably expected unscheduled outages of system components.

A bulk-power system can experience imminent disturbances during its operation.
It is clear from the above discussion that the security of the bulk-power system against
such disturbances is important to achieve the overall goal of reliability of the system.
This introductory chapter systematically addresses the need for security analysis in
power systems giving due consideration to the overall goal of adequate level of relia-

bility of the system.

1.1 Operating states of a power system

The six characteristics mentioned above in order to achieve the adequate level of
reliability are related to the operating states of the power system. It is the usual
practice in power system’s security assessment literature to refer to the five operating
states shown in Fig. 1.1, which was adopted from [2]. The five operating states
shown in Fig. 1.1 are the extensions of the three operating states, normal, emergency
and restorative, which were originally proposed in [3]. The letters E and I refer to

2
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the equality and inequality constraints on the power system operation.! These five

operating states are briefly summarized below:

NORMAL
E satisfied
I satisfied
X . .
/ \\ Preventive control actions
/0 N
RESTORATIVE ALERT
E violated —_—— —> E satisfied
I satisfied I satisfied

h t
: : Emergency control actions

System split
IN-EXTREMIS and/or loss of load EMERGENCY
E violated — E satisfied
I violated I violated
— Disturbance - —=» Control actions — --» Restorative procedures

Figure 1.1: Operating states of a power system [2]

e Normal state

When the power system is operating in normal state, the total load demand is
adequately supplied by the generation and all variables are within their desired
limits. Furthermore, the system has an adequate level of security to survive

from the disturbances to which the system may be subjected. Therefore, the

'The equality constraints give the relationships between the total load and the generation,
whereas the inequality constraints impose conditions on the power system variables. For example, the
voltage of a bus bar in a transmission system (V) should be such that 0.95V,.qteq <V < 1.05V,qted,
where Vi.4teq is the rated voltage.
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power system is secure as long as it is operating in the normal state [2].

e Alert state

The power system enters into an alert state when the security level falls below an
acceptable level or when the probability of the disturbances increases. The total
load demand is still supplied by the generation. However, now there is a higher
possibility of entering into an emergency state subsequent to a disturbance if
the preventive control actions are not timely taken to bring the system into the

normal state [2].

e Emergency state

The power system enters into the emergency state if it experiences a suffi-
ciently severe disturbance before taking the appropriate preventive control ac-
tions. Now the inequality constraints are violated, but still the total load is
supplied by the generation. The emergency control actions are required to

bring the system at least into the alert state [2].

e In-extremis state

Depending on the severity of the disturbance, the in-extremis state may be
directly reached from the alert state or it may be due to the delay or failure
in emergency control actions when the power system is in the emergency state.
Now, a large portion of the consumers are without power. The emergency

control actions must be initiated to avoid a system wide blackout [2].

e Restorative state

If the wide scale blackout is prevented by the appropriate control actions, the

next objective is to supply the electricity to the consumers gradually and re-

4
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connect the system. It is said that the power system is now operating in a
restorative state. Eventually, the result could be that the power system state is

transferred to the alert state or the normal state [2].

It is understood from this discussion that the security level of a power system
changes due to unexpected disturbances. The security analysis of the power system
always related with determining whether the system reaches the new operating points
without violating the constraints subsequent to a pre-determined set of credible fault
scenarios [4]. Thus, the stability analysis of the operating points of the post-fault
power system subsequent to credible fault scenarios is an integral component of the

security analysis in power systems.

1.2 Power system stability analysis

The power system is a nonlinear dynamic system. Hence, the stability of an equilib-
rium point in a power system has similar dynamics to the stability of any nonlinear
dynamic system. According to [4], the stability of a power system can be defined as
follows:

"Power system stability is the ability of an electric power system, for a given initial
operating condition, to reqain a state of operating equilibrium after being subjected to a
physical disturbance, with most system variables bounded so that practically the entire
system remains intact.’

Thus, the stability of an equilibrium point in a power system depends on, i) the
initial operating point, and ii) the type of the disturbance. It is important to highlight

the below mentioned aspects in a scenario of power system stability analysis.

e [t is the usual practice to treat that the power system is operating in a pre-

disturbance equilibrium point prior to an occurrence of a disturbance.
5
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e A disturbance in power systems perturbs the state variables resulting the trajec-
tories to diverge or converge to the attractors. Hence, from theoretic viewpoint,
this stability problem is a system stability problem, where the disturbance is on

the initial conditions [5].

e [f the post-fault system is stable subsequent to the disturbance, the trajectories
converge to a stable attractor in the state space. This stable attractor is usually

an equilibrium point which is asymptotically stable.

Power System Stability
Rotor Angle Frequency Voltage
Stability Stability Stability
Small - Disturbance Large - Disturbance Small - Disturbance Large - Disturbance
Angle Stability Angle Stability Voltage Stability Voltage Stability
| Short Term | Short Term | | Long Term

| Short Term | | Long Term

Figure 1.2: Classification of power system stability [4]

The power system stability is studied under different aspects as shown in Fig.
1.2, which was adopted from [4]. The basic objective of this classification is to study

different forms of instabilities that a power system can undergo during its operation.

6
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Nevertheless, the aforementioned key factors remain valid irrespective of the type of
the stability problem. In Fig. 1.2, the rotor angle, voltage and frequency are the three
main variables where the power system instability can be observed. It is the usual
practice to use the method of linearization to study the system stability subsequent
to a small-magnitude disturbance. However, the nonlinear effects of the power system
need to be considered to study the system stability subsequent to a large-magnitude
disturbance. The fast detection of a particular instability scenario before leading to
a collapse in the power system is an important aspect to ensure the security of the
system.

A power system operating state is classified as insecure due to rotor angle instabil-
ity, voltage instability and/or frequency instability. This thesis focuses on the rotor
angle stability problem. The resulting instability in this case may be an aperiodic
increase in the rotor angles (transient instability) or a gradual increase in rotor angle
oscillations over several seconds (oscillatory instability). The rotor angle stability

problem is discussed in detail in Chapter 2.

1.3 Power system security analysis

The word security implies the freedom of risk or danger. In the context of power sys-
tems, the security is an instantaneous time-varying condition reflecting the robustness
of the system to imminent disturbances [4]. The utilities continuously monitor the
power system to check whether it is operating satisfactorily. If it is found that the
system is operating in an insecure state, necessary actions need to be initiated to
ensure the continuity of supply as much as possible. On the other hand, if the power
system is in the normal state, the security of the power system can be assessed for a

pre-determined list of credible fault scenarios. These three basic elements (security

7
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monitoring, sccurity assessment and control) are tied together as shown in Fig. 1.3

and are briefly described below:

Security monitoring

If the power
system is in
‘restorative’ state

Execute restorative procedures to
reconnect the load

If the power
system is in
‘emergency’ state

Execute emergency (corrective) control
actions to avoid system collapse

Security assessment

If the power system
is insecure
subsequent to at least
one contingency

System is
SECURE

Determine the preventive control actions to
bring the power system back to the ‘normal’ or
at least into ‘alert’ state

Figure 1.3: Basic steps in real-time security analysis

1.3.1 Power system real-time monitoring

Power systems are monitored in real-time in order to have the measurements of key

parameters such as bus voltage magnitudes and angles, currents flowing through the
8
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lines, power flowing through the lines, breaker status, etc. These measurements are
sent to the control center via supervisory control and data acquisition (SCADA)
systems or wide-area measurement systems (WAMS).

A SCADA system collects data from remote terminal units placed at generation,
transmission and distribution stations and sends those to the control center [6]. On
the other hand, a WAMS consists of phasor measurement units (PMUs) installed at
widely dispersed locations of the power system. A PMU produces synchronized pha-
sor, frequency and rate of change of frequency estimates from voltage and/or current
signals [7]. The synchronized phasor provided by the PMU is a phasor with the an-
gle referenced to an absolute GPS-driven time reference [7]. Thus, the synchrophasor
data received from multiple PMUs can be directly compared since they are calculated
with respect to a common reference. Further, these data are available at the control
center at a higher rate compared to the traditional SCADA data. Thus, the trend in
today’s interconnected power systems is to install PMUs, thereby forming a WAMS.

As described in Section 1.2, a power system can be insecure due to three forms of
instability problems. Thus, the data available from SCADA systems or WAMS need
to be processed by appropriate algorithms in order to extract the useful information
for the operator. If the power system is in a restorative state, then the load should
be gradually reconnected. On the other hand, if the system is in an emergency state,
which might lead to a system wide collapse, the operator must be alarmed to initiate

appropriate control actions.

1.3.2 Power system security assessment

The main objective of the security assessment is to determine whether the power

system is secure or not subsequent to a pre-determined list of disturbances, which
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may be experienced by the system. Such an assessment is done when the power
system is in the normal operating state. The security assessment of the power system
has two steps; i) determining whether the equality and inequality constraints are
satisfied at the new operating point reached after the fault scenario (static security
assessment), and ii) determining whether the new operating point can be reached
(dynamic security assessment).

The dynamic security assessment of the power system is usually done using a
deterministic approach. That is, the stability of the post-fault power system with
respect to rotor angle stability, voltage stability and the frequency stability explained
in Section 1.2 is determined with respect to a pre-determined list of credible fault
scenarios at frequent time intervals [8], [9]. These fault scenarios include outages such
as loss of generating units or transmission components (transformers, transmission
lines, etc), which are usually selected on the basis of their probabilities of occurrences.
If it is found that the system is insecure for at least one fault scenario, the necessary

preventive actions need to be determined as mentioned in Section 1.3.3.

1.3.3 Security enhancement

If the power system is insecure due to any reason, it should be brought back to
the normal state using appropriate security enhancement procedures. These actions
depend on the operating state of the power system.

Turbine governor control, generator voltage regulation, transformer tap changing,
capacitor switching, etc are some of the direct control actions, which are being taken
when the system is in the alert state. Furthermore, if the system is insecure for at
least one fault scenarios in the list of credible fault scenarios, the preventive control

actions must be initiated considering the probability of the occurrence of the event and

10
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the economic factors. Hence, the preventive control actions without the optimization
are poorly determined problems [3], [10]. Therefore, some of the preventive control
actions are selected from a list of candidate solutions by minimizing an objective
function, e.g. unit commitment, economic load dispatch, etc.

Emergency control actions are initiated subsequent to the actual occurrence of a
disturbance in the system. Now, the main objective is to protect the system as early
as possible. Fault clearing, out-of-step tripping, and generator shedding are some

examples of emergency control actions.

1.4 Need for online security analysis in power systems

An electrical power system is usually designed well to achieve the overall goal of
reliability in the system. It is mandatory that the bulk-power system is operated
within the desired security limits on this regard.

Traditionally, the electrical power utilities were operating as stand-alone entities.
However, with the restructuring happened in the electricity industry, the utilities
not only electrify their consumers but also share the surplus energy between adja-
cent utilities. Such interconnections have the advantages of keeping lower electricity
rates, providing/receiving the support to/from adjacent areas when there is an in-
crease/decrease in load, etc. These energy economy translations have resulted in the
operations of transmission systems closer to the security limits.

The security level of a bulk-power system is changing with time due to changes in
load/generation, control actions, etc. Therefore, it is important to determine the se-
curity level of a power system subsequent to an anticipated list of disturbances during
the normal operation. If emergency control actions are not timely taken subsequent

to an actual occurrence of a disturbance, the power system may eventually collapse as

11
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happened in 10th August, 1996 and 14th August, 2003 blackouts [11]. Therefore, it is
important to analyse the power system in an online ? environment to check whether
the system is operating in a secure manner.

The focus of this thesis is to determine whether the power system is rotor angle
stable subsequent to a fault scenario, which has gained a significant attention of power
system engineers. In order to emphasise the importance of the said stability problem,
consider Fig. 1.4, which shows the active power flow through a transmission line prior

and during the blackout occurred on 10th of August, 1996 [11].

008 Malin-Round Mountain #1 MW
caselD=Aug10ESlcadPF caselime=04/16/98_14:41:48
PPSM at Ditmer Control Center 15-48:51
Vancouver, WA Out-ol-Siep Separation
1,500
15:42:03
I.Keeler-mlsron Line Trips | 54708
| Ross-Lexinglon Line Trips/
1,400
lapa.) 0.276 Hz
0.252 Hz
0.264 Hz,
3.46% Damping
1,200 -
Reference Time = 15:35:30 PDT
1,100 i T ] T
200 300 400 500 600
Time (s)

Figure 1.4: Active power flow along a major transmission line during 1996 blackout

[11]

The key observations of this figure are;

2The term real-time means that ”N”seconds of simulation actually takes ”N”seconds in real-time
such as real-time digital simulation. However, in actual environment, the implementation of real-
time monitoring systems is limited by the computational capacity of the existing hardware. Thus,
the term online is used in this thesis.

12
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e Failurc of the power system in this case was due to a slowly increasing rotor

angle oscillation after time, t = 700 s (oscillatory stability problem).

e A poorly-damped low-frequency mode at frequency, 0.248 Hz and damping,
3.46% was excited by the first disturbance around ¢ = 400 s. The system
survived from this disturbance without losing synchronism. However, the power

system entered to the alert state.

e A second disturbance occurred after ¢t = 700 s, causing the damping of the low-
frequency mode to become negative. The system eventually collapsed showing

slowly increasing rotor angle oscillations.

Following two conclusions can be made based on these observations:

e If the system was continuously monitored for the excitation of poorly-damped
modes subsequent to large-magnitude disturbances using an appropriate algo-
rithm, the failure could have been avoided by alarming for necessary preventive

actions.

e If a dynamic security assessment was done in appropriate time intervals includ-

ing the first and the second disturbances, the failure could have been forecasted.

It is evident now that the accurate and fast decisions about the rotor angle stability
of the power system are important to ensure the security of the power system. These
were the main motivations behind the development of two novel algorithms proposed
in this thesis for oscillations monitoring applications and dynamic security assessment

studies.

13
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1.5 Objectives of the research

The main goal of this research is to develop and evaluate the performances of novel
algorithms for determining the rotor angle stability of the power system subsequent
to large-magnitude disturbances. These algorithms can then be used for security
assessment of the power system with respect to rotor angle stability in an online
environment. Thus, the objectives of this study are to accurately determine the
first-swing rotor angle stability, multi-swing rotor angle stability and the oscillatory
stability within a computational time which is acceptable for online applications. The

following approaches are proposed in this thesis to achieve the above objectives.

1. A novel algorithm based on the concept of Lyapunov exponents (LEs) is pro-
posed to determine the large-disturbance rotor angle stability of the power sys-

tem.

2. An improved Prony algorithm is proposed to determine the oscillatory stability.
The proposed algorithm extracts only the dominant oscillatory modes present
in the input signals and accurately determines their frequencies and damping

ratios.

3. A hybrid algorithm including both the LEs-based algorithm and the improved
Prony algorithm is proposed to be used in a dynamic security assessment pro-
gram. The proposed hybrid algorithm accurately determines the security of the
power system with respect to both transient and oscillatory rotor angle stability

of the power system subsequent to a set of known disturbances.

4. An oscillation monitoring algorithm including the improved Prony algorithm is

proposed to monitor the power system oscillations. The proposed oscillation

14
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monitoring algorithm can extract low-frequency inter-arca oscillations as well

as sub-synchronous oscillations present in an input signal.

1.6 Thesis outline

The rest of this thesis is organized as mentioned below to achieve the aforementioned
objectives.

Chapter 2 starts with an introduction to the fundamental concepts of the stabil-
ity of a nonlinear dynamic system. Next, the derivation of the mathematical model
of a power system based on the valid assumptions required to assess the rotor angle
stability problem of the power system is presented. A comprehensive literature review
to assess the said stability issue is presented at the end of this chapter highlighting
their pros and cons.

Chapter 3 presents the novel algorithm based on the concept of LEs proposed in
this thesis to assess the rotor angle stability problem. First, this chapter describes the
concept of LEs and the procedure for deriving a spectrum of LEs using a mathematical
model. Then the relationships between the largest Lyapunov exponents (LLEs) and
the equilibrium points of the post-fault systems are established using a test power
system. In order to reduce the significant computational burden associated with the
conventional algorithm, a modified algorithm is proposed at the end of this chapter
which can accurately determine the stability of the post-fault power system within
an acceptable time.

Chapter 4 presents an improved Prony algorithm to extract the dominant os-
cillatory modes present in an input signal and to determine their frequencies and
damping ratios. Initially, this chapter presents the theory of the Prony algorithm.

Then the limitations of the conventional algorithm are highlighted and the proposed

15
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improved algorithm is systematically derived. The suitability of the proposed algo-
rithm for the intended application is presented at the end of the chapter using the
simulation results obtained by the test power system models.

Chapter 5 presents a hybrid algorithm using the two algorithms presented in
Chapter 3 and Chapter 4 to be used in a dynamic security assessment program.
The performance of the proposed hybrid algorithm is evaluated using two test power
system models.

Chapter 6 presents an oscillation monitoring algorithm using the improved Prony
algorithm presented in Chapter 4 to monitor power system oscillations in an online
environment. The proposed algorithm extracts only the dominant oscillatory modes
present in an input signal. The suitability of the proposed algorithm for extracting
low-frequency oscillations and sub-synchronous oscillations is presented in this chapter
using a set of test power systems.

Chapter 7 presents the conclusions and the contributions of this research work.

Appendices explain the mathematical model of a test power system and the proce-
dure for deriving a small-signal stability assessment program from the mathematical

model.
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Chapter 2

Rotor Angle Security Assessment

in Power Systems

2.1 Introduction

From a mathematical point of view, a power system is a nonlinear, multivariable dy-
namic system. Thus, the definitions and theories of nonlinear dynamic systems are
also applicable to a power system. However, certain assumptions are made to derive
the dynamic model and hence to assess the stability of equilibrium points due to com-
plex dynamics associated with different elements in power systems. Among different
types of stability problems explained in Chapter 1, the rotor angle stability is the
area of interest in this thesis. The rotor angle security assessment involves studying
whether the equilibrium points of the post-fault systems are rotor angle stable if any
of the fault scenarios from a pre-defined set of fault scenarios are happened at the
current operating point. Thus, the rotor angle security assessment is a subset of the
tasks associated with the dynamic security assessment (DSA) of power systems.

The goal of this chapter is to systematically address the rotor angle stability

17
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problem in power systems. This accompanies the following objectives: i) review the
theory of stability of nonlinear dynamic systems, ii) derive the power system dynamic
model suitable to assess the rotor angle stability, iii) explain how to study the stability
subsequent to different types of disturbances in power systems, and iv) review the
literature on determining the rotor angle stability in power systems.

For detailed explainations of stability concepts presented in Section 2.2, readers

can refer [5].

2.2 Stability concepts of dynamic systems

The term Dynamic System is a mathematical concept, where a set of known rules
describes the behavior of the system in a geometrical space. In general, a set of first
order ordinary differential equations shown in Eq. (2.1) models the dynamic behavior

of such a system [5].

:L:l :fl(tvgjlaaj%'” sy Ly U, U2y )un)
:L:2 = f2(t73317$27'” y Ty U, Uy = - * )Un)

(2.1)
'Im = fm(t7x17x27"' y T, U, U,y * + * 7un)

where, ¢ represents the time and wu; is the i input to the system.

The variable, z; is called the i*" state of the system and #; is its time derivative.
The hyper-plane formed by using all state variables as the coordinate axes is called
the state plane or phase plane. Eq. (2.2) shows the compact form of Eq. (2.1) using

vector notations x, u and f(t, x, u).

18



Rotor Angle Security Assessment in Power Systems

x = f(t,x,u) (2.2)
where,
-xl- -ul- -fl(t,x, u)-
X = x‘g u= u.2 f(t,x,u) = falt z,w)
E | _fm(t, z, u)_

There is another set of equations as shown in Eq. (2.3) for the dynamic system,
where y is the output vector comprising all the outputs of the system. Eq. (2.2) and

Eq. (2.3) together form the state space model of the dynamic system.

y = h(t,x,u) (2.3)

The input to the system (u) can be represented as a function of time or the state
vector or both. This representaion gives the unforced state equation: x = f(t,x) of
the dynamic system. The system is said to be autonomous if the function f does not
depend on time, that is, x = f(x), and nonautonomous otherwise. The locus of a
solution x(t) of the dynamic system in the state plane is known as a trajectory.

An equilibrium point of the dynamic system is a point in the state plane having
the property that when the state of the system starting at that point remains at the
same point for all future time. Stability of equilibrium points is very important, and
is often characterized using the Lyapunov Stability Theory originally proposed by

A. M. Lyapunov [12]. This theorem states that an equilibrium point at the origin® is

lan equilibrium point not at the origin can be shifted to the origin using a change of variables

19



Rotor Angle Security Assessment in Power Systems

stable if all solutions starting at nearby points stay nearby; otherwise, it is unstable.
Mathematically, the conditions for equilibrium can be illustrated as follows:

For an autonomous system given by x = f(x), the equilibrium point z = 0 is:

e stable if, for each € > 0, there is 0 = d(¢) > 0 such that:

[[z(0)]] <6 = [lz(@®)]| <€ VE>0
e unstable if not stable

e asymptotically stable if it is stable and ¢ can be chosen such that:

[|z(0)]] < 0 = limy_ oo z(t) — 0

e exponentially stable if it is stable and there are € > 0,6 > 0, > 0 such that:

(O] <0 = [lz(D] < ellz(0)]le™, ¢ =0

Lyapunov stability theory provides a sufficient condition for the stability of an
equilibrium point at the origin in the state space. Each equilibrium point has a re-
gion of attraction known as the stability region. In the case of an asymptotically
stable equilibrium point, all the trajectories starting from the states inside the sta-
bility region converge to the equilibrium point of the stability region. Further, this
equilibrium point is gloablly asymptotically stable if the stability region covers the
entire state space.

Local stability of a nonlinear system in the vicinity of an equilibrium point is
determined using the method of linearization. The linearized set of equations of the
autonomous system x = f(x) shown in Eq. (2.4) are derived using the Taylor series

expansion at the equilibrium point and neglecting the higher order terms.

Ax(t) = AAX(t) (2.4)
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where A is the state matrix of size (m x m).

The eigenvalues of the matrix A are the values of the scalar parameter A for which
there exist non trivial solutions for A¢ = A¢, where ¢ is an (m x 1) vector. Thus,
the eigenvalues of A are given by the solution of the equation: det(A — A\I) = 0.

The stability of the equilibrium point at the origin of the linear time invariant
system given by Eq. (2.4) is completely characterized by the location of the eigenval-
ues of A. This equilibrium point is asymptotically stable only if all the eigenvalues of
A have negative real parts. This method is valid only to analyze the stability of the
nonlinear system around the equilibrium point since it approximates the behaviour

of the nonlinear system around an equilibrium point.

2.3 Power system stability analysis

This section systematically derives the mathematical model of the power system to

determine the rotor angle stability.

2.3.1 Illustration of a stability analysis scenario

A typical power system consists of many elements as shown in Fig. 2.1. The system
is energized by a large number of synchronous generators. The dynamic behavior of
this system can be represented using two sets of equations [13], [14]. In vector-matrix

form, this representation looks like:

x = f(x,V,u) (2.5)
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where, x is a state vector, V is the bus voltage vector and u is a vector representing
the inputs and other parameters which influence on the dynamic behavior of the
system.

The two functions f and g do not depend on time, hence the Eq. (2.5) and Eq.

(2.6) represent an autonomous system.

O | Transmission lines I

: Synchronous

enerator .
& » Static

M
_I loads I— — Dynamic

[ loads

—

FACTS
devices

Figure 2.1: Structure of a typical power transmission system

The power system is operating in an equilibrium point under normal operating
conditions. Rates of changes of the state variables at this operating point are equal to
zero. The system can then subject a disturbance. These disturbances are categorized

into two types as event-type and norm-type[4].

e An event-type disturbance is described by a fault scenario such as a three-phase
fault in a transmission line near a bus bar and the fault is cleared by isolating
the faulted line after a time period known as the fault clearing time by the

protection devices. Such a scenario is also known as a contingency.

e A norm type disturbance is described by the size of the signal. The variations

in the loads are considered as norm type disturbances.
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The power system reaches a stable equilibrium point if the system still remains
stable subsequent to a disturbance. The equilibrium point of the post-fault system
may or may not be that of the pre-fault system depending on the type of the distur-
bance as well as whether there any structural changes have happened in the system.
Furthermore, the type of the disturbance determines the method of analysis of the
stability of the equilibrium points of the post-fault systems. In general, nonlinearities
in the power system response need to be considered to assess the stability subsequent
to an event-type disturbance. However, the system stability under the norm type

disturbances can be studied using linear control theory.

Mathematical formulation of a stability analysis scenario

The overall state space representation of a given power system becomes more complex
when the dynamic behavior of all the elements are modeled using a set of first order
differential equations. Therefore, simplifying assumptions are made to accurately
represent the power system to assess a given stability scenario [14]. These assumptions

are:

1. Ignore the transients associated with the transmission network. Such transients

decay rapidly.

This assumption allows to represent the network in the node-admittance matrix

form given below.

I=YV (2.7)

where, I is the current injection vector, V is the bus voltage vector and Y is

the network admittance matrix.

2. Ignore the transients associated with the stator windings of the synchronous
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generators.

It is assumed that the flux linking the stator windings change instantly follow-
ing a disturbance. Due to this simplification, only a fundamental frequency

component is observed in the stator current waveforms.

3. Ignore the effect of speed variations associated with the stator voltages.

Assumptions 2 and 3 allow to represent the dynamic behavior of a synchronous
generator using a set of first order differential and algebraic equation shown in

Eq. (2.8) and Eq. (2.9) respectively.

Xg = fi(xq4,04, Va) (2.8)

Iy = gu(x4,Va) (2.9)

where, x4 is the state vector, u, is the input vector, 1, is the real and imaginary
components of the current injected by the generator to the transmission network
and V is the real and imaginary components of the voltage of the network bus

to which the generator is connected.

The dynamic behavior of all the dynamic devices can be represented as in Eq.
(2.8) and Eq. (2.9). The overall dynamic model of the power system shown in Eq.
(2.10) and Eq. (2.11) is derived by combining the equations of the individual devices
and the node-admittance matrix form given in Eq. (2.7). This is known as the

differential and algebraic equation (DAE) representation of the power system.
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x = f(x,u,V) (2.10)

I(xV) = YV (2.11)

The input vector is assumed to be a known function of time. Thus, Eq. (2.10) is
usually written excluding u. The initial operating point is given by (zg, V).

Voltage and current waveforms in power systems at steady state follow cyclic
variations at the nominal system frequency. Subsequent to a disturbance, the math-
ematical representations shown in Eq. (2.10) and Eq. (2.11) cause amplitude and
phase angle modulations of the voltage and current signals at low frequencies. These
modulating frequencies correspond to the rotor angle oscillations in the power system.
Such transients are known as electromechanical transients. Thus, the mathematical
representation explained above is suitable to study the stability of electromechanical
transients. Obviously, the aforementioned mathematical modeling is not suitable to
study the effects of the stator transients and the network transients, hence electro-
magnetic transient programs (EMTPs) are used to study such transients in power

systems [15].

Models used for stability analysis of electromechanical tran-

sients

A typical power system consists of synchronous generators, static loads, dynamic
loads, HVDC links, FACTS devices, etc. These individual devices are modeled in
different degrees of complexities for stability assessment studies of electromechanical

transients. This section summarizes the models of such devices. A detailed derivation
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of these models are given in [14].

Synchronous generators and the associated controls

A synchronous generator is driven by a prime mover and the field winding is
energized via a dc source. The stator winding of the generator provides the useful
electrical energy to the network. The associated controls of the generator includes
the governor, exciter and the power system stabilizer. The prime mover governing
system provides a means of controlling the power and the frequency. The purpose of
the excitation system combined with the automatic voltage regulator is to control the
field voltage so as to keep the generator terminal voltage within the desired limits. A
power system stabilizer may be used with the excitation system to add damping to
the generator rotor oscillations.

The simplest representation of the synchronous generator provides two state vari-
ables; a) rotor angle, and b) speed deviation of the generator from the synchronous
speed. A more detailed representation uses six state variables including the above two
and four more state variables to represent the dynamics of the flux in the field winding
and the damper windings. The stator voltage is written using algebraic equations.
Each pole in the transfer functions of the exciter, power system stabilizer and the
turbine-governor system adds an additional state to the system representation. For
example, a synchronous generator and the controls can be represented using 17 state
variables including 6 for the generator, 5 for the excitation system, 3 for the power
system stabilizer and 3 for the turbine-governor system. Appendix A provides the
mathematical model of a synchronous generator and the associated controls of a 16

generator 68 bus test system used for stability assessment studies in this thesis.

Load models

A load can be represented using either a static load model or a dynamic load
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model. A static load model does not provide state variables for the system represen-
tation. Active and reactive power consumptions of the static loads are represented
as functions of the bus voltage magnitude and the frequency. For example, the poly-

nomial model of the static load is given below:

P = Py(av™ + av™ + azv™) (1 + a;Af) (2.12)

Q = Qolasv™ + asv"™ 4 agv™)(1+ agAf) (2.13)

Constant impedance, constant current and constant power load models are rep-
resented by substituting ny = ny = 2,19 = ny = 1 and nz = ng = 0 respectively.
Af is the frequency deviation which is used to represent the frequency sensitivity of
the loads. These loads are treated as current injections at the respective node in the
network equation.

The dynamic loads such as induction motors, synchronous motors, etc are rep-
resented using their dynamics. These add additional state variables to the system

representation.

Other devices
HVDC links, FACTS devices, etc are also modeled using a set of differential and

algebraic equations in the stability studies.

2.3.2 Power system stability analysis under event-type dis-

turbances

An event-type disturbance is described by a specific fault scenario. Let the fault

occurs at time, t = 0 and is cleared at ¢ = t.. The differential equations describing
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the behavior of the system during different time intervals of the fault scenario can be

written as follows:

;

fpre (X7 Vpre) t<0
X = fduring (X7 Vduring) t < tc (214)
fpost (X7 Vpost) t > tc

\

where, subscripts "pre”, "during” and ”post” refer the pre-fault, during-fault and
post-fault periods respectively.

The three functions fore, fauring and fpost are considered to be autonomous for the
purpose of analysis. Further, the algebraic equations in Eq. (2.11) also change during
different time intervals of the fault scenario.

Subsequent to an event-type disturbance, the interest is on the stability of the
equilibrium point of the post-fault system given by fyos¢ = 0. If the post-fault system
is stable, the state trajectories converge to this equilibrium point. Thus, the equilib-
rium point is asymptotically stable. For a given fault scenario, the stability of the
equilibrium point depends on the values of the state variables at which the fault is
cleared. Thus, change in the fault clearing time disturbs the initial conditions of the

post-fault system dynamic equations.

2.3.3 Power system stability analysis under norm-type dis-

turbances

A power system operating in an equilibrium point subjects to small magnitude dis-
turbances such as changes in load power. The stability subsequent to these types

of disturbances is known as the small-signal stability of the power system. The said
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stability is studied using the method of linearization. The DAEs of the individual dy-
namic devices given in Eq. (2.8) and Eq. (2.9) are linearized around the equilibrium

point to derive the following equations.

where, Ax;, Au;, AI; and AV, represent the perturbed values of the i* device
state variables, control inputs, real and imaginary components of the injected current
from the device to the network and the real and imaginary components of the network
bus voltages respectively.

Eq. (2.17) and Eq. (2.18) are developed by combining the linearized form of the

individual dynamic device equations.

Ax = ApAx+BpAu+EpAV (2.17)

These equations together with the linearized node-admittance matrix given by
AI = YAV form the linearized state space model of the power system shown in Eq.
(2.20).

Ax = {Ap+Ep(Y -Dp)'CplAx +BpAu (2.19)
Ax = AAx+BAu (2.20)
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The locations of the eigenvalues of the matrix A in the state space determine the
small-signal stability of the power system. If all the eigenvalues have negative real
parts, the system has local stability about the equilibrium point. The complex eigen-
values of A always occur in conjugate pairs (o £ j27 f), where each pair corresponds
to a single oscillatory mode. The mode exponentially decays with time as shown in
Fig. 2.2 if the real part of the eigenvalue (o) is negative. The damping ratio ({) of
the oscillatory mode is defined as given in Eq. (2.21).

—0
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Magenitude (pu)

~| = —

Figure 2.2: Illustration of an oscillatory mode

The decaying rate of the amplitude of the oscillation is determined by the damping
ratio, that is, the amplitude of the oscillation decays to 37% of its initial amplitude
in 78 or 5 cycles of oscillation [14].

The procedure of determining the state space model using the mathematical model

of a power system and identifying the electromechanical oscillatory modes are pre-
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sented in Appendix C using a test power system.

In summary, subsequent to a disturbance, the power system can become rotor
angle unstable showing aperiodic increase in rotor oscillations in the first swing due
to insufficient synchronizing torque or slowly increasing rotor oscillations over several
seconds due to insufficient damping torque. These two scenarios are referred to as
transient stability problem and oscillatory stability problem respectively. In a large
interconnected power system, the transient instability may occur beyond the first
swing due to inter-area oscillations or nonlinear effects [4]. Such a scenario is referred

to as a multi-swing transient stability problem.

2.4 Rotor angle security assessment: Literature review

The overall problem of rotor angle security assessment includes studying whether the
equilibrium point of the post-fault system is both transient stable and oscillatory
stable subsequent to a set of known contingencies. As explained above, the transient
instability can be observed as a first-swing instability or as a multi-swing instability
in a multi-machine power system. On the other hand, the oscillatory instability is
due to insufficient damping of the rotor oscillations. Thus, accurate identification
of the damping of the rotor angle oscillatory modes provides the useful information
on the oscillatory stability of the post-fault system. Further, the damping ratio is a
stability margin which indicates how close is the post-fault systems equilibrium point
to oscillatory instability.

The focus of this thesis is online rotor angle security analysis in power systems.
Thus, the related literature on rotor angle stability analysis is important to under-
stand the pros and cons of the existing methods. Fig. 2.3 shows the classification

of existing methods for transient and oscillatory rotor angle stability assessment in
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power systems. These methods are briefly summarized in Section 2.5 and Section
2.6. The LEs-based algorithm and the improved Prony algorithm proposed in this
thesis can be used in a DSA program. The improved Prony algorithm can be used
for online oscillation monitoring purposes. Thus, the pros and cons of each method
shown in Fig. 2.3 are illustrated giving due consideration to their applicability into

aforementioned two applications.

Rotor Angle Stability Analysis
'

v ¥
Transient stability Oscillittory stability
v v v v v
Time domain Transient energy- Machine learning- Modal-based Measurement-based
simulation based methods based methods approach apprpach
Equal area DT ) 1‘ ) ‘—LL
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Transient energy b Nonlinear STFT
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Controlling UEP ERA Wavelet
PEBS Kalman
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Figure 2.3: Classification of rotor angle stability assessment methods

2.5 Transient stability assessment

The transient stability assessment methods shown in left-hand side of the tree in Fig.

2.3 are briefly reviewed in this section.
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2.5.1 Time domain simulation

The stability of the equilibrium point of the post-fault system can be studied by
solving the DAEs associated with a given fault scenario. The traditional way of
assessing this stability is to perform the time domain simulation (TDS), that is, solve
the DAE starting from an initial condition [14], [16]. The different approaches used

on this regard can be classified depending on:

e How to interface between differential equations (Eq. 2.10) and algebraic equa-

tions (Eq. 2.11).
e The integration method used.
e The method used to solve the algebraic equations.

In a partitioned solution approach, the algebraic equations are solved first to
determine V, I and other nonstate variables, which are then used to update the state
variables at the current time step. In contrast, in a simultaneous solution approach,
the differential equations are first made algebraic, which are then lumped with Eq.
(2.11). The set of larger algebraic equations are solved to update all the variables.

The integration methods used to perform TDS are explicit and implicit integration
methods [16]. Euler, predictor corrector and Runge-Kutta are examples of explicit
integration methods. These methods update the values of the dependent variables
using their values in the previous time steps. In an implicit integration method
such as in the trapezoidal method, the value of a variable at the current time step
depends on its values at the current and previous time steps. Thus, the approach
is complex compared to an explicit integration method. The numerical stability of
the integration method is a key factor, which further related with the stiffness of the

dynamic system. The stiffness of the power system dynamic model increases with the
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increase in modeling complexity. Hence, the time step should be selected depending
on the smallest time constant of the system to be simulated. In power system analysis,
a small time step of half a cycle of the fundamental frequency (i.e. 1/120 s for a 60
Hz system) is used to perform the TDS.

The TDS approach provides plenty of information about the evolution of the
power system variables (generator rotor angles, speeds, real and reactive powers, bus
voltages, etc) with the time provided that the power system has been accurately
and satisfactorily modelled for the intended study. Thus, the method serves as the
reference for the transient stability assessment studies. The stability conclusion in
the TDS is derived by using a security measure. For example, the post-fault power

system can be concluded as rotor angle stable (n > 0) or unstable (7 < 0) using the

(360—5max)

(Bo0Tomes) where 0,,,, 18 the maximum rotor angle separation between

criterion n =

the generators in the post-fault system [17].

2.5.2 Transient energy based methods

In Section 2.3.2 of this chapter it was highlighted that if the power system is stable
subsequent to a contingency, the state trajectories converge to the stable equilibrium
point of the post-fault power system. Hence this stable equlibrium point is asymp-
totically stable according to Lyapunov stability theory summarized in Section 2.2.
In general, a continuous, differentiable and a positive definite? candidate Lyapunov
function V' is constructed to assess the stability of an equilibrium point at the origin
of a dynamic system using the Lyapunov stability theory. It is concluded that the

equilibrium point is stable if V is negative semi-definite and asymptotically stable if

2a function V(x) is positive definite if V(0) = 0 and V(z) > 0 for x # 0. V(x) is positive
semi-definite if V/(0) = 0 and V(z) > 0 for z # 0. V(x) is negative definite if —V(x) is positive
definite. V' (x) is negative semi-definite if —V'(z) is positive semi-definite
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V is negative definite [5], [12].

The synchronous generators in a power system gain/lose energy during the faulted
period due to acceleration/deceleration of their rotors. After the fault clears, the
stability depends on the energy absorbing capability of the post-fault system. Let
the total energy of the synchronous generators at the time of clearing the fault is V' (t..)
and the maximum energy that the post-fault system can absorb is V,,.. It is clear that
if V(t.) < V.., the post-fault system is stable and unstable otherwise. Thus, the
scalar function V' representing the total energy of the system is a Lyapunov function
and the surface V(t.) = V., is a Lyapunov surface [5]. The stability of the post-fault
system can be studied using this approach.

This section summarizes the transient stability assessment techniques based on the
aforementioned concept. The equal area criterion (EAC) method and the transient

energy function method are two such techniques.

Equal area criterion method and its extensions

The EAC method is widely used to illustrate the fundamentals of the transient sta-
bility problem in power systems. Thus, the concept is explained in detail in books
describing the transient stability of power systems [13], [14], [18]. This method com-
bines the rotor angle dynamics of a synchronous generator given by the swing equation
shown in Eq. (2.22) with the power angle relationship shown in Eq. (2.23). The syn-
chronous generators and the loads are modeled using the classical generator model
and the constant admittance load model respectively as explained in Section 2.3.1
for the analysis. Fig. 2.4 illustrates the rationale behind this criterion using a single

generator connected to an infinite bus®.

3an infinite bus represents a constant voltage source at constant frequency
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Figure 2.4: Illustration of the concept of equal area criterion
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where, H is the inertia constant of the generator, wy is the synchronous speed,
E is the generator internal voltage, Ep is the voltage at the infinite bus, X is the
equivalent reactance between the generator and the infinite bus, ¢ is the angle between
E and Ep, P,, is the input mechanical power in per unit, P, is the electrical power
injected by the generator to the infinite bus in per unit, and Kp is the mechanical
damping of the generator.

The system is at steady state initially and P, = P prefqut- The real power injected
by the generator to the network changes during the fault and after clearing the fault
as shown by P. guringfautr and Pe post fauir Tespectively in Fig. 2.4. Let the fault occurs
at the point denoted by letter a and clears at the point denoted by the letter ¢ in

the figure. Assuming that the mechanical power input to the generator, P,, remains
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constant, the total energy gained by the generator during the fault on period is given
by area A; and the total energy transferred to the post-fault system is given by area
As. The post-fault system is stable since A; = A;. The maximum energy that the
post-fault system can absorb is given by the integral f i’l’”“ (P post fauit — Pm)d0, where
001 is the rotor angle at this fault clearing time. If A; > A, at a given fault clearing
time, then the post-fault system becomes unstable.

The EAC and its theoretical derivations based on an one machine infinite bus
(OMIB) system are important to understand the factors influencing the transient
stability of the power system. Thus, attemps have been made in the power system
literature to extend the approach into transient stability analysis of multi-machine
power systems. These attempts have been summarized in [13] and are based on the
observation that the loss of synchronism in a multi-machine power system originates
due to irrevocable separation of its machines into two groups, a) critical cluster of
machines, and b) noncritical cluster of machines. Each group of machines can then
be replaced by an equivalent machine. The resulting two equivalents are replaced by
a time-invariant OMIB system given by Eq. (2.24).

d*s

Mw = P,, — Prazsin(d — v) (2.24)

where, M, P, P,,,. and v are constant values.

Subsequently, the stability of the system can be analyzed using the EAC as ex-
plained above. The extended equal area criterion (EEAC) [19], [20], [21] uses this
approach to a multi-machine power system assuming the simplified classical generator
model and the static load models.

The EAC and the EEAC are direct applications of Lyapunov’s second method

of stability analysis into power systems. The use of simplified models in the analy-
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sis limits the application of the method in deriving valid conclusions for large scale
power systems. Thus, the power system literature presents the genaralized equal area
criterion (GEAC) method. In this approach also the power system is reduced to an
equivalent form given by Eq. (2.24) such that P, P,,., and v are no longer constants.
The single machine equivalent (SIME) method [13] is an example for the application
of GEAC into transient stability analysis in power systems.

The SIME method accommodates the detailed generator models with their aux-
iliary controls in the transient stability assessment process and uses the step-by-step
TDS in during-fault and pre-fault situations. The generators are distinguished as
critical and noncritical machines considering their angle differences at each time step.
After identifying the two groups of machines, their equivalent parameters are deter-
mined using appropriate equations and the stability is assessed. The method further
provides the stability margin of the power system. The SIME method is used in
commercially available software for offline analysis of transient security assessment
in power systems [17]. Further, this approach can also be used in an online security
assessment program. Chapter 5 of this thesis compares the results of the proposed
transient security assessment method using the concept of Lyapunov exponents with

the SIME method.

The transient energy function method and its extensions

Power system transient stability analysis using the energy function given in Eq. (2.25)
has gained attention by the power system researchers. Different methods relying on
this energy function are also referred to as direct methods of transient stability analysis
even though the step-by-step TDS is used in the solution procedure. Theoretical

derivations of the energy function and the stability analysis are explained in detail in
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books [18], [22], [23].

V= % Zn: Jw? — Zn: Pl.(0; - 65)
=1 =1 oo

n—1 n
— Z Z [CU (COS ‘gij — COS ij) — / Dij COS «9Ud(91 -+ QJ)]

i—1 j—it1 07 +03

(2.25)

All the variables in Eq. (2.25) have their usual notations. The first term represents
the kinetic energy and the subsequent three are the potential energy terms. For
the stability analysis, this method first calculates the total energy of the system at
the fault clearing time using Eq. (2.25). The computed energy is then compared
against the critical energy (V) of the system and the stability status is concluded.
Different direct methods are available in the literature depending on the method used
to determine the critical energy. The potential energy boundary surface (PEBS), the
closest unstable equilibrium point (UEP), the controlling UEP and the boundary of
stability-region-based controlling UEP (BCU) are examples of such methods. The
details of these methods can be found in [18], [22], [23]. These methods can be used
to determine the stability of the equilibrium point of the post-fault system and the
maximum allowable fault clearing time or the critical clearing time of a contingency.
However, the computational burden associated with the direct methods, especially
when determining V., and the difficulty of accommodating complex generator models
into Eq. (2.25) are considered as limitations for transient security assessment in power

systems.
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2.5.3 Machine learning-based methods

A significant attention has been given in recent literature to apply artificial intelligence-
based techniques to online transient stability assessment and control in power systems.
In this approach, a database is created for a given network by considering possible
conditions and a classifier is trained using one of the learning techniques. The in-
put to the classifier may be the pre-fault power system variables such as the bus
voltage magnitude and angle, active and reactive power flows, etc or the post-fault
system dynamic features such as the generator rotor angle, bus voltage magnitude,
etc. The automatic learning may be done using the fuzzy-logic rules [24], neural net-
works (NN) [25], decision trees (DT) [26], extreme learning machines [27], support
vector machines (SVM) [28], etc. Thus, once the classifier is trained, it can be used
to assess the transient stability of the power system subsequent to the occurrences of
anticipated credible contingencies and hence to initiate the preventive control actions
or to predict the transient stability status subsequent to the actual occurrence of
a contingency and hence to initiate the emergency control actions. References [29]
and [30] propose to train classifiers using two regression analysis techniques, kernal
ridge regression (KRR) and Lasso to determine the transient stability boundary. This
boundary can be incorporated into a dynamic security constrained optimal power flow
program to determine the optimum preventive control actions in power systems.

It is clear that these artificial intelligence-based techniques determine the transient
stability within a less computing time once the classifiers have been trained extensively
in an offline environment. This feature makes such approaches more suitable for online
DSA purposes. However, the effort required to train the network may be significant.
The recent publication [31] shows that the size of the training data set can be reduced

using the input features as the energy terms of the transient energy function given in
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Eq. (2.25).

2.6 Oscillatory stability assessment

This section summarizes the oscillatory stability assessment techniques shown in the

right-hand side of the tree in Fig. 2.3.

2.6.1 Eigenvalue analysis

The information on whether the current operating point of the power system has a
potential of becoming oscillatory unstable can be checked by looking at the eigenval-
ues associated with the rotor angle modes. The eigenvalues of the state matirx can be
determined using the QR transformation method [32]. The size of the state matrix
increases with the number of dynamic devices in a large power system, thus limiting
the use of QR transformation to accurately calculate the eigenvalues. Therefore, spe-
cial techniques have been developed to study the small-signal stability of large power
systems. Analysis of essentially spontaneous oscillations in power systems (AESOPS)
[33] and modified Arnoldi method (MAM) [34] are two special techniques used to de-
termine a selected set of eigenvalues. The AESOPS algorithm can only determine the
rotor angle modes* and the MAM can compute the eigenvalues associated with any
system mode [14]. The QR transformation is used inside both of the algorithms to
compute the eigenvalues of a matrix, which is a subset of the overall state matrix.
This model-based approach has a limitation on the number of states and hence
the number of eigenvalues. For example, the number of states in the linearized model

cannot exceed 1000 in small-signal analysis tool (SSAT) [35]. Thus, a significant

4these are the oscillatory modes associated with the movements of the generator rotors around
the synchronous speed
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attention has been given in literature to determine the dynamic performance of the
system from the outputs of the transient simulation programs or from the measured
data under ring-down conditions in the power system. Section 2.6.2 describes these

measurement-based approaches.

2.6.2 Measurement-based approaches

The measurement-based approaches in right hand side of the tree in Fig. 2.3 are
either parametric methods or nonparametric methods. The parametric methods first
select a possible model for the measurements and determine the mode parameters
based on this model. In contrast, the nonparamteric methods do not make any
assumptions about the measured data. Instead they work on the data to estimate
the characteristics of the data itself [36]. The parametric methods can be either
linear or nonlinear depending on whether the methods originate from the linearity

assumptions or not.

Prony analysis

Prony analysis is a linear parametric technique, which fits an observed signal using a
sum of complex sinusoidal oscillations [37]. This analysis first constructs a linear pre-
diction model that best fits the measured signal and the coefficients of the prediction
model are determined using a least square approach. The roots of the polynomial
equation associated with the linear prediction model determine the modes of the sys-
tem. The theory, derivations and limitations of Prony analysis arc presented in detail

in Section 4.2 in Chapter 4.
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Matrix pencil method

The matrix pencil (MP) method also approximates an observed signal using a sum of
complex sinusoidal oscillations. However, the procedure of deriving the solution of the
MP method is different from that of the Prony analysis. The MP method constructs
two matrices Y] and Y5 including time-shifted measurements of the measured signal.
It is shown that the z-domain roots associated with the complex sinusoidal oscillations
can be found as a generalized eigenvalue problem of the matrix pair {[Y2], [Y1]} [38].
This method has been applied into power systems in [39]. The MP method is more

robust to noise than the Prony analysis.

Eigen realization algorithm

Referring to Eq. (2.20), the linearized state space model of the power system with

usual notations is given by Eq. (2.26).

@ = Ax(t) + Bu(t) (2.26)

y(t) = Cx(t)
Considering the transition matrix ®(¢) = e, the equivalent discrete system of
the continuous system given in Eq. (2.26) for a zero-order hold and a sampling time

T can be written as in Eq. (2.27).

z(k+1) = Fa(k) + Gu(k)
(2.27)
y(k) = Cu(k)
where, F = &(T) and G = [, ®(r)dr|B.
The eigen realization algorithm (ERA) numerically determines the matrices (F, G, C')
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and/or (A, B, C) assuming an impulse type input in the system. The ERA proposed
in [40] applies the singular value decomposition (SVD) to a Hankel block-matrix®
to determine (F, G, C) such that a minimal realization of the original system is pre-
served. The discrete system is then converted back to the continuous domain and
(A, B,C) are determined. Reference [40] shows that the eigenvalues of matrix A are
the minimum number of eigenvalues required to represent the original system. In
[41], the minimal realization approach has been improved by constructing a matrix,

which is the product of the Hankel matrix and its transpose.

Kalman filter

Kalman filter uses an auto-regressive (AR) model to approximate the observed data.
The coeflicients of the AR model are determined such that the error between the
actual value and the predicted value by the model is minimized. This is achieved using
a recursive algorithm. Once the coefficients are found, the roots of the characteristic
equation give the eigenvalues of the system. Thus, the Kalman filter algorithm can
be used to determine the modal content in the output signals of transient simulation
programs. A detailed comparison between the Kalman filters and the Prony analysis
can be found in [42].

The recursive Kalman filter algorithm has been used in [43] to track the dominant
oscillatory mode in the online environment. In [44], the algorithm has been improved

to track multiple oscillatory modes.

)t element

5a Hankel matrix has the property of ajj = ai—1,j4+1 for ¢ # 1, where a; ; is the (4,
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Fourier transform

Reference [45] presents an algorithm using the Fourier transform (FT) to determine
the frequencies and damping ratios of the dominant modes present in the outputs
of transient simulations. First, the frequency content of a ring-down oscillation is
obtained via the frequency spectrum. Based on the dominant frequency, the length
of a data window and the gap between the adjacent data windows are determined.
FT is applied on these multiple data windows and the real part of the eigenvalue
associated with the oscillation mode is determined by taking the ratio of the FTs at
the selected oscillation frequency.

The damping ratio estimations of this approach are sensitive to the length and
the seperation between the data windows. Furthermore, the presence of multiple
modes in the ring-down oscillation interferes on the calculated values. Therefore, it is
recommended to eliminate the neighbouring model interactions before the analysis.
An improved algorithm using the F'T applied on multiple measurements in power
systems is proposed in [46] to monitor the power system oscillations in an online
environment. It is shown in [46] that the damping ratio of an oscillatory mode can

be determined as the rate of decay of its energy.

Short time Fourier transform

The discrete short time Fourier transform (STFT) is essentially a discrete F'T of a
sampled signal over a short time data window. Thus, at each time instant, the STFT
is related with the F'T of the signal in the vicinity of that time instant, which makes it
an appropriate tool to determine the time-dependent variation of a spectral content of
a signal. The usage of STFT to determine the time-frequency distribution of energy

of electromechanical oscillations is given in [47]. The frequencies of the dominant
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modes are identified by the peaks of the energy spectrum. A scenario of oscillatory
instability is represented by an unbounded increase in the kinetic energy determined
at the dominant frequency. This method is more suitable to observe the patterns of
system dynamic behavoir. Nevertheless, it lacks of providing an accurate damping

estimation.

Wavelet transform
The continuous Wavelet transform (CWT) of a time domain signal y(t) is given by

Eq. (2.28).

(t—b)

CWT(b,a) = % /_ T o=y (2.28)

where, a is a scalar parameter, b is a time parameter and ¢ is a wavelet function.
In literature [48], it has been demonstrated that the Morlet wavelet has the property
of preserving damping information of a signal. Reference [48] shows that the CWT
can be used for online monitoring the oscillatory stability in power systems. First the
measured responses are processed by the CWT. Then Eq. (2.29) can be used with
the Wavelet spectral analysis to determine the time distribution of the damping of
the oscillatory modes.
1 |CWT(by,a)|

o= |

(bs —b1) " [CWT(by,a)

(2.29)

where, b; and by are two time instants.
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Hilbert-Huang Transform

The Hilbert-Huang transform (HHT) is a two step procedure [49]. First, the input
signal is processed by a process known as empirical mode decomposition (EMP),
which generates a number of intrinsic mode functions (IMFs). Each IMF represents
an oscillation mode imbedded in the input data. The Hilbert transform as defined
in Eq. (2.30) is used in order to construct an analytical siganl given in Eq. (2.31)
corresponding to each IMF. Using the analytical signal, the instantaneous amplitude,
instantaneous phase angle and the instantaneous frequency of the dominant IMFs

can be calculated as shown in Eq. (2.32), Eq. (2.33) and Eq. (2.34) respectively.

o) = %p.v./_oo “:ffFf)dT (2.30)
2(t) = ct) +je(t) = a(t)e’?® (2.31)
at) = \Je(®)? + () (2.32)
Y(t) = tan_l% (2.33)
w(t) = %w) (2.34)

This method has been applied to determine the instantaneous frequencies and
the dampings of modes in power system response signals in [50]. However, the HHT
method has the drawback of generating fictitious IMF's, which do not reflect the true
dynamic performance of the powe system. A robust algorithm has been proposed in
[51], which first process the input signals using a linear filter bank and the dominant
signals are identified using a Teager-Kaiser energy operator. The dominant signals
are then analyzed using eigen realization algorithm to determine the damping of the

modes.
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The Wavelet transform, HHT and the Teager-Kaiser energy operator based ap-
proach have been applied in online monitoring of power system oscillations [48], [50],
[51] . However, still these methods can also be used to process the outputs of the
transient simulation programs to determine the frequencies and the damping ratios

of the dominant oscillatory modes.

2.7 Chapter summary

This chapter systematically derived a scenario of rotor angle stability analysis in
power systems starting from the stability theory of a nonlinear dynamic system. The
rotor angle stability analysis is a subset of the tasks in DSA in power systems. This
chapter reviewed the literature on rotor angle stability assessment under the two
main categories of transient stability and oscillatory stability. Pros and cons of each
method were highlighted and their applicability into online DSA and online oscillation
monitoring were discussed.

This thesis presents two algorithms for rotor angle stability assessment in power
systems. These are; a) transient stability assessment technique based on the con-
cept of Lyapunov exponents (LEs), and b) oscillatory stability assessment using an
improved Prony algorithm. The LEs is a theoretically sound approach to study the
stability of nonlinear dynamic systems. A comprehensive stability analysis by apply-
ing this concept into power systems was not available in literature before this work.
Further, the Prony algorithm has been treated as the reference for comparing the
results of different oscillation monitoring algorithms presented in Section 2.6. This
thesis presents a simple approach to improve the Prony algorithm to extract only the
dominant oscillatory modes present in ring-down oscillations. These new approaches

are discussed in Chapter 3 and Chapter 4 respectively.
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Chapter 3

Transient Stability Assessment
using the Concept of Lyapunov

Exponents

3.1 Introduction

The conclusion on whether the generators can remain in synchronism subsequent to
large-magnitude disturbances in a power system or the transient stability of a power
system is in general ranked as a first requirement in a dynamic security sssessment
(DSA) program. Such conclusions are to be taken as early as possible allowing the
operator to initiate necessary actions to continue the secure operation. This chapter
presents a theoretically sound nonlinear analysis technique based on the concept of
Lyapunov exponents (LEs) to derive the said stability conclusion in a DSA program.

The objectives of this chapter are: 1) describe the concept of LEs and the pro-
cedure of calculating a spectrum of LEs from the dynamic model, 2) investigate the

applicability of LEs for transient stability assessment in power systems, and 3) de-
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velop a modified algorithm for accurate and early predicting the transient stability in

the power system.

3.2 The concept of LEs

The concept of LEs is based on the fundamental assumption that the nearby trajec-
tories in the state space are evolving exponentially [52],[53]. Thus, the LEs measure
the exponential rates of divergence or convergence of nearby trajectories in the state
space. Reference [52] defines a spectrum of LEs of an n—dimensional system based
on the long term growth rate of an infinitesimal n—dimensional hypersphere of initial
conditions around an initial operating point in the state space. The n—dimensional
hypersphere would become an n—dimensional ellipsoid during the evolution. The 5
LE (A;) is then defined in terms of the length of the ellipsoidal principal axes as in
Eq. (3.1).

Az (@)]|
A; = lim - 1 i=1,2,---.,n (3.1)
st [|Az(to)|”

where, |Az;(t)| and ||Ax;(to)|| represent the lengths of the i principal axes of
the ellipsoid at the current time and the initial time respectively. The existence of
the above limit is known by Oseledec multiplicative ergodic theorem [54]. However,

in practical calculations, the finite-time LEs are defined by Eq. (3.2).

[Az;(t)]|

Ai ln
|Az;i(to) I

= 1,2,---,n (3.2)

In the limit as ¢ — o0, the finite-time LEs converge to the true LEs of the system.

The key properties of the LEs are as follows:

e The LEs are related to the contraction and expansion of different directions in
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the state space. A negative exponent reflects an axis which is contracting on

average.

e The sum of n LEs represents the average contraction/expansion rate of an

n—volume element in the state space.

e The signs of the LEs indicate the asymptotic performance of a dynamic system.
If all the exponents are negative, the trajectories from all the directions in the
state space converge to an exponentially stable equilibrium point. If at least
one of the exponents is positive, the trajectories diverge along one direction and

the system is said to has a chaotic or strange attractor.

e The LEs do not depend on the initial conditions, that is, all the LEs starting
from different initial conditions converge to the same value as long as these

initial conditions lie within the same stability region of the equilibrium point.

e The concept of LEs is related with the exponential stability of a dynamic system.

If a system is exponentially stable, it is also asymptotically stable [5].

3.3 Estimation of LEs from a mathematical model

Estimation of LEs from a mathematical model has been well established. Wolf et al.
[52] pioneered the work and developed the standard algorithm for LE estimation from
mathematical models. During the calculation procedure, the reference trajectory of
an n—dimensional continuous time system given by %X = f(x) is determined by the
action of the nonlinear equations of motion on an initial condition. The nearby
trajectories are defined by the evolution of the principal axes of n—hypersphere via
the linearized equations of motion. This gives rise to the simultaneous solution of the

set of equations shown in Eq. (3.3):
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& f(x)
= (3.3)
Pt Jor
where, z(t) = [z1(t), za(t),- -+, z,(1)] is a vector of state variables, ¢, is the state

transition matrix of the linearized system; Axz(t) = ¢;Az(0) and J is the n x n

Jacobian matrix defined as in Eq. (3.4);

_9fi

- 8a:j x=x(t)

Jij (3.4)

The initial conditions of the above integration are z(ty) = z and p(tg) = I, where
I represents the identity matrix.

The principal axes of the initial n—hypersphere would tend to fall along the di-
rection of the most rapid growth during the above integration. In order to avoid
this misalignment of vectors, the resulting vectors by solving the linearized equa-
tions of motion, Axy, Az, .-+, Ax, are processed using Gram-Schmidt reorthonor-
malization (GSR) at each integration time step. The GSR first results in a set of
orthogonalized vectors, Auy, Aus,--- , Au, and then a set of orthonormalized vec-
tors, Avy, Avs,- -+, Av, determined by Eq. (3.5), where <> represents the inner

product of vectors.
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. Au1
[ Ay |
AU/Q

Auy = Axy— < Amy, Avy > Avy, an = 1A |
2

Aul = Axl, A’Ul

_ Au,
HAunH

(3.5)

Au, = Ax,— < Az, Avp_1 > Avy_q — -+ — < Aw,, Avy > Ay, Av,

Fig. 3.1 shows the geometrical interpretation of the orthonormalization of two

principal axes at the j* time step.

Avgj )

- g, .,

AxY)

(")
Auy! A = A

> >

w1 )

v

M) = Axl) - projAul(,)(Axgi))

Figure 3.1: Geometrical interpretation of GSR of two principal axes: Azl &Ax) (
represents the number of integration step). Azl&Auz) are first orthogonalized into

Au}&Au} and orthonormalized into Av]&Awv

Once the orthogonal vector frame is available by GSR, for a sufficiently large

integer k, the i LE can be estimated using Eq. (3.6).
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R . () -
Awnmglnnmi I, i=1,2--,n (3.6)

where, At is the integration time step.
According to the above procedure, it is observed that this computation involves
simultaneous solution of n(n 4+ 1) number of equations, n equations for the reference

trajectory and n copies of tangent map equations.

3.3.1 Spectrum of LEs of a two-dimensional system

Consider the two-dimensional system! given in Eq. (3.7) and Eq. (3.8) to illustrate

the calculation procedure of the spectrum of LEs as explained in Section 3.3.

d
prii 0.13 — 0.16 sin(zy) — 1.432, (3.7)
d

The time varying Jacobean matrix of the linearized system is:

—1.43 —0.16 cos(z3)
Ju(r) =
377 0

The spectrum of LEs of this system can be determined using the following steps:

1. Numerically integrate the dynamic equations given in Eq. (3.7) and Eq. (3.8)

starting from an initial condition.

In this study, 4" order Runge-Kutta method was used sclecting the initial

Lthis represents the post-fault system dynamic behavior of the single machine infinity bus system
given in [14]

o4



Transient Security Assessment using the Concept of Lyapunov Exponents

conditions as (x19,z20) = (0.0102,0.8926). This gave the reference trajectory
shown in purple line in Fig. 3.2
2. Numerically solve the equation M = Ji—1, M to evolve the nearby trajectories.

At t = ty, a set of nearby trajectories are formed by selecting their initial
conditions inside a circle of unit radius. As shown in Fig. 3.2, Xy =1+ 70
and X;l = 0+ j1 were used as the initial conditions of the above integration.
The two vectors, X;Q and ng at time, t = to + At were the results of this

integration.

3. Orthonormalize the vectors.

X;z was first orthogonalized with respect to X:Q to form the vector U;Z and
then normalized to obtain the vector V;Q. VIQ is the unit magnitude vector

corresponding to X;Q.

4. Calculate the first approximation of the spectrum of LEs.

The two LEs were calculated as z; In |Uyo| and <7 In |Uss| respectively.

5. Evolve the nearby trajectories over the next time step selecting the orthonor-

malized vectors as the initial conditions of M = Ji—to+ntM.

6. Continue this process for sufficiently long time and average the individual LEs

to obtain the spectrum of LEs of the dynamic system.

Fig. 3.2 shows the evolution of the reference trajectory and the principal axes

during the calculation.
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1 =0, =V,

RSTEREY) Xyps Xy Xps Xy X3 Xy X,
1=t t=t,+At t=t,+2At t=t,+3A

Figure 3.2: Evolution of the reference trajectory and nearby trajectories of a two-
dimensional system : purple line - reference trajectory, blue lines - orthogonalized vee-
tors, red lines - orthonormalized vectors, X:l =1+50, X9 =0+ 71, ng = 0.9869 +

§3.1217, Xap = —0.0008 + j0.9987, V1o = 0.3014 + j0.9535, Vay = 0.9535 + j0.3014

3.4 Investigation of the applicability of LEs for large-disturbance
rotor angle stability assessment in power systems

This section presents a comprehensive stability analysis using the concept of LEs

for transient stability assessment in power systems using a test power system. The

purpose behind this analysis is to investigate the applicability of the LEs to study

the said stability in power systems.
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3.4.1 Test power system

The test system [18] shown in Fig. 3.3 has 3 generators and 9 buses and the geneara-

tors are connected at the buses 1, 2 and 3. The steady state operating parameters

and the dynamic data of the test system are given in Section B.1 in Appendix B.

7 =0.0085+j0.072

Station C

230 kV

7 =0.0119+j0.1008

| 7=j0.0586

DA

Y =0+j0.0745

7=0.032+0.161
Y=0+j0.153

— [

Station A
230 kV I

125 MW
50 MVAR

Z-0.01+i0.085
Y=0+j0.088

ek

Y =0+j0.1045
100 MW
35 MVAR
Station B
230 kV

C

Z=0.039+j0.17
Y = 04§0.179

-CIEI

Z-0.017+j0.092
Y=0+j0.079

7=i0.0576

Gen 1
16.5kV
1.04 pu

Slack Bus

Figure 3.3: 3-generator 9-bus test system [18]

30 MVAR

In order to study the transient stability of the system, the dynamic model of the

test system was derived using the following assumptions.

e Generators were modeled using the classical generator model with a voltage

source of constant magnitude behind its transient reactance as shown in Fig.

3.4.
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MM

./
JXa

— =

@ E /S

Figure 3.4: Classical generator model::c;l is the generator transient reactance, E /6

is the generator internal voltage

e Loads were modeled as constant admittances connected in shunt at the respec-

tive bus bars.

e Bus 1 was considered as an infinite bus, that is, the dynamics of the generator
connected to bus 1 was not modelled, instead it was treated as a constant voltage

source.

The dynamic behaviour of a generator is given by Eq. (3.9).

2H d*§ - _ Kpdd
= T,-T.- 22— 3.9
Wo dt? wWo dt ( )

where, wy is the synchronous speed, 7}, is the input mechanical torque of the
generator in pu, and 7, is the generator air gap torque output in pu. Eq. (3.9) can

be expressed using two first order differential equations as given in Eq. (3.10) and

Eq. (3.11).
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1d

Lds A 1
wodt5 w (3.10)
Inw = Lm - T - Kpaw) (3.11)
at=" T ooglm T e B '

where, 0 and Aw represent the angle of the generator internal voltage in radians
and the pu generator speed deviation from the synchronous speed respectively.
When the generator is operating around the pre-fault equilibrium point, the me-
chanical torque input 7T, of the generator equals the generator air gap torque T,.
These T, values were kept constant throughout the simulation and 7, was deter-
mined using Eq. (3.12) approximating the rotor speed to be 1.0 pu.
3

T |ELG+|E[| Y |E)|IVy| cos(d; — 6,) (3.12)
j=1,j#i
where, E; = |E;|Z0; is the generator internal voltage, Yi; = Gi; + jB;; is the
equivalent admittance between i’ and j* generators.

Combining Eq. (3.10), Eq. (3.11) and Eq. (3.12), the state space model of the

test system was formulated as given in Eq. (3.13).

%51 = wOAwi (3 13)
Twm;  |E/|2Gu  |E/ <3 Kp, '
FAw; = gft — S — S T | B/ cos(8; — 0) — s Aw;

Eq. (3.13) is in the form of X = f(X), where X = [d,, Awy, 03, Aws].
Y;;]£0 values in Eq. (3.13) change depending on the pre-fault, during-fault

and post-fault network configuration. The equilibrium point of the pre-fault system
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(02, pres AW pre, 03 pre, Aws pre) Was obtained by equating Eq. (3.13) to zero. Assum-
ing that the system operating at steady state subjects to a specified fault scenario,
the resulting dynamic equations during the faulted period were integrated and the
values of the state variables (0o, Awag, 034, Awsg) at the fault clearing time were de-
termined. These were then used to solve the post-fault system dynamic equations and
to determine the LEs associated with the equilibrium point of the post-fault system.

Conceptually, convergence of the LEs is an important criterion to derive the sta-
bility conclusions. The convergence criterion was accommodated as a constraint as

given in Eq. (3.14).

|LLE,—r — LLE—r_100)| < 0.001 (3.14)

where, LLE is the largest Lyapunov exponent and 7' is the current time window.

3.4.2 Stability analysis

As explained in Section 2.3 in Chapter 2, an event-type disturbance is characterized
by a specific fault scenario with a known fault clearing time. Such a scenario is known
as a contingency. The interest is on the stability of the equilibrium point of the post-
fault system subsequent to the contingency. This section presents the results of the
rotor angle stability analysis performed on the 3-generator 9 bus test system shown
in Fig. 3.3 under different contingencies. The analysis was done in MATLAB using
the 4" order Runga-Kutte method at 1/120 s time step as the numerical integration
method. This time step is a standard time step used in power system time domain

simulations.

60



Transient Security Assessment using the Concept of Lyapunov Exponents

System stability subsequent to an event-type disturbance

Consider the stability of the test system subsequent to a three phase solid fault in the
line 9-8, very close to the bus bar 9 and was cleared after 100 ms by disconnecting
the faulted line from the network. Table 3.1 shows the estimated LEs up to the 4%

decimal place at different time intervals.

Table 3.1: LEs of 3-generator 9 bus system
Time (s) 1*LE 2"LE 3"LE 4""LE

10 -0.1231 -0.2311 -0.0721 -0.0730
100 -0.1159 -0.1495 -0.0869 -0.1470
800 -0.1019 -0.1103 -0.1399 -0.1471
900 -0.1012 -0.1100 -0.1409 -0.1472
1000 -0.1013 -0.1086 -0.1407 -0.1481

Accordingly, all the four LEs have converged to negative values. This ensures that
the trajectories have converged to an exponentially stable equilibrium point. Fig. 3.5
shows the time domain trajectories of the four state variables (d, 03, Awy, Aws). It
can be seen that these trajectories reach the equilibrium point showing exponentially
decaying oscillations. The long computation time for the convergence is due to the
oscillatory nature of the state trajectories. Furthermore, the concept of LEs is related
with the exponential stability of a dynamic system. The exponentially decaying
nature of the power system oscillations subsequent to a stable contingency highlights
that the LEs is a theoritically sound approach to study the transient stability problem

in power system.
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Figure 3.5: Evolution of state trajectories; red - generator 2 and green - generator 3

System stability region and the critical clearing time

The maximum allowable fault clearing time of a contingency so that the post-fault
system remains stable is known as the critical clearing time (CCT). In order to deter-
mine the CCT of the given contingency, the fault clearing time was changed in steps
of the time step used to peform the numerical integration, that is, 1/120 s in this
case. The LEs of the post-fault equilibrium point were calculated starting from the
state values at the fault clearing time. Hence, the change in the fault clearing time
disturbs the initial conditions of the LE estimation. Fig. 3.6 shows the variation of

the LLE with the fault clearing time.
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Figure 3.6: Change in LLE with fault clearing time

The LLEs starting from state values corresponding to different fault clearing times
have converged to the same negative value irrespective of the fault clearing time up
to a critical value (27At, At = 1/120s). The LLE is a small positive number (0.001 in
this case) for fault clearing times beyond this critical value. Visual inspection of the
time domain trajectories corresponding to fault clearing times beyond the critical
value shows diverging trajectories. Therefore, this critical time is the maximum
possible fault clearing time or the CCT of the contingency.

The change in fault clearing time does not change the equilibrium point of the
post-fault system. Therefore, the CCT is the boundary of the stability region of
the equilibrium point. The importance of this analysis is that as long as the fault
clearing time is less than the CCT, the LLEs converge to the same negative value.

Therefore, the magnitude of the LLE cannot be used as a stability index to determine
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the closeness of the current operating point to instability.

Effect of the post-fault system topology on LEs

A power system can subject to different faults anywhere in the system. Even the
same fault can occur at different locations leading to outages of different elements
from the network. Hence, the post-fault network topology may change subsequent
to different fault scenarios. In order to investigate the change in the LEs with the
post-fault system topology, first, a series of solid three phase bus faults were applied
at different bus bars of the test system and cleared after 100 ms without disconnecting
any lines from the network. Since the network topology doesn’t change during these
cases, the steady state stable attractors of the post-fault systems remain the same.
However, depending on the location of the bus fault, the system dynamic equations
during the fault situation change which in turn give different initial conditions for
the post-fault system dynamic equations even for the same fault clearing time. The
calculated LLE values for this situation are given in Table 3.2.

The estimated LLE values are all negative and identical up to the 5* decimal
place irrespective of the fault location. The negative LLE indicates the stability of
the post-fault systems equilibrium point. The occurrence of the equal LLE values
under all these cases is to be expected since the post-fault system equilibrium point

remains unchaged due to no topological changes in the system.
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Table 3.2: Variation of LLE with faults at different locations without system topo-

logical changes

Scenario No Faulted Bus LLE

1 4 —0.108456
2 5 —0.108456
3 6 —0.108455
4 7 —0.108457

8 —0.108456
6 9 —0.108456

Next, a series of fault scenarios were considered by applying three-phase solid
faults in transmission lines near the bus bars (e.g., bus bar 4, 7, 9) in Fig. 3.3
followed by disconnecting the respective transmission lines (e.g., line 4-5, line 4-6,
line 7-5, etc) from the network after 100 ms. The estimated LLE values during these

scenarios are shown in Table 3.3.

Table 3.3: Variation of LLE with system topology
Scenario No Faulted Bus Line Disconnected LLE

1 4 Line 4-5 —0.10736
2 4 Line 4-6 —0.11610
3 7 Line 7-5 —0.10800
4 7 Line 7-8 —0.10094

9 Line 9-6 —0.10000
6 9 Line 9-8 —0.10138

For the considered clearing time, all the LLE values shown in Table 3.3 are negative

confirming that the trajectories have converged to the exponentially stable equilibrium
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point. Depending on the disconnecting line, the network power flow changes which in
turn results in different stable attractors for the post-fault system trajectories. Each
different, negative LLE value uniquely identifies these different stable attractors of

different post-fault system topologies.

3.5 Faster identification of transient stability using the con-

cept of LEs

A systematic stability analysis using the concept of LEs for large-disturbance rotor
angle stability assessment was discussed in detail in Section 3.4.2. It was highlighted
that the LEs need long computation time for the convergence mainly due to the
presence of exponentially damped sinusoidal oscillations in a stable post-fault power
system. For example, the LEs were calculated over a data window in length longer
than 1000 s to make sure the convergence upto the 3"¢ decmal place in all above
scenarios. Calculation of the LEs over a long time window for rotor angle stability

assessment is not recommended due to following reasons:

1. A proposed application of this thesis is the rotor angle security assessment in an
online DSA program. Fast assessment of the stability of the current operating
point for multiple contingencies is critical since the operating conditions keep

on changing.

2. The unstable generators are tripped by the power system protection during the
actual operation. Hence, realistically, the trajectories from unstable generators

won’t be there for a long time period.

Therefore, this thesis proposes a modified algorithm as shown in Fig. 3.7 to derive

the stability conclusion of the post-fault power system. This modified algorithm
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calculates the finite-time LEs.

t=0 t=T. t=T, t=T.+10 time, t = o
Conventional algorithm: Modified algorithm:
The LEs calculation starts The finite-time LEs are calculated
here and continue until over this data window
converge

Figure 3.7: Proposed transient stability prediction algorithm using finite-time LEs:

Tr—time at which the fault occurs, T-—time at which the fault clears

The finite-time LEs have been discussed in literature for stability assessment of
nonlinear dynamic systems [55], [56] and they are related with the time-average local
divergence rate. Thus, mathematically, the modified algorithm shown in Fig. 3.7
derives the stability conclusion by calculating a function, D(z,T),T = kdT given in

Eq. (3.15).

k
1 )
= E )]
AFT AT 2 In ||A’LL || (315)

where, AT s the integration time step and Auw is the orthogonalized vector.

For, k =1, D(z, AT) is the local divergence rate over the first time step and for
k — 00, D(x,00) is the true LE. Thus, calculating D(z,T") for 1 < k < oo provides
the information on the local predictability of the finite-time LEs.

In order to check the local predictability of the transient stability of the power
system by the finite-time LEs, consider the contingency of clearing a solid three-phase
bus fault applied in the transmission line 4-5 very close to the bus bar 4 after a known

time period of the 3-generator 9 bus system shown in Fig. 3.3. In this case, two fault
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clearing times, 100 ms and 250 ms, were considered. The post-fault power system was
stable at 100 ms clearing time and was unstable at 250 ms clearing time according to
the time domain simulated trajectories. Fig. 3.8 and Fig. 3.9 show the time domain
simulated trajectories and the time variation of the local divergence rate of the LLE
under the two scenarios. In this thesis, the finite-time LE associated with the LLE is

referred to as the largest average exponential rate.
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Figure 3.8: Finite-time LEs:stable scenario, (a) time domain trajectories of the rotor

angle, (b) evolution of the largest average exponential rate
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Figure 3.9: Finite-time LEs:unstable scenario, (a) time domain trajectories of the

rotor angle, (b) evolution of the largest average exponential rate

It is seen from Fig. 3.8 and Fig. 3.9 that the largest average exponential rate re-
mains negative after some time when the post-fault power system is rotor angle stable
and is positive when the post-fault power system is rotor angle unstable. Thus, the
same stability conclusion derived by the true LEs can be accurately derived by the
finite-time LEs calculated over a shorter data window. The reason for this local pre-
dictability by the finite-time LEs is that the time domain simulated trajectories of
the state variables exponentially decay under stable scenarios and drastically increase
under first-swing unstable scenarios. Further, the LEs are associated with the expo-
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nential decaying rates of the trajectoris. Thercfore, the final sign of the true LEs
can be accurately predicted by the finite-time LEs while reducing the computational
burden.

The performance of the proposed algorithm was tested with the 3-generator 9
bus system under three fault scenarios with two fault clearing times, 100 ms and 250
ms respectively. The three fault scenarios were: 1) fault on the line 4-5 closer to
the bus 4 cleared by isolating the line 4-5, 2) fault on the line 7-5 closer to the bus
7 cleared by isolating the line 7-5, and 3) fault on the line 9-8 closer to the bus 9
cleared by isolating the line 9-8. Visual inspection of the time domain trajectories
showed converging trajectories at 100 ms and diverging trajectories at 250 ms fault
clearing times for the three scenarios. Accordingly, the expected sign of the largest
average exponential rates is negative for the first three cases and positive for the
latter three cases. The stability analysis results of these six contingencies using the

modified algorithm is presented in Table 3.4.

Table 3.4: Largest average exponential rates of 3-generator 9 bus system

Largest average exponential rates

Case Fault

No  Duration (ms)

Te - Te- Te- Te- Te -
(Te +5.0)s (Te+10)s  (Te +20)s  (To+30)s (T +40)s

1 100 -0.0253 -0.1452 -0.0806 -0.0876 -0.0963
2 100 -0.0858 -0.0578 -0.0384 -0.0499 -0.0603
3 100 -0.1155 -0.2447 -0.1166 -0.1776 -0.1094
4 250 1.3049 0.6227 0.243 0.1632 0.1188
250 0.9335 0.4754 0.2588 0.1717 0.129
6 250 0.2277 0.1396 0.0794 0.0523 0.0343
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Table 3.4 shows that the stability of the equilibrium points has been correctly
determined by the sign of the largest average exponential rate calculated over a short
time window. Based on the observations, a 5 s long data window starting from the
initial conditions at the time of clearing the fault was sufficient to derive the stability
conclusion of the power system. The benefits of the proposed algorithm for accurately
predicting the transient stability is further demonstrated with large power systems in
Chapter 5.

The applications of the finite-time LEs into power systems stability analysis have
been reported in recent literature [57], [58], [59]. The work presented in this thesis is

different from the work presented in these references in the following aspects.

e This thesis uses the mathematical model of the post-fault power system to
calculate the finite-time LEs. In [57],[59], and [60], the finite-time LEs have

been estimated using time series data.

e Chapter 5 of the thesis shows that the largest average exponential rate deter-
mined using the post-fault system trajectories can be used as a security measure
to conclude the transient rotor angle stability. Thus, the finite-time LEs are
used in an online dynamic security assessment algorithm. However, the refer-
ences [57],[59], and [60] show that the finite-time LEs can be used in real-time
stability monitoring applications using the synchronized data available from

phasor measurement units.

3.6 Chapter summary

The main contribution of this chapter is that it has presented a novel algorithm

based on the concept of LEs to accurately predict the transient stability status of a
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power system subsequent to a contingency. These contributions were published in

References [61] and [62] during this PhD study.

e At the beginning, the concept of LEs and the procedure for determining a
spectrum of LEs from a mathematical model were presented. Subsequently, a
detailed stability analysis was presented using a test power system model. The

major findings of this analysis were:

— The post-fault system equilibrium point can be completely characterized
by a spectrum of all negative LEs if the power system is stable subsequent

to the contingency. Otherwise, the LLE becomes a small positive number.

— The LLE converges to the same negative value, if the fault clearing time
is less than the CCT, beyond which the system becomes unstable. Thus,
the power system stability regions can be determined using this invariance

property of LEs from the initial conditions within the same stability region.

— The computational burden of the exponents for convergence is significant.

e The above observations were the impetus behind the modified algorithm devel-
oped in this chapter. The modified algorithm accurately derived the stability
conclusion starting from the state values at the fault clearing time and limiting

the computation for a short time interval.

Being a nonlinear stability analysis technique, the concept of LEs become an
ideal technique to study the transient stability of the power system since the nonlinear
behavior needs to be treated for such an analysis. The developed algorithm in Section
3.5 will be used in Chapter 5 to classify the stable and unstable contingencies as the

first process in the proposed rotor angle security assessment tool.
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Chapter 4

Extracting Dominant Oscillatory
Modes from Transient Stable
Power Swings using an Improved

Prony Algorithm

4.1 Introduction

If the post-fault power system is stable subsequent to a contingency as discussed
in Chapter 3, the time responses of the states and other measured power system
variables show exponentially damped oscillations. This situation is referred to as
a ring-down condition in the power system. The Lyapunov exponents measure the
average decaying rate of the trajectories in the state space. However, they do not
provide the damping ratios of the dominant oscillations present in the ring-down
oscillations. The damping ratio of an electromechanical oscillation as defined in Eq.
(2.21) in Chapter 2 is a measure of the degree of small-signal rotor angle stability of
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the equilibrium point of the post-fault power system. The main goal of this chapter is
to extract the dominant oscillatory modes present in the ring-down oscillations and to
determine their frequencies and damping ratios using an improved Prony algorithm.

The Prony algorithm is a linear parametric technique which can directly esti-
mate the frequency, damping, strength and phase angle of modes present in an input
signal. Theory of the Prony algorithm and its applications into power systems are
well documented in the literature. A few examples of its applications are; 1) analyz-
ing responses of noise-free linear time invariant systems [37], 2) studying outputs of
transient stability programs [37], 3) constructing the standard form impulse response
models to be used in extended analysis and in control system design [63] , and 4)
offline analyzing of field measured data [64].

The proposed rotor angle security assessment tool in this thesis first uses the
algorithm developed in Chapter 3 to determine the transient stability of the power
system. Such stable cases are then processed using an improved Prony algorithm as
explained in this chapter. The purpose is to extract the dominant oscillatory modes
present in the ring-down oscillations and to determine their damping. Hence, the
small-signal rotor angle stability around the equilibrium point of the post-fault power
system can be determined without calculating the eigenvalues. The dominant modes
may cause severe threats to system security due to poorer damping.

The objectives of this chapter are; i) present the theory of the Prony algorithm
and the solution procedure, ii) highlight the limitations of the conventional algorithm
and the proposed techniques in literature to overcome such problems, iii) develop an
improved Prony algorithm to be used in the proposed rotor angle security assessment
tool, and iv) present the performance of the proposed algorithm using a small test

power system.
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4.2 Theory of Prony Algorithm

Consider a linear, time invariant dynamic system given by X,«1 = ApxpXpx1 +

B

oxpUpx1, Where, x is the state vector, u is the input vector and p is the order of the

linearized system. The system is initially operating at a state xq at time, t = ty. If the
input to the system is removed and if there are no further inputs, the system responds
according to a set of differential equations given by x,x1 = ApxpXpx1. Let, x = ®Z,
where Z is a new state vector and the columns of ® are the right eigenvectors of A.
Then, the following mathematical manipulations derive the solutions of the original

set of differential equations.

dZ = ADZ (4.1)

Z = AZ (4.2)

where, A = ®'AP is a diagonal matrix containing all the eigenvalues of A.
Thus, each element in the new state vector Z are now decoupled from the rest of the

elements.

Zi(t) = Zj(0)eM (4.4)
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Zl(t)
Z(t)
a(t) = [pr ¢ - B : (4.5)
| Zp(t) ]
x(t) = Zc/ﬁiZi(O)e’\it (4.6)
w(t) = Z i(izo) et (4.7)

p
= ) RiapeM (4.8)
i=1

where, ¢; and 1; are the right eigenvector and the left eigenvector of the ‘"
eigenvalue respectively. xg is the initial state vector.
Assuming a single output of this dynamic system, mathematically, it can be ex-

pressed as a linear combination of the p eigenvalues as given in Eq. (4.9).

Y() = Cx(t) (4.9)
- Xp: Bt (4.10)

p
= Z Az cos(2m fit + ;) (4.11)
i=1
where, B; are referred to as signal residues, \; = —o; £+ 727 f;, A; and «; are the

amplitude and the phase angle of the i*® mode respectively.
Prony analysis fits a measured time domain signal using a sum of sinusoidals as

given in Eq. (4.11) and estimates the parameters o, f, A, & a. Consider N samples
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of the measured signal shown in Fig. 4.1, where Y}, is the value of the signal at k"
sampling time, t, = kAt, At is the sampling interval and £ =0,1,--- , N — 1. Thus,

Eq. (4.10) can be written to estimate Y} as given in Eq. (4.12) and Eq. (4.13).
p p p
Y(t) =Y Bieh' =Y BieM* =) " Bt (4.12)
i=1 i=1 i=1

= (413)

z; in Eq. (4.13) are the discrete domain eigenvalues corresponding to A;. Thus, z;

are the roots of an p'* order polynomial as given in Eq. (4.14).

P — a2 — Pt~ —a, =0 (4.14)
.-rYo
: ! Yn
T P8 JF ..--'H TR ﬁ'-l 1..--'1 7 ? o
HI I W ;:" FR A g 3 w
Y ¥ ;Yz

Figure 4.1: Discrete time domain measured output signal

The mathematical manipulations mentioned hereafter establishes the solution pro-

cedure of the Prony algorithm to determine the mode parameters.

e Estimate Y) at each sampling instant. This will produce an overdetermined set
7
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of equations given in Eq. (4.15).

Y (0) 22 28 2} By
Y(1 21 2 e 2 B
W= = v 2 (4.15)
Y(N —1) N 27 | By
Y = ZB (4.16)
e Construct the vector Ayxy =[—a, —ap1--+—a; 1 0 0 --- 0]
AY = AZB (4.17)
AY = [-ap-—a; 1 0][Y(0) Y(1) Y(N - 1)]7(4.18)
= Y(p) —aY(0) —apY(1) = —a;Y(p—1) (4.19)
_ - T ~ -
2110 — alzf_ — CLQZf_Q — — Qp Bl
_ N S ) B
iz = |7 7 2 ’ ? (4.20)
_Zg — (I1Z£_1 — a22£_2 — = ap _Bp_
AZB = 0, basedon Eq.(4.14) (4.21)

e Using Eq. (4.17), Eq. (4.19) and Eq. (4.21), AY = AZB =0

Yp)=aY(p—1)+aY(p—2)+--+a,Y(0) (4.22)

The linear prediction model given in Eq. (4.22), which is the core of the Prony
algorithm states that the value of the measured signal at the (p + 1) sample

can be written as a linear combination of the prevoius p samples. The above re-
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lationship can be used to derive an overdetermined set of equations to determine

the unknown coefficients of the linear prediction model.

Y(p) Yip—1) Y@p-2) - Y(0) ay
Y(p+1) Y(p) Y(p-1) - Y (1) ag
= : : : Dol (423)
Y(N —2) Y(N=3) Y(N—4) - Y(N—p—2)| |a,,
V(N-1)] |[Y(N-2) Y(N=3) -+ Y(N—p-1)] | a |

The procedure of determining the mode parameters using the Prony algorithm

can be summarized as follows:

1. Construct a discrete linear prediction model that best fits the recorded signal

as given in Eq. (4.22).

2. Construct Eq. (4.23) and determine the least square solution for the coefficients

of the linear prediction model.

3. Determine the roots of the characteristic equation given in Eq. (4.14). Then,

find the corresponding eigenvalues using Eq. (4.13).

4. Solve Eq. (4.15) using the discrete domain roots of the characteristic polynomial

to determine the amplitude and the phase angle of each mode.
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4.3 Improved Prony algorithm for extracting dominant os-

cillatory modes

This section presents an improved Prony algorithm which overcomes the limitations

of the conventional Prony algorithm.

4.3.1 Limitations of the Prony algorithm

Even though the Prony algorithm can determine the frequency, damping, strength
and the phase angle of modes present in the ring-down oscillations, its performance
depends on the data window length, the sampling time used and the order of the
Prony model. Reference [65] theoretically proves that both small and large sampling
steps lead to errors in damping estimations, thereby, proposing an adaptive sampling
scheme. It is recommended in [66], to capture at least four cycles of the smallest
frequency waveform as the data window length. In the proposed rotor angle security
assessment tool, more cycles are available at a sampling rate of ﬁ samples/s, where
AT is the time step used in the time domain simulation. Further, more cycles provide
a clearer picture of the system dynamics. Thus, the user can specify the data window
length and the sampling time. The recommended settings in this thesis are given in
Section 4.3.5.

Let the data window length and the sampling rate have been selected in the Prony
algorithm. The issue then is to set the order of the Prony model since the roots of the
linear prediction model are associated with the system dynamics. In order to suppress
the effect of noise and the signal offset, it is the usual practice to over-fit the input
signal. For example, the order of the Prony model p is selected as p < %, where N is

the total number of samples in the data window [67]. Therefore, fictitious modes are
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artificially introduced to the calculation in addition to the true modes present in the
input signal. These fictitious modes do not reflect the system dynamics and some of
them may have poorer damping than the true modes of the system. Therefore, it is
important to extract the true modes from the fictitious modes. Different approaches
have been proposed in the literature to address the said issue in the Prony analysis.

The energy of an oscillatory mode (E;) can be calculated as E; = SN " |a;(k)|?
over a data window having N samples. It can be assumed that the modes carry-
ing significant amount of energies are the dominant modes of the input signal [67].
Therefore, the dominant modes can be extracted if the energy of the mode is above
a threshold value. This threshold setting is difficult since 1) the total energy of the
input signal does not equal the sum of the energies of the individual modes [67], and
2) when the input signal has a dc component, it subsequently carries a significant
amount of energy. Another effort on this regard is to process multiple inputs simul-
taneously as proposed in [68] and [69]. This method is based on the assumption that
an oscillatory mode can appear in different power system variables once the power
system is disturbed, hence the purpose is to determine a one set of mode estimates
from multiple inputs. This method produces a large set of overdetermined equations
in Eq. (4.23) to determine the mode parameters, which can still produce fictitious
modes. The model reduction algorithm based on Akaike Information Criterion [70]
and the minimal realization method based on the singular value decomposition algo-
rithm [71] try to find the reduced order model for the Prony input signal. Eventually,
performance of each method is based on the closeness of the fitting of the reduced or-
der model to the actual input to the algorithm. The recent publication [67] proposes
applying a stepwise regression method to sort the dominant modes. The stepwise re-

gression is an iterative procedure that adds and removes terms from the linear model
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based on their statistical significance in a regression. The authors claim that this
method works well under low signal-to-noise ratio conditions as well. However, the
damping ratio estimations of the Prony algorithm are sensitive to the presence of
noise in the input signal. Further, the inputs to the Prony algorithm in the proposed
rotor angle security assessment tool are noise free signals.

This chapter presents a simple technique to modify the Prony algorithm to extract
the dominant modes in the ringdown oscillations. The novelty of the proposed algo-
rithm is based on the observation that the dominant modes, which are characteristics
of the power system, consistently appear in a measured response irrespective of the
order of the Prony model. Such modes can then be extracted using a sorting method.
Thus, the proposed algorithm is well suited to conclude the small-signal rotor angle

stability in the rotor angle security assessment tool proposed in this thesis.

4.3.2 Rationale behind the proposed algorithm

The waveform shown in Fig. 4.1 is a synthetically generated signal at a known
sampling rate. This signal consists of two oscillatory modes at 0.5 Hz and 0.6 Hz
frequencies and 1.5% and 1.6% damping ratios respectively. Consider two data sets
of the waveform; Y; = [Yp, Y1, Ys, -+, Yn]ixn and Yy = [0, Yo, Yy, - - >YN]1x(1+%)v
where Y}, is the value at the k* sampling time. Note that the lengths of the two
data sets are different. Such different length data sets of the same waveform can be
selected using two approaches, 1) change the length of the data window keeping the
sampling time fixed, and 2) down-sample the data keeping the data window length
fixed. Coefficients of the two LP models given in Eq. (4.24) and Eq. (4.25) can be
determined using the Prony analysis as explianed in Section 4.2 on these two data

sets. Note that the orders of the two LP models p; and py are different since the sizes
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of the two data sets are different.

Y, - Yik)=aYi(k—1)+ - +a,Yi(k—p1) (4.24)

These two LP models have the characteristic equations given in Eq. (4.26) and
Eq. (4.28), where the roots of the characteristic equations are the discrete domain

poles of the associated linear system.

(1) = 2" — a2 — o —ay 12— ay, (4.26)
=(z—211)(2 — 212) -+ - (2 — 21p,) (4.27)
(2) = 272 — b2 — oo — by, 12— by, (4.28)
=(z—201)(z — 222) -+ (2 — 22p,) (4.29)

The number of roots in Eq. (4.27) and Eq. (4.29) are p; and py respectively,
where p; # ps. However, the two characteristic equations Eq. (4.26) and Eq. (4.28)
describe an identical linear system. Therefore, theoretically there should be common
roots (4 in this case) among p; and py number of roots. These roots describe the true
dynamic behavior of the linear system and the remaining roots ((py —4) in Eq. (4.27)
and (p2 —4) in Eq. (4.29)) are the fictitious roots produced by the linear fitting.

In order to illustrate the said theoretical explaination, consider the linear system
shown in Fig. 4.2, which consists of three oscillatory modes with the parameters as
mentioned in Table 4.1. This system was simulated in MATLAB/SIMULINK using

60 samples/s sampling rate, which adheres with the IEEE standard for synchrophasor
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Figure 4.2: Test Linear System

Table 4.1: Test signal I parameters

Mode No Frequency Real Part of Damping
(Hz) Eigenvalue  Ratio (%)

1 0.5 -0.0471 1.5
2 0.6 -0.0603 1.6
3 0.7 -0.5541 12.5

measurements in power systems [7]. Prony analysis was done on the output of this
system using two data windows of different lengths, as shown in Fig. 4.3. The lengths
of the two data windows were 7 s and 8 s respectively. Table 4.2 shows the frequencies
and the real parts of the eigenvalues determined in these two cases. Only the modes
with frequencies less than 5 Hz are shown.

It is observed from Table 4.2 that consistently appearing modes in the two windows
are the true modes of the input signal. By selecting data windows of different lengths,
the order of the linear prediction model used in the Prony analysis is changed. Table
4.2, shows that a change in the order of the polynomial eventually impacts on the
fictitious modes but not on the true modes of the input signal.

The order of the linear fitting in the Prony analysis can also be changed by chang-
ing the sampling time while keeping the data window length fixed. This approach is
applicable when the data are availabe at a higher sampling rate. An 8 s long data
window of the above signal was analyzed using 10, 15 and 30 samples/s sampling
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Figure 4.3: Ilustration of the rationale behind the proposed algorithm

Table 4.2: Modes Appearing in Different Length Data Windows

Window 1 Window 2
(0-7s) (0-85)

Fre. (Hz) Real Part of EV | Fre. (Hz) Real Part of EV

0.5 -0.0471 0.5 -0.0471
0.6 -0.0603 0.6 -0.0603
0.7 -0.5541 0.7 -0.5541
1.4777 -0.5420 1.3763 -0.7802
1.9417 -0.6705 1.7855 -0.9865
2.3874 -0.7636 2.1781 -1.1396
2.8260 -0.8378 2.5643 -1.2634
3.2612 -0.8999 2.9471 -1.3681
3.6942 -0.9534 3.3280 -1.4589
4.1259 -1.0004 4.8421 -1.7365
4.5567 -1.0424 3.7077 -1.5393
4.9868 -1.0804 4.0864 -1.6114
4.4645 -1.6767

rates. This analysis showed that the true modes appear consistently. Therefore, the

true modes of the input signal can be extracted using a sorting method.
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4.3.3 Extracting true modes of the input signal

This study uses the comparison of the Euclidean distances in the complex plane be-
tween individual modes as the technique to extract the consistently appearing modes.
Assume that p; and p, are the number of modes identified by the Prony analysis us-
ing two data windows or sampling steps as explained in Section 4.3.2. Thus, the true

modes can be extracted using the following logic.

) 1= 1:27"‘7291
if, \/(fi—fj)2+(0i—0j)2 <T
j: 1:27"‘71)2

f_fz-l-fj

-2 4.30)
_oitoj -
U—T

where, 7 is the threshold assigned for the Euclidean distance in order to identify
the close modes, and f & o refer to the frequency and the real part of the eigenvalue
respectively.

The threshold value to extract the true modes was determined based on number
of simulations using different test systems. These are discussed in Chapter 5 and

Chapter 6.

4.3.4 Improved Prony algorithm

The procedure of the improved Prony algorithm is summarized below:

1. Specify the main data window length and the sampling time step.

2. Change the order of the linear prediction model used in the Prony analysis.

Two possible options for changing the order are as follows:
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e Reduce the length of the data window in intervals of 1 s while keeping
the specified sampling time fixed. Multiple sub-windows can be generated
inside the main data window via this approach. Let us refer to this as

Shrinking Window Improved Prony algorithm.

e Change the sampling time while keeping the data window length fixed.
Let us refer to this as Multiple Sampling Time Improved Prony

algorithm.

3. Perform the Prony analysis individually under each case. Extract only the

eigenvalues with positive frequencies less than 5 Hz.
4. Extract the true modes as explained in Section 4.3.3.

5. Average the frequency and the real part of the eigenvalue of each mode calcu-
lated in different data windows or different sampling steps to get the parameters

of the modes.

The complex eigenvalues always occur in conjugate pairs, where each pair cor-
responds to a single oscillatory mode. Further, the interest is on the low-frequency
oscillatory modes. Hence, the number of combinations to be checked to extract the
true modes can be greatly reduced by selecting only the positive-frequency eigenvalues
with frequency less than 5 Hz.

This thesis uses the improved Prony algorithm for two applications in power sys-
tems, 1) dynamic security assessment studies, and 2) online monitoring of power
system oscillations. The results presented in this thesis are based on the Shrinking

Window Improved Prony algorithm.
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4.3.5 Implementation

For the dynamic security assessment studies, it is recommended to set the length
of the data window to be 10 - 20 s. This is acceptable since the electromechanical
oscillations are typically in the range of 0.1 - 2 Hz [15], thus the 10 s long data window
covers atleast one cycle of a 0.1 Hz mode. The sampling rates can be selected as 10,
12, 15, 20, 30, and 60 samples/s. These sampling rates satisfy the Nyquist criterion?
for the intended application and are the recommended PMU reporting rates for a 60
Hz system? [7].

The flow chart of the Shrinking Window Improved Prony algorithm with two
sub-windows inside the main data window is shown in Fig. 4.4. The order p of the
Prony model is selected as %, where N is the total number of samples in the data
window. The least-squares solution for the coefficients of the linear prediction model
is determined using truncated singular value decomposition [71]. The energy ratio
(ER) as defined in Eq. (4.31) is used to identify the truncation parameter. The

dominant singular values can be selected when the ER value is sufficiently close to

unity.

(4.31)

where o; is the i*" singular value of the data matrix.
In this study, the rotor angle security assessment is done using the Shrinking Win-
dow Improved Prony algorithm. Chapter 6 of this thesis investigates the applicability

of the proposed improved Prony algorithm for online oscillation monitoring in power

INyquist criterion states that the sampling frequency must be greater or equal to twice the cut-off
frequency in order to avoid aliasing errors

2the sampling rates were selected based on the IEEE standard for synchrophasor measurements
in power systems since the same algorithm is used in Chapter 6 for online oscillation monitoring in
power systems.
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systems. The sensitivities of the algorithm for the data window length, sampling

time, number of sub-windows inside the main data window of the Shrinking Wndow

algorithm are presented in Chapter 6.

Sub-window no: i=1
l Start l
Data from PMU over the
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Figure 4.4: Flow chart of the Shrinking Window Improved Prony algorithm

4.4 Performance evaluation of the improved Prony algorithm

This section presents the true mode extraction capability of the Shrinking Window
Improved Prony algorithm using the 3 generator 9 bus test system shown in Fig. 3.3

in Chapter 3. The modeling assumptions used were same as explianed in Section 3.4.1
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Figure 4.5: Generator 2 rotor angle subsequent to a three-phase solid fault at bus 4

in Chapter 3. The contingency considered was a solid three-phase fault very close to
the bus bar 4 cleared after 100 ms without any topology change in the network. Fig.
4.5 shows the time variation of the generator 2 rotor angle subsequent to the fault
scenario.

This signal was processed using the Shrinking Window Improved Prony algorithm
with two sub-windows inside the main data window as explained in Section 4.3.4 to
extract the dominant oscillatory modes present in the signal. The data window was
selected after 5 s of clearing the fault as shown in Fig. 4.5. The power system
response just after the disturbance is nonlinear, hence processing such data using
the Prony algorithm gives wrong damping estimations since the Prony algorithm is
a linear analysis method. This is further explained in Chapter 6. The length of the
data window was set to be 15 s as explained in Section 4.3.5 and the sampling rate

used was 10 samples/s. The threshold was set as 0.01 to extract the consistently
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appearing modes.

The improved algorithm first applies the Prony algorithm individually on each
window inside the main data window. The total number of modes identified by the
Prony algorithm on sub-window 1, sub-window 2 and the main data window were 23,
26 and 26 respectively. However, the proposed algorithm extracted the modes shown

in Table 4.3 as the true modes of the input signal.

Table 4.3: True modes of 3 generator 9 bus test system

Mode No Frequency (Hz) Damping Ratio (%)

1 0 100
2 1.1737 1.4616
3 2.1206 1.0604

Validation of the results of the improved algorithm

After identifying the true modes of the input signal as shown in Table 4.3, the next
step is to confirm that the extracted modes are actually the true modes. This can be
done by using an eigenvalue analysis. The state matrix of the system was determined
by linearizing Eq. (3.13) given in Section 3.4.1 in Chapter 3 around the equilibrium
point of the post-fault system. This state matrix has the oscillatory modes given in

Table 4.4.

Table 4.4: Oscillatory modes of 3 generator 9 bus test system

Mode No Frequency (Hz) Damping Ratio (%)
1* 1.1736 1.47
2" 2.1223 1.06

The eigenvalue analysis at an operating point determines the oscillatory modes

of the power system. The parameters of the modes in Table 4.4 are almost same as
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those given in Table 4.3 except the mode 1. The mode 1 in Table 4.3 corresponds to
the dc offset of the input signal to the algorithm. Therefore, the true modes extracted
by the improved algorithm are the actual modes representing the dynamic behavior
of the test power system. Based on this observation, it is recommended to remove

the dc component before applying the improved Prony algorithm on the waveform.

4.5 Chapter summary

The main contribution of this chapter is that it has presented an improved Prony
algorithm, which can extract the true dominant oscillatory modes present in the
ring-down oscillations in power systems.

The damping ratios of the dominant oscillatory modes indicate the degree of small-
signal rotor angle stability of the power system. The Prony algorithm can determine
the frequencies and the damping ratios of the oscillatory modes. However, generation
of the fictitious modes by the Prony algorithm in addition to the true modes is a
major limitation of the algorithm. Therefore, the true mode extraction capability of
the algorithm is important to derive valid conclusions.

The performance of the improved algorithm was tested using the 3 generator 9
bus test system. The extracted true modes by the algorithm was validated against
the oscillatory modes identified using the eigenvalue analysis.

If the power system is transient stable subsequent to the contingency, the ring-
down oscillations present in the system are then analyzed using the improved Prony
algorithm in the proposed rotor angle security assessment tool in this thesis. Chap-
ter 5 presents the results of the improved Prony algorithm for rotor angle security
assessment in larger test power systems and Chpater 6 uses the algorithm to develop

an online oscillations monitoring algorithm.
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Chapter 5

A Hybrid Algorithm for Rotor
Angle Security Assessment in

Power Systems

5.1 Introduction

Transient rotor angle stability assessment and oscillatory rotor angle stability as-
sessment subsequent to a contingency are integral components of dynamic security
assessment (DSA) in power systems. This chapter proposes a hybrid algorithm to
determine whether the post-fault power system is secure due to both transient and
oscillatory rotor angle stability subsequent to a set of known contingencies. The hy-
brid algorithm first uses the new security measure developed based on the concept
of Lyapunov exponents (LEs) presented in Chapter 3 to determine the transient sta-
bility of the post-fault power system. Next, the transient stable power swing curves
are analysed using the improved Prony algorithm presented in Chapter 4 determine

the oscillatory stability. The objectives of this chapter are; i) present the proposed
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algorithm for rotor angle security assessment in power systems, and ii) evaluate the
performance of the proposed algorithm using a 16-generator 68-bus test system and

a b0-generator 470-bus test system.

5.2 Proposed algorithm for rotor angle security assessment

in power systems

The hybrid algorithm proposed in this thesis to determine the security of the power
system with respect to rotor angle stability is shown in Fig. 5.1. The algorithm
starts using the data of the current operating point and concludes the security of
the operating point after processing all the steps as shown in the figure. Then, the
algorithm is reset and waits until the data of the next operating point are received.
Thus, the algorithm shown in Fig. 5.1 assesses the security of the power system with
respect to the rotor angle stability in finite time intervals, which is the usual practice
of power utilities.

The steps of the algorithm are described below:

Current snapshot

Power system is monitored in real-time to obtain the current operating point. As
explained in Chapter 1, this can be done via SCADA systems or WAMS. The real-
time measurements of power systems include i) analog measurements such as bus
voltage magnitudes and angles, active and reactive power flows through transmission
lines and active and reactive power injections (i.e. generation or demand at buses),
and ii) logic measurements such as status of switches, transformer tap positions and

status of circuit breakers.
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State estimation

These measured data are in general corrupted with errors and may contain bad data
as well. Therefore, a state estimation algorithm is used to determine the best estimate

of the state variables of the power system based on the measured data [10].

Load forecast

Short term load forecast in 15 minutes intervals is carried out at the control center
using the current snapshot [6]. Then, the power generation and the load demand is
balanced using automatic generation control (AGC). Subsequently, the security of the
operating point of the power system to an anticipated list of credible contingencies
where the system can experience can be investigated. The hybrid algorithm shown

in Fig. 5.1 is used for this purpose.

Power flow solution

The power flow solution is the starting point of any dynamic simulation in a power
system [14]. A power flow program determines the bus voltage magnitudes and angles,
active and reactive power outputs of the generators, the line current flows, etc so as to
satisfy the condition that the total power generation equals the system load and the
losses. The operating point considered is an acceptable operating point if the power
flow solution converges without violating the operational constraints (static security
assessment). However, for the operating point to be secure, it must be able to survive

from a list of credible contingencies (dynamic security assessment).
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Transient security assessment

The proposed hybrid algorithm first uses the modified algorithm based on the concept
of Lyapunov exponents (LEs) developed in Chapter 3 to assess the transient security
of the power system. In this study, the time-varying Jacobean matrix required in the
LEs calculation process was derived using the simplified classical generator model.
Furthermore, the N — 1 criterion, which is the general industry practice was used [4]
to assess the transient security. This criterion assesses the security of a power system
having N number of components subsequent to a loss of a single unit, that is, a loss
of a transmission line, a generating unit, a large load, etc subsequent to a fault in the

system.

Oscillatory security assessment

If it is determined that the post-fault power system is secure subsequent to a fault
scenario by the LEs-based algorithm, a selected set of rotor angle trajectories are
then analyzed by the improved Prony algorithm developed in Chapter 4 in order to
extract the dominant oscillatory modes and to determine their frequencies and damp-
ing ratios. The damping ratio is a security measure about the oscillatory stability of
the post-fault power system subsequent to the contingency.

In order to select a set of rotor angle waveforms to be processed by the improved
Prony algorithm and hence to automate the security assessment process, the rotor
angle trajectories were ranked using the following approach:

Fig. 5.2 shows the rotor angle separation subsequent to a contingency in a power
system. Consider a T' s long data window starting from the first peak of the waveform
as shown in the figure. Let, d;, and d,; are the magnitudes of the angle at the first peak

and at time ¢ = T} + T respectively. Since the rotor angle separation is exponentially
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Qlqug calculated in this way can be ranked from least negative to the most negative

and the rotor angle trajectories selected via this approach were used to extract the

dominant modes and to determine their parameters in the hybrid algorithm proposed

in this thesis. Following specifications were used in the Shrinking Window Improved

Prony algorithm.
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e Sampling rate as 10 samples per second.

The time domain simulations were done using a time step of Elo s. Thus, the
waveforms were downsampled to get a 10 samples per second sampling rate.

This sampling rate is adequate to observe the electromechanical oscillations.

e 20 s long data window, where the data window was selected after a 5 s delay of

clearing the fault.

The power system response soon after the disturbance is nonlinear and the
Prony algorithm is a linear parametric approach. Hence, damping estimations
by the Prony algorithm deviate from those obtained using the eigenvalue anal-

ysis if a data window soon after the disturbance is used.

e Two sub-windows inside the data window generated by reducing the window

lengths in steps of 1 s.

e (.01 threshold to extract the true modes

5.3 Performance evaluation of the proposed hybrid algorithm

This section presents the results of the rotor angle security assessment using a 16-

generator 68-bus tets system [72] and a 50-generator 470-bus test system [73].

5.3.1 16-generator 68-bus test system

The 16-generator 68-bus test system shown in Fig. 5.3 is a reduced order equivalent
of the interconnected New England Test System (NETS) and the New York Power
System (NYPS). The test system was modeled in detail as given in Appendix A

for the stability analysis. The dynamic simulation was done using PSS/E software.
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The time domain simulation trajectories were then read to the rotor angle security

assessment tool developed in MATLAB in the PC environment for the analysis.

Figure 5.3: 16 generator 68 bus test system [72]

Transient rotor angle security assessment of the test system

Table 5.1 shows the transient rotor angle security assessment results of the 16-
gencrator 68-bus test system. The fault scenarios considered were the occurrences
of faults very close to the bus bars shown in the first column cleared after 100 ms
by disconnecting the transmission lines connecting the buses shown in column 2 of
the table. The transient security assessment results derived using the finite time LEs

(i.e. LAERs) were compared with the standard time domain simulation (TDS) and
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the generalized equal area criterion (GEAC) described in Section 2.1. The decision
of stability using TDS was made by visual inspection of the rotor angle trajectories.
The GEAC based assessment was done using the power swing-based stability index
(PSSI) in TSAT software.

Table 5.1: Transient security assessment results under different contingencies of the
16-generator 68-bus test system

Largest average exponential rate Swing Time
Faulted | Tripping . . '
) Tc — Te— To— To— | stability | domain
bus line Tc+5 To+10 To+15 To+ 20| index | simulation
18 — -0.0903 -0.0467 -0.0521 -0.0428 | 61.53 Stable
17 17-43 | -0.0810 -0.0310 -0.0247 -0.0197 | 58.81 Stable
22 22-23 | -0.0807 -0.0339 -0.0240 -0.0245 | 54.72 Stable
38 38-46 | -0.0758 -0.0320 -0.0247 -0.0240 | 63.69 Stable
43 43-44 | -0.1005 -0.0445 -0.0348 -0.0282 | 64.27 Stable
25 55-56 | -0.0765 -0.0319 -0.0285 -0.0165 | 57.36 Stable
60 60-61 |-0.1962 -0.0360 -0.0743 -0.0343 | 58.25 Stable
17 17-36 0.7107  0.7021  0.5593  0.5728 | -99.33 | Unstable
19 19-68 0.2338 0.3403  0.4386  0.5398 | -71.77 | Unstable
36 36-17 0.8903 1.0136  0.8150  0.6549 | -99.39 | Unstable
42 42-41 0.4774  0.4044 04013  0.3363 | -99.53 | Unstable
50 50-51 0.6297 0.9713  1.1080  1.0948 -98.8 Unstable
50 50-69 0.7247  0.9367  1.2387 14934 | -98.58 | Unstable
23 23-24 | -0.0654 -0.0566 -0.0135 -0.0154 | 39.84 Unstable
27 27-37 | -0.0440 -0.0442 -0.0380 -0.0273 28.5 Unstable

"Fault clearing time

Following conclusions can be made based on these results.

e With reference to the time domain simulation result, it is seen from Table 5.1
that all the stable and unstable scenarios have been classified correctly by the

proposed stability identification algorithm except the last two cases.

e The largest average exponential rates calculated over a short time window after
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clearing the fault are indicators of the large-disturbance rotor angle stability of
the post-fault power system. If the largest average exponential rate is negative,

the post-fault power system is stable, and unstable, if it is positive.

e The power swing-based stability index gives a positive number if the post-fault

power system is stable and a negative number, otherwise.

The last two scenarios are two special cases. The largest average exponential rates
are negative and the power swing-based stability indices are positive indicating that
the post-fault power systems are stable subsequent to the considered fault scenarios.
However, visual inspection of the time domain trajectories showed oscillations with
slowly increasing amplitudes. Thus, these two scenarios are two oscillatory instability
scenarios. The largest average exponential rates calculated over the data window
(T — T + 50) gave positive values in these two cases. Fig. 5.4 shows the rotor angle
trajectories of two selected generators under first-swing stable, first-swing unstable

and oscillatory unstable scenarios.

Oscillatory security assessment

The transient secure scenarios were then analyzed using the improved Prony algorithm
to extract the dominant oscillatory modes and to determine their parameters. Table
5.2 shows the results of a few selected scenarios.

In order to validate the oscillatory security assessment results of the improved
Prony algorithm, the parameters of the critical oscillatory modes! determined by
the eigenvalue analysis of the test system was used. The eigenvalue analysis per-
formed around the equilibrium point of the pre-fault system using SSAT software

[35] identified three critical modes with frequencies 0.5568 Hz, 0.6915 Hz, 1.0149 Hz

Loscillatory modes with damping ratio < 3% were treated as the critical modes
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Figure 5.4: Rotor angle trajectories of 16 generator 68 bus test system under different
scenarios

and damping ratios 2.41%, 1.40%, 2.26% respectively. The poorly-damped 0.6915 Hz
mode is an inter-area mode between NETS and NYPS with the highest participation
from the speed of the generator 5.

The first scenario shown in Table 5.2 is a bus fault scenario, where a bus fault ap-
plied at bus 18 was cleared after 100 ms without any topology change in the network.
It is seen from Table 5.2 that the improved Prony algorithm has extracted two modes
in this case and their parameters are close (error < 0.01) to those determined by the
eigenvalue analysis. An eigenvalue analysis gives oscillatory modes at the equilibrium
point. However, only a few modes are excited by a given fault scenario. Furthermore,
the ranking logic explained in Section 5.2 has identified the generator 5 rotor angle

as the input signal to the improved Prony algorithm.
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Table 5.2: Oscillatory security assessment under different contingencies of the 16-
generator 68-bus test system

Dominant modes
Faulted | Tripped Input Conclusion
Fre. Dam.
Bus line signal (Hz) ratio (%)
18 - Gen. 5 relative | 0.6911 1.37 Post-fault system has
angle 0.5562 2.37 inadequate damping
Gen. 2 relative | 0.6824 1.20 Post-fault system has
17 17-43 1.0125 2.22
angle 0.4220 8.78 inadequate damping
Gen. 13 relative | 0.6904 1.37 Post-fault system has
22 22-23 0.5565 2.38
angle 0.4307 8.03 inadequate damping
0.6825 1.14
Gen. 12 relative | 0.5546 2.52 Post-fault system has
43 43-44 1.1153  4.34 Y
angle 0.4228 8.50 inadequate damping
0.6908 1.36
Gen. 12 relative | 0.5570 2.54 Post-fault system has
95 55-56 11239 3.02 '
angle 0.4306 7.80 inadequate damping
Gen. 15 relative | 0.6666 1.34 Post-fault system has
60 60-61 0.5548 2.47
angle 0.4274 6.86 inadequate damping
Gen. 10 relative | 0.6650 -0.19 Post-fault system is
23 23-24 0.5592 2.64
angle 0.4109 6.07 oscillatory unstable
Gen. 12 relative | 0.6719 -0.32 Post-fault system is
27 27-37 0.5591 2.73
angle 0.4149 6.63 oscillatory unstable

Referring to the last two rows in Table 5.2, it is seen that the oscillatory instability
of the post-fault power system subsequent to the two fault scenarios has been correctly
identified by the improved Prony algorithm. A negatively damped low-frequency
mode has been excited under the two scenarios. The amplitude of this mode slowly
grew with time eventually leading to a collapse in the power system. Furthermore, it
can be seen from Table 5.2 that the damping ratios of the critical modes have changed

subsequent to different fault scenarios. This emphasises the importance of having the
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improved prony algorithm in the proposed hybrid algorithm.

5.3.2 50-generator 470-bus test system

The 50-generator 470-bus test system used for the security assessment studies in this
thesis is same as given in [73]. The test power system has 2 areas with 14 thermal
generators in the area 1 and 23 thermal generators and 13 hydro generators in the
area 2. This system was simulated in TSAT software [17] using the modelling details

given in Section B.4 in Appendix B.

Transient rotor angle security assessment of the test system

Table 5.3 shows the security assessment results of the test system subsequent to
different fault scenarios. In power systems operation, faults are cleared by the primary
protection systems. If in case the primary protection fails, the fault clearing is done
by the backup protection system. Thus, in this case, two fault clearing times were
considered for each scenario. The largest average exponential rates were calculated
considering 5 s long data windows after clearing the fault, that is, the data window
was; Tc — T + 5.

Table 5.3 also shows that the stable and unstable cases have been accurately
identified by the negative and positive largest average exponential rates respectively.

The same observation was done in the analysis of the 16-generator test system.

Oscillatory security assessment of the test system

The oscillatory rotor angle security of the post-fault power system subsequent to
different fault scenarios was determined using the improved Prony algorithm. The

eigenvalue analysis performed using SSAT identified a poorly-damped low-frequency
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Table 5.3: Transient security assessment results under different contingencies of the
50-generator 470-bus test system
Faulted Tripped ‘ Clearing time = 100 ms ‘ Clearing time = 300 ms

bus element | LAER"™ PSSI” TDS™ | LAER PSSI  TDS

5 - -0.1025 51.94  Stable | 0.3458 -98.20 Unstable
10 - -0.0785  53.17  Stable | -0.0762 27.56  Stable
15 - -0.2152  56.60  Stable | 0.2712 -98.71 Unstable
16 - -0.2707  55.01  Stable | 0.2694 -98.76 Unstable
20 - -0.1603  57.29  Stable | 0.2040 -99.29 Unstable

56 line 56-92 | -0.1624  57.20  Stable | -0.1587 55.47  Stable
81 line 81-82 | -0.1841  55.00  Stable | 0.1588 -98.52 Unstable
85 line 85-88 | -0.2127 54.41  Stable | 2.0359 -98.45 Unstable
130 line 130-166 | -0.0714  56.11  Stable | -0.0429 49.58  Stable
171 line 171-173 | -0.0948  57.08  Stable |-0.0783 38.63  Stable
197 line 197-271 | -0.1705 56.64  Stable |-0.1787 47.75  Stable
210 line 210-307 | -0.1963  56.58  Stable |-0.2200 47.26  Stable
250 line 250-321 | -0.1222  57.22  Stable | -0.1408 56.67  Stable
276 line 276-308 | -0.1788  56.77  Stable | -0.1916 46.07  Stable
329 line 329-330 | -0.0644 51.84  Stable | 0.0348 -98.73 Unstable

5 generator 5 | -0.0895 56.09  Stable |-0.1269 44.90  Stable
30 generator 30 | -0.1239  57.67  Stable | -0.1350 57.39  Stable

*Largest Average Exponential Rate

“Power Swing-based Stability Index

*okx . . . .
Time Domain Simulation

mode at 0.8228 Hz frequency, and 2.55% damping ratio. The speed of the generator
16 highly participated in this mode.

Consider the fault scenario of a clearing of a solid three-phase bus fault applied
at bus 16 after 100 ms without any topology change in the network. The post-
fault power system is transient rotor angle stable in this case as shown in 4 raw
of Table 5.3. The rotor angle of the generator 16 was identified as the input to
the improved Prony algorithm and two modes were extracted. The frequencies and

the damping ratios of the two modes were 0.8225 Hz, 1.1413 Hz and 2.84%, 5%
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respectively. According to the eigenvalue analysis, the system has a mode at 1.1417
Hz frequency and 5.32% damping ratio. Note that in this case, the 20 s long data
window for the improved Prony algorithm was selected as ¢t = (5 —25) s as mentioned
in Section 5.2. However, when the data window was selected as t = (20 — 40) s, the
improved Prony algorithm extracted only the dominant mode with frequency 0.8223
Hz and damping ratio 2.60%.

Similarly, the proposed hybrid algorithm identified the oscillatory stability status

of the post-fault power system subsequent to the different fault scenarios analyzed.

5.4 Discussion

In this study, the power systems were modeled in detail using the auxiliary controls of
the generators in order to assess the transient rotor angle security. The time domain
simulated trajectories were then analyzed using the LEs-based algorithm and the
power swing-based stability index to derive the stability conclusions. A comparison

between the two methods is given below.

e Both methods employ a criterion based on the simplified generator models in
predicting the stability even though the power system is modeled in detail in
the time domain simulation. In the power swing-based stability index method,
the rotor angle separations between all the generators are compared at each
time step to group them into the critical cluster and the noncritical cluster of
generators. The two groups are further simplified into their equivalent single
generator models to use the EAC and hence to derive the stability conclusion.
The LEs-based algorithm is less complex compared to this approach. The LEs
determine whether the rotor angles converge or not to the equilibrium points

by using a time-varying Jacobean matrix to evolve the nearby trajectories in
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the state-space.

e Unlike the power swing-based stability index, the major limitation of the LEs-
based approach is that the magnitude of the largest average exponential rate
does not provide the indication on how close is the post-fault power system to
instability. However, it was shown in Section 3.4.2 in Chapter 3 that subsequent
to a fault scenario, the LEs converge to the same negative value irrespective of
the fault clearing time upto the critical clearing time, beyond which the system
becomes unstable. Thus, the only way to evaluate the closeness to the instability
by the LEs-based algorithm is to determine the critical clearing time associated

with a given fault scenario.

Computational complexity of the hybrid algorithm

The proposed rotor angle security assessment tool uses the LEs-based algorithm and
the improved Prony algorithm to derive the stability conclusions using the time do-
main simulated trajectories. The average computational burden of these two algo-
rithms to process one fault scenario was around 0.0576 s in the case of 16-generator
68-bus test system and 0.0644 s in the case of 50-generator 470-bus test system. These
computations were done on a PC having Intel Core i7 (3.40 GHz) processor with 8
GB RAM.

The 5 s long data window used to calculate the largest average exponential rates
derived the stability conclusions accurately in the test power systems used in this
study. A longer data window can be used on this regard if the additional computa-
tional burden is acceptable. Further, assuming that there is no prior knowledge about
the frequencies of the dominant modes, a 20 s long data window was used for the im-
proved Prony algorithm. The data window length can be set based on the frequency
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of the dominant mode, for example, four cycles of the dominant mode, if the operator
has an idea about the dominant mode of the system. Thus, it is recommended to
perform an offline analysis first in order to set the data window lengths before using

the proposed algorithms in the actual power system operation.

5.5 Chapter summary

The contribution of this chapter is that it has presented a hybrid algorithm to perform
the dynamic security assessment with respect to both transient and oscillatory rotor
angle stability under multiple contingencies of the power system. The proposed hybrid
algorithm first used the LEs-based algorithm developed in Chapter 3 to determine
the large-disturbance rotor angle stability. Such stable cases were further processed
using the Shrinking Window Improved Prony algorithm developed in Chapter 4 in
order to determine the oscillatory stability of the post-fault power system. Further,
the input signal to the improved Prony algorithm was selected using a ranking logic.

In this chapter, the rotor angle security assessment results obtained using the
LEs-based algorithm were compared with the generalized equal area criterion. It was
shown that both methods derived the stability conclusions accurately. Furthermore,
the results of the improved Prony algorithm were also compared with the eigenvalue
analysis. It was shown that the proposed hybrid algorithm determines the transient
rotor angle security and the oscillatory rotor angle security of the post-fault power
system with a computation time which is acceptable for online applications. The

above contributions were published in Reference [74] during this PhD study.
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Chapter 6

Online Monitoring of Power
System Oscillations using an

Improved Prony Algorithm

6.1 Introduction

Presence of oscillations is an inherent property of an interconnected electrical power
system. These oscillations do not cause a threat to the security of the power system
as long as they are sufficiently damped. However, a poorly-damped oscillation brings
the power system into an alert state where a preventive action needs to be taken.
The presence of an unstable oscillation can lead even to a blackout if no corrective
actions are timely taken. Therefore, it is important to continuously monitor these
oscillations and alert the system operator if they are not acceptable. The availability
of synchrophasor data from phasor measurement units (PMUs) in todays power sys-
tems enables the monitoring of such oscillations. The main goal of this chapter is to

show that the improved Prony algorithm presented in Chapter 4 can also be used to
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monitor power system oscillations in an online environment.

Among different types of power system oscillations, inter-area oscillations have
gained the attention of power system engineers since a stable inter-area mode can
become a poorly-damped or negatively-damped mode due to changes in the network
structure, load characteristics, system operating conditions, etc [75]. These low-
frequency oscillations with frequencies 0.1 - 0.8 Hz correspond to oscillations between
generators in different areas. The blackout in the Western Interconnection in 1996
[76] renewed the interest in monitoring inter-area oscillations. Several algorithms
have been proposed in literature to monitor inter-area oscillations [44], [50], [51], [67],
[77] and some have been implemented.

Sub-synchronous oscillations on the other hand are the oscillations with frequen-
cies less than the fundamental frequency. These oscillations are generated when a
circuit involving a resistor, inductor, capacitor (RLC circuit) is connected in series
with the network. For example, a scenario of sub-synchronous resonance can arise
when a transmission line is series compensated, which can lead to turbine-generator
shaft failure and electrical instability at frequencies less than the nominal system
frequency [78]. The 1971 incident at the Mohave generating station [79] emphasised
the importance of studying sub-synchronous interactions in power systems. However,
the monitoring of sub-synchronous oscillations using PMU data has not been widely
discussed in the literature.

This chapter shows that the improved Prony algorithm presented in Chapter 4
can also be used to monitor power system oscillations including inter-area and sub-
synchronous modes in the online environment using synchronized phasor measure-
ments. The objectives of this chapter are; i) develop the online oscillation monitoring

algorithm, ii) show the performance of the algorithm for extracting low-frequency
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modes, and iii) show the performance of the algorithm for extracting sub-synchronous

modes.

6.2 Online monitoring of power system oscillations

In order to illustrate how the improved Prony algorithm presented in Section 4.3 in
Chapter 4 can be used to power system’s oscillation monitoring, consider a scenario
where both low-frequency inter-area modes and sub-synchronous modes are excited

in a measured signal as given in Eq. (6.1) with mode parameters as given in Table

6.1.

x(t) = ¢ + Z ae™t cos(2m fit) + w(n) (6.1)

where, ¢ = 1 was used in this study and a;, 0;, f; are mode strength, real part of

the eigenvalue and frequency of the 7" mode respectively. w(n) represents a zero-

L

mean Gaussian white noise. The sampling rate used was 55

s, which is equivalent to
120 fps! reporting rate of a PMU [7]. This sampling rate was used in this study, thus
g

a maximum of 60 Hz signal can be monitored according to the Nyquist criterion.

Table 6.1: Parameters of the oscillatory modes

Mode No Frequency Real Part of Damping Mode
(Hz) Eigenvalue Ratio (%) Strength (pu)

1 0.5 -0.0471 1.5 2.5
2 0.6 -0.1131 3.0 2.5
3 25 -0.7854 0.5 2.5

Fig. 6.1 shows the noise added input signal. Here the noise has been added such

that the signal-to-noise ratio (SNR) is 30 dB. The first 5 s long data window is zoomed

Lfps means frames per second
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in top right hand side of the figure.
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Figure 6.1: Synthetic signal with inter-area and sub-synchronous modes

In order to determine the parameters of the modes present in the input signal
x(t), it is not advisable to directly feed this signal into the improved Prony algorithm

due to following reasons:

e In order to monitor the low-frequency modes, Section 6.3 of this Chapter rec-
ommends to set the length of the Prony window as four cycles of the dominant
low-frequency mode if the frequency of the dominant mode is known, that is 8 s
in this case. There are 200 (= 8 x 25) cycles of the sub-synchronous mode over
this data window. Thus, if the sub-synchronous mode is very poorly-damped,
the oscillations might grow leading to a system collapse before we identify a

poorly-damped sub-synchronous mode is present in the system.

e When the improved Prony algorithm is applied to an input signal like z(t), it

determines the frequencies over a wide range such as 0.1 - 40 Hz. Thus, the
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improved Prony algorithm can still generate fictitious modes specially when the

measurement noise is present in the signal.

Therefore, it is recommended to preprocess the output signal from the PMU before
feeding it to the improved Prony algorithm. The proposed oscillation monitoring al-
gorithm is shown in Fig. 6.2. This oscillation monitoring algorithm was implemented
using MATLAB in the PC environment. The purposes of different preprocessing steps

are explained below:

PMU Output

A 4

Event Detection

Algorithm
Y
A
v \ 4 A\ 4 A4
Lowpass Bandpass o Bandpass Highpass
Filter Filter 1 Filter N Filter
\ 4 A 4 A 4 A 4
Improved Improved Improved Improved
Prony Prony T Prony Prony
Algorithm Algorithm Algorithm Algorithm

Unstable Modes .
System is
or Poorly- S
Damped Modes eeure

Alarm

Figure 6.2: Proposed oscillation monitoring algorithm
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6.2.1 Event detection algorithm

Throughout the discussions in Chapter 4, 5 and 6 so far, it was pointed out that the
Prony algorithm works when there is a noticeable oscillation in the data window or
in general under ring-down conditions in the power system. Such a scenario occurs
subsequent to a large magnitude disturbance in the power system. In contrast, under
normal operating conditions in the power system, the major force behind the mode
excitation is the randomly changing load in the system, which can be referred to as
ambient noise from signal processing point of view [37]. The power system is operating
in a quasi-steady-state without no significant disturbances under ambient conditions
[80]. Thus, it is important to trigger the Prony algorithm subsequent to an onset
of a ring-down oscillation in the power system. In order to distinguish between the
ambient operation and the onset of a ring-down oscillation, the measurement energy,
E}. defined by Eq. (6.2) was used in this study.

i=k+N-1

Bi= 3 [a(i)? (6.2)

i=k
where N is the total number of samples inside the k' data window.

The energy over a data window of the measured signal is continuously determined
using Eq. (6.2). Subsequent to an onset of a ring-down oscillation in the power
system, the calculated energy dramatically changes compared to the mean energy
in the ambient operation [81]. This feature can be used to detect the onset of a
ring-down oscillation and hence to initiate the improved Prony algorithm. In this
study, if Ej, is continuously changing and if Ej, > 1.05 x mean(E; : E_1) or B <
0.95 x mean(E; : Ex_1), the improved Prony algorithm was initiated.

After initiating the algorithm, it determines whether the system is secure or not.

If it is insecure, the execution of the algorithm can be stopped and the operator is
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alerted. If the system is found to be secure, that means all the oscillatory modes have

adequate damping, and the execution of the algorithm can be stopped.

6.2.2 Signal preprocessing through a filter bank

The purpose of the filter bank is to separate the various frequency components present
in the input signal. The input signal is sent through a parallel filter bank as shown
in Fig. 6.2 and each output is analyzed by the improved Prony algorithm to extract

the dominant modes. The passband frequencies of the filters are adjusted as follows.

e Lowpass filter

The purpose of the lowpass filter is to separate the low-frequency oscillatory
modes. In this study, the pass-band and the stop-band corner frequencies of the
lowpass filter were set as 2 Hz and 5 Hz respectively. Further, the lowpass filter
reduces the influence of the measurement noise on the parameter estimation of

the low-frequency modes by the algorithm.

e Bandpass filters and highpass filter

The purposes of these filters are to separate oscillations present in other fre-
quency bands. Accordingly, the pass-band corner frequencies of the filters can

be set.

This chapter shows that the improved Prony algorithm can be used to monitor
the sub-synchronous oscillatory modes. Power system literature suggests differ-
ent approaches to study the impact of such modes on the power system. For ex-
ample, references [82] and [83] present methodologies to study sub-synchronous
oscillations in an HVDC-integrated power system and a wind-integrated power

system, hence the operator can have a prior knowledge about the frequencies
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of such modes. This information can be used to set the pass-band and the

stop-band corner frequencies of the bandpass filters.

The pass-band ripple and the stop-band attenuation were considered as 0.2 dB
and 20 dB respectively in this study. These two specifications were made based on
IEEE standard for synchrophasor measurements in power systems [7]. These filter
specifications are same as those given in [7] to improve the dynamic performance of

the PMU. These apecifications are shown in Fig. 6.3.

Magnitude Magnitude
l ~0.2dB ~0.2 dB
0dB F T 0dB +
Passband Passband
20dB f-=====-1 - , 20dB
! ~20dB 1 I 20 dB
1 3 > 1 1 R
2 5 £ f A
F st Tpl ) fo
Hz Hy requency p Frequency
a) b)

Figure 6.3: Ilustration of filter specifications: a) Lowpass filter b) Bandpass filter

Design of filters to meet the design specifications

This section describes the design of a lowpass filter, bandpass filter and a highpass
filter to process the input signal given in Eq. (6.1). The pass-band and the stop-band
edge frequencies were selected as given in Table 6.2, where F's refers to the sampling
rate. The pass-band ripple and the stop-band attenuation were considered as 0.2 dB
and 20 dB respectively.

Finite impulse response (FIR) filters are considered to be efficient filters due to

their linear phase characteristics and are always stable [84]. Let x(n) and y(n) are
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Table 6.2: Filter specifications for the synthetic input signal

Frequency Lowpass Bandpass Highpass
range filter filter filter
Passband (fp1, fr2) (0, 2) (15 , 35) (40, £2)

Stopband (f,, fo) (5, %) (0,10) & (40, £5) (0, 35)

the input and the output of an M length FIR filter at discrete time n. Eq. ( 6.3)

shows the relationship between x(n),y(n) and the filter coefficients {by}.

y(n) = box(n)+bx(n—1)+- -+ by_1x(n — M+ 1) (6.3)

= Z_: bpx(n — k) (6.4)

The system function of the FIR filter is given by H(z) = 21261 bpz~%, thus the
roots of this polynomial give the zeros of the filter. FIR filters are in general designed
based on the well known ”brick-wall” concept multiplied by a window function [84].
In this study the Hamming window? was used and the designs were done using built-in
functions available in MATLAB signal processing toolbox.

The orders of the lowpass filter, bandpass filter and the highpass filter were de-
termined as 70, 56 and 46 respectively using a trail-and-error approach to meet the

design specifications. Fig. 6.4 shows the input signal and the output signals of the

three filters.

2M length Hamming window is described by a time-doamin sequence, h(n) = 0.54 —0.46 cos ]2\/[”_1

(84]
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Figure 6.4: Input signal and the output signals of the filters: Test case 1 - the synthetic
signal

6.2.3 Improved Prony algorithm

Outputs of each filter are processed individually by the improved Prony algorithm
as shown in Fig. 6.2. For the completeness, the Shrinking Window improved Prony
algorithm shown in Fig. 4.4 in Chapter 4 is repeated in Fig. 6.5.

The following specifications are recommended for the shrinking window improved

Prony algorithm.

e Use a higher sampling rate such as 120 samples per second in order to monitor
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Figure 6.5: Flow chart of the shrinking window improved Prony algorithm for band-
pass filter output
sub-synchronous modes. However, if the interest is only on monitoring the inter-
area modes, a lower sampling rate such as 10 samples per second can be used.
A sensitivity analysis using different sampling rates corresponding to different

PMU reporting rates is given in Section 6.3.

e For the lowpass filter output signal, set the data window length as four cycles of
the dominant oscillatory mode if there is a prior knowledge about the frequency
of that mode. Otherwise, set it between 10 - 20 s, thus there is atleast one
cycle of 0.1 Hz low-frequency mode inside the 10 s long data window. Generate

multiple sub-windows inside the main data window by reducing the length in
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steps of 1 s.

e For the bandpass filter and the highpass filter output, set the data window
length as 0.5 s and generate multiple sub-windows by reducing the length in

steps of 0.01 s.

e Set the threshold values between 0.01 - 0.03 for the lowpass filter output signal
and between 0.2 - 0.3 for the bandpass filter and the highpass filter output

signals in order to extract the true modes.

Sensitivity analysis on aforementioned different settings is given in Section 6.3.

Note that, when processing the filter output signals by the improved Prony algo-
rithm, it is recommended to store the modes such that their frequencies lie within the
pass-band frequency range of the corresponding filter before checking the consistently
appearing modes. This would improve the computational efficiency of the algorithm
by limiting the number of combinations to be compared to extract the consistently

appearing modes in the input signal to the algorithm.

Extracting true modes of the synthetic signal using the oscil-

lation monitoring algorithm

The three output signals of the lowpass, bandpass and highpass filters shown in Fig.
6.4 were analyzed using the Shrinking Window Improved Prony algorithm using the
specifications given in Section 6.2.3. The data windows were selected after some time
in order to accommodate the delays of the filters. Table 6.3 shows the extracted
modes and their parameters determined by the algorithm.

It is seen that the improved Prony algorithm has performed well with the signal

preprocessing using a filter bank. Note that the small deviations of the mode param-
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Table 6.3: Parameters of the extracted modes - synthetic input

Filter output  No. of true modes Frequency (Hz) Dam. ratio (%)

0 100
Lowpass filter 3 0.4994 1.4798
0.6003 3.0874
Bandpass filter 1 25.0150 0.4835

Highpass filter 0 - -

eters compared to the true parameters given in Table 6.1 are acceptable in this case
since 30 dB measurement noise is present in the input signal. Further the output
signal of the highpass filter does not carry useful information. This has been reflected
since none of the modes has been extracted by the improved Prony algorithm on this

signal.

6.3 Sensitivity analysis

The true mode extraction capability of the Shrinking Window Improved Prony algo-
rithm depends on the data window length, the number of sub-windows inside a main
data window, and the threshold for extracting the true modes. The effects of these
were investigated using the synthetic signal given in Eq. (6.5). This signal has two
low-frequency modes with frequencies, 0.25 Hz and 0.39 Hz and damping ratios, 7%
and 6.5% respectively. This signal has been used in [67] to illustrate the true mode
extraction capability of the Prony algorithm under noisy conditions using a stepwise

regression analysis method.

x(t) = 2701 cos(1.5708t + 1.57) + 2~ 199 c0s(2.4504t + 0.57) + w(n)  (6.5)
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Let the simulation time step as ﬁ s and the SNR as 30 dB. The above signal
was sent through the lowpass filter designed in Section 6.2.2. It is the usual practice
in power system literature to use a Monte Carlo type method to evaluate the perfor-
mance of the mode identification algorithms [67], [80]. The Monte Carlo type method
uses independent trials to generate different instances of the random noise w(n). In
this study, 100 independent simulations were done on this regard. Three measures
were used to analyze the performance of the algorithm. These three measures were:
1) number of trials in which only the true modes were extracted (v;), 2) number of
trials in which only one of the true modes was extracted (72), and 3) number of trails
in which true modes and fictitious modes were extracted (vs) . If v1 4+ 72 + 73 < 100,
none of the modes were extracted in some trials. Table 6.5 summarizes the results of
the sensitivity analysis. Here the data window length is specified as the number of
cycles of the dominant low-frequency (0.25 Hz) mode. The following conclusions can
be made on the results shown in Table 6.5.

In order to extract the true modes in the Shrinking Window Improved Prony
algorithm, many number of sub-windows have to be used inside the data window
when the length of the data window increases. For example, the performance of the
algorithm is poor when one sub-window is used inside a data window in length 4 or
5 cycles of the dominant oscillatory mode. However, the performance is acceptable
when three sub-windows are used when the threshold value lies between 0.01 - 0.03.

Another important factor to be considered is the computational complexity of the
method with different adjustable parameters. For a given threshold value, an increase
in the number of sub-windows inside a given data window increases the number of

combinations to be compared in order to extract the true modes. Therefore, the

objective should be to have better accuracy while maintaining the computational
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Table 6.4: Sensitivity analysis of the shrinking window algorithm: Part I

Data Window No. of Threshold
Length (Cycles) Sub-Windows Value e
0.01 9% 0 4
0.02 82 0 18
1 0.03 70 0 30
0.04 56 0 44
0.05 41 0 59
0.01 100 0 O
0.02 99 0 1
3 2 0.03 97 0 3
0.04 94 0 6
0.05 8 0 15
0.01 100 0 O
0.02 100 0 O
3 0.03 9 0 1
0.04 9% 0 5
0.05 93 0 7
0.01 66 0 34
0.02 280 0 T2
1 0.03 11 0 89
0.04 7 0 93
0.05 4 0 96
0.01 100 0 O
0.02 9 0 1
4 2 0.03 9% 0 4
0.04 w0 25
0.05 62 0 38
0.01 100 0 O
0.02 9% 0 5
3 0.03 87 0 13
0.04 % 0 24
0.05 70 0 30

complexity at an acceptable level for the online application. Based on the sensitivity
analysis, it can be concluded that a data window of 3 or 4 cycles of the dominant low-

frequency oscillatory mode with 2 sub-windows provides acceptable mode extraction
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Table 6.5: Sensitivity analysis of the shrinking window algorithm: Part II

Data Window No. of Threshold R
Length (Cycles) Sub-Windows Value P
0.01 46 0 54

0.02 14 0 86

1 0.03 5 0 95
0.04 0 0 100
0.05 0 0 100

0.01 93 0 7

0.02 63 0 37

5 2 0.03 34 0 66

0.04 16 0 &4

0.05 6 0 94

0.01 98 0 2

0.02 84 0 16

3 0.03 58 0 42

0.04 34 0 66

0.05 18 0 82

accuracy for the threshold value between 0.01 - 0.03.

Sensitivity analysis with change in measurement noise

Mode parameter estimations by the Prony algorithm are sensitive to the amount of
noise level present in the input signal. In order to investigate the impact of measure-
ment noise on the mode parameter estimation, the input signal given in Eq. (6.5) was
corrupted by measurement noise such that the SNR was 5 dB, 10 dB, 15 dB and 20
dB respectively. 100 independent simulations were done at each SNR. A 16 (ﬁ) s
long data window with 2 sub-windows was used to extract the dominant modes. The
threshold used to extract the dominant modes was changed in steps of 0.01. Fig. 6.6

shows one instance of the synthetic signal at each SNR and the lowpass filter output.

Table 6.6 shows the true mode extraction capability of the algorithm. Table 6.7
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Figure 6.6: Synthetic signal and the lowpass filter output signal at different SNR
levels, blue curve - input signal, red curve - lowpass filter output signal

shows the statistical significance of the estimated mode parameters with respect to
the true mode parameters of the signal considering the 100 independent simulations.

The following conclusions can be made based on the observations from Table 6.6 and

Table 6.7.

e The true mode extraction capability of the Shrinking Window Improved Prony

algorithm is acceptable for a threshold value of 0.01 - 0.03.

e Presence of measurement noise in the input signal has not degraded the perfor-
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Table 6.6: Sensitivity analysis of the Shrinking Window algorithm with measurement
noise

Noise Level (dB) Threshold 1 v 73
0.01 89 8 0

0.02 98 0 2

5 0.03 99 0 9
0.04 82 0 18

0.05 70 0 30

0.01 9 1 0

0.02 9% 0 5

10 0.03 90 0 10
0.04 81 0 19

0.05 % 0 24

0.01 100 0 O

0.02 97 0 3

15 0.03 919 0 9
0.04 86 0 14

0.05 79 0 21

0.01 100 0 0

0.02 98 0 2

20 0.03 93 0 7
0.04 89 0 11

0.05 9 0 21

Table 6.7: Statistical significance of the Shrinking Window algorithm with measure-
ment noise

Noise Level (dB) Mode No Fre. (Hz)  std  Real part of EV  std

5 1 0.2475  0.0006 -0.1107 0.0043
2 0.3861  0.0011 -0.1595 0.0061
10 1 0.2500  0.0005 -0.1100 0.0030
2 0.3899  0.0009 -0.1597 0.0045
15 1 0.2500  0.0003 -0.1100 0.0015
2 0.3899  0.0005 -0.1598 0.0024
20 1 0.2500  0.0002 -0.1103 0.0009
2 0.3900  0.0002 -0.1596 0.0015

mance of the algorithm. The deviations of the frequencies and the dampings of
the modes even under noisy conditions are less. This is due to the fact that the

input signal is first sent through a lowpass filter. Thus, the filter output signal
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is less noise contaminated as observed in Fig. 6.6.

Sensitivity of the improved Prony algorithm with change in
sampling rate

IEEE standard for synchrophasor measurements in power systems [7] recommends
different PMU reporting rates. These are 10, 12, 15, 20, 30, and 60 fps for a 60 Hz
system. Further, high reporting rates such as 100 and 120 fps are also recommended.
In this analysis so far a higher reporting rate of 120 fps was considered since the over-
all goal of the proposed oscillation monitoring algorithm is to monitor both inter-area
and sub-synchronous oscillations. However, if the interest is only on monitoring the
low-frequency inter-area modes, a lower reporting rate such as 10 fps can be accom-
modated. This section presents the results of the sensitivity analysis by changing the
PMU reporting rate, that is, by changing the sampling rate of the improved Prony
algorithm.

Now, the input signal given in Eq. (6.5) was corrupted by measurement noise at

20 dB SNR. A 16 (53:) s long data window with 2 sub-windows were used to extract
the dominant modes and their parameters. The threshold value used to extract the
dominant modes was 0.02. Table 6.8 shows the performance of the algorithm and
the statistical significance of the estimated mode parameters using 100 independent
simulations. The three performance measures 1,72 , and -3 are same as explained

at the beginning of this section.

Following conclusions can be made based on the results given in Table 6.8.

e The performance of the algorithm for extracting low-frequency modes is accept-

able with the different recommended PMU reporting rates by the standard.
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Table 6.8: Performance of the shrinking window algorithm with PMU reporting rate

Reporting Mode | Fre. Real part
Rate (fps) B N (Hz) std of EV std

0.2498 0.0007 | -0.1107  0.0049
10 06 0.3900 0.0011 | -0.1611  0.0073
0.2500 0.0006 | -0.1102  0.0039
0.3901 0.0010 | -0.1611  0.0065
0.2500 0.0005 | -0.1107  0.0037
0.3901 0.0008 | -0.1598  0.0055
0.2501 0.0004 | -0.1106  0.0026
0.3899 0.0007 | -0.1591  0.0043
0.2500 0.0003 | -0.1100  0.0022
0.3900 0.0005 | -0.1599  0.0036
0.2500 0.0002 | -0.1106  0.0015
0.3900 0.0003 | -0.1596  0.0018
0.2500 0.0002 | -0.1102  0.0010
0.3899 0.0003 | -0.1594  0.0016

12 92 1 7

15 9% 0 4

20 9% 0 4

30 92 0 8

60 95 0 5

100 9% 0 5

N (DN DN NN DN N

e The standard deviations of the frequencies and the real parts of the eigenval-
ues determined by the algorithm are very small (< 1072) indicating that the
variation of these parameters with the PMU reporting rate is negligible for the

purpose of online oscillation monitoring.

6.4 Results

Performance of the Shrinking Window Improved Prony algorithm for monitoring of
power system oscillations was tested using different test cases. These test cases were;
i) two-area four-generator test system [14], ii) 16-generator 68-bus test system [72],
iii) 50-generator 470-bus test system [29], iv) A wind-integrated 12-bus test system
[83], and v) an HVDC-integrated test system. The first three test cases show the
performance of the algorithm for extracting low-frequency inter-area oscillatory modes

and the last two test cases have sub-synchronous oscillatory modes. The input data for
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the oscillation monitoring algorithm were generated using simulations of the above
test systems in different simulation tools as indicated in Section 6.4.1 and Section

6.4.2.

6.4.1 Monitoring of inter-area oscillatory modes

In this section, the improved Prony algorithm with following specifications was used
to monitor the inter-area oscillatory modes: a) sampling rate was ﬁ s, b) the data
window length was set as four cycles of the dominant mode, ¢) two sub-windows

inside the main data window, and d) threshold used to extract consistently appearing

modes from the lowpass filter output was 0.03.

Test case 1: Two-area four-generator test system

The two area four generator test system shown in Fig. 6.7 is widely used in power
system literature to study the inter-area oscillations [14], [75], [85]. This system was
simulated in RSCAD software [86] with following modeling details: all the generators
were modeled using the sub-transient equivalent two axis model with one damper
winding in the d-axis and two damper windings in the q-axis [14]. Further, the
generators were equipped with the exciter, power system stabilizer and the turbine-
governor model. The steady state data and the dynamic data of the generators and
the associated controls are given in Section B.2 in Appendix B. The small-signal
stability analysis of the test system at the given operating point was done using
small-signal analysis tool (SSAT) [35]. The frequency and the damping ratio of the
inter-area mode were 0.642 Hz and 4.02 % respectively.

The PMU shown in Fig. 6.7 has been fed with the three-phase currents (i, i, ¢.)

through the 27¢ line connecting the buses 7 and 8 and the three-phase voltages
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Figure 6.7: Single-line diagram of two-area four-generator test system [14]

(Va, Up, ve) at bus 7. Thus the PMU provides the phasors corresponding to iy, ip, ic, Vg, Up,
&, v. and the reporting rate used was 120 fps. Note that in this case the PMU model
available in RSCAD software was used. The active power flow through the line was
determined using the phasors provided by the PMU. Fig. 6.8 shows the active power
flow through the line subsequent to a solid three-phase bus fault in bus 7 cleared after
5 cycles of the fundamental frequency (60 Hz) without any topological changes in the
system.

30 dB of measurement noise was added to the input signal shown in Fig. 6.8
before analyzing it using the oscillation monitoring algorithm. The event detection
logic identified an onset of a ring-down oscillation at time, ¢ = 6.34 s and initiated
the improved Prony algorithm for extracting the dominant modes. In this case also,
100 independent simulations were done to generate different instances of the random
noise.

In order to highlight the statistical significance of the mode parameter estma-
tion, two data windows were selected soon after and few seconds later triggering the

improved Prony algorithm. Table 6.9 shows the average values of the mode parame-
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Figure 6.8: Active power flow along the line 7-8 subsequent to a contingency

ters considering the 100 cases and their standard deviations with respect to the true
mode parameters obtained via the eigenvalue analysis. Furthermore, among these 100
cases, the improved Prony algorithm extracted only the true mode in 97 cases in the
data window 1 and 98 cases in the data window 2. Thus, the true mode extraction
capability and the parameters of the true modes given in Table 6.9 show that the
proposed oscillation monitoring algorithm can be used in the online environment for

inter-area oscillation monitoring in power systems.

Table 6.9: Mode Parameter Estimations: 2-area 4-generator test system

Data Window (6.93-14.93)s |  (10.0-18.0)s
Mode  Parameter Mean Std. Mean Std.
No Value Deviation | Value Deviation

Fre. (Hz)  0.6415 0.0005 0.6420 0.0001
1 Real Part of -0.1638  0.0016 | -0.1620  0.0007
Eigenvalue
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Test case 2: 16-generator 68-bus test system

The 16-generator 68-bus test system shown in Fig. 5.3 in Section 5.3.1 in Chapter
5 was used to evaluate the performance of the proposed oscillation monitoring algo-
rithm. This is a reduced order equivalent of the interconnected New England Test
System (NETS) and the New York Power System (NYPS) [72]. The test system was
modeled as given in Appendix A for the stability analysis of the system.

It is the usual practice in power systems oscillation monitoring to receive the data
from highly observable locations of the modes. The observability calculation based
on the eigenvalue analysis at the given operating point can be used to identify the
highly observable locations of the modes. Due to the difficulty in performing the
observability calculations using SSAT, an analytical program written in MATLAB
for the small-signal stability assessment of the 16-generator 68-bus test system was
first validated against SSAT. The four inter-area modes given in Table 6.10 were
identified using this small-signal stability assessment program. The inter-area modes

with frequencies 0.52 Hz and 0.70 Hz are two poorly-damped modes.

Table 6.10: Inter-area modes of 16 generator 68 bus test system

Fre. Real Part of Dam.
(Hz) Eigenvalue Ratio (%)

Inter-Area Mode

Group of generators in NETS and

NYPS against generators in area 4

0.52 -0.0480 1.47 Generator 14 against generator 16
Group of generators in NETS

0-70 -0.0673 153 against generator 13 in NYPS

0.79 -0.2206 4.44 Generator 15 against generator 14

0.41 -0.3349 12.89

The analytical program was then used to determine the observability indices of

these inter-area modes from different measurable power system variables. Appendix
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C shows the steps of deriving the small-signal stability model, the validation of the
program, the procedure of doing the observability calculations and the observability
indices of the modes. Through this analysis, it was found that both the poorly-
damped modes are observable in the active power flows along the tie lines connecting
NETS and NYPS. Furthermore, the measuring devices like PMUs are usually installed
to measure the power system variables in major tie lines connecting different areas in
large interconnected power systems.

Dynamic simulation of the system for a contingency of clearing a solid three-phase
bus fault at bus bar 18 after 5 cycles of the fundamental frequency (60 Hz) was done
using transient stability analysis tool (TSAT) [17] using a time step of 35 s. Fig. 6.9

shows the active power flow along one of the tie lines connecting the buses 60 and 61.

The fault was applied at time t =5 s.
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Figure 6.9: Active power flow along the line 60-61 subsequent to a contingency

The simulated signal was corrupted by adding measurement noise at 30 dB SNR

generated using the MATLAB random number generator and 100 independent trials
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were done to generate different random numbers. The event detection algorithm
detected an onset of a ring-down oscillation at time, ¢ = 5.59 s. Table 6.11 shows
the true mode extraction capability of the algorithm over two data windows selected
soon after and few seconds later initiating the algorithm. The three measures i, o
and 3 are same as those defined in Section 6.3.

Table 6.11: True mode extraction capability of the algorithm: Test system - 16
generator 68 bus

a b c

Data window T Ya Y3
(6.0 - 14.0) s 81 19 0
(20.6 - 28.6 ) s 97 0 3

&No of trials in which only the true modes were extracted
PNo of trials in which only one of the true modes was extracted

®No of trials in which true modes and fictitious modes were extracted

Table 6.12 shows the statistical significance of the mode parameter estimation
with respect to the true mode parameters determined using the eigenvalue analysis

over two data windows.

Table 6.12: Mode Parameter Estimations: 16-generator 68-test system

Data Window (6.0-140)s | (20.6 - 28.6)s
Mode Parameter Mean Std. Mean Std.
No Value Deviation | Value Deviation

Fre. (Hz) 0.5205 0.0034 0.5216 0.0008
1 Real Part of -0.0101  0.0122 | -0.0482  0.0008
Eigenvalue

Fre. (Hz) 0.6989 0.0031 0.6994 0.0004
2 Real Part of -0.0743  0.0673 | -0.0699  0.0034
BEigenvalue

According to Table 6.11, the true mode extraction capability of the proposed os-
cillation monitoring algorithm is acceptable for online monitoring applications. As

shown in Table 6.12, the damping estimations may significantly deviate when a data
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window soon after the disturbance is processed using the improved Prony analysis.
There are two possible reasons for this, a) nonlinearity of the power system response
soon after the application of the disturbance [37], and b) inability of the Prony al-
gorithm to accurately determine the mode damping when a poorly-damped mode is
superimposed with a highly-damped mode. It was shown in Section 4.3.2 in Chapter
4, that the Prony algorithm correctly identifies the mode parameters even under the
situations, where the input signal consists of both highly-damped and lightly-damped
modes. Therefore, the reason b) above can be eliminated. Thus, it is recommended
to discard the initial damping estimations of the algorithm before initiating any pre-

ventive control actions.

Test case 3: 50-generator 470-bus test system

The 470-bus test system [73], [29] used in Section 5.3.2 in Chapter 5 was also used
to study the performance of the Shrinking Window Improved Prony algorithm. The
small signal stability analysis was done using SSAT. The system has a poorly-damped
inter-area mode between area 1 and area 2. The frequency and the damping ratio of
the inter-area mode are 0.823 Hz and 2.55% respectively. Speed of the generator 16
highly participates in this inter-area mode.

Dynamic simulation of the system was done using TSAT software subsequent to
a contingency of clearing a solid three-phase bus fault applied at bus bar 16 after
5 cycles of the fundamental frequency without any topology change in the network.
The fault was applied at time, t = 5 s. Fig. 6.10 shows the active power injected by
the generator 16 into the network.

The measured signal was corrupted by adding 20 dB measurement noise and

100 independent simulations were done to study the performance of the algorithm.
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Figure 6.10: Active power output of generator 16 subsequent to a contingency

Assuming that there is no knowledge about the inter-area mode, the data window
length was set as 10 s as explained in Section 6.2.3. The event detection logic identified
an onset of a ring-down oscillation at time, ¢ = 5.33 s. Table 6.13 shows the average
values of the mode frequency and the real part of the eigenvalue considering the 100
independent simulations over two data windows selected just after and few seconds
later initiating the Prony algorithm. The standard deviations were calculated with

respect to the true mode parameters determined by the eigenvalue analysis.

Table 6.13: Mode Parameter Estimations: 50-generator 470-test system

Data Window (5.92-15.92)s |  (20.6 - 30.6)s
Mode  Parameter Mean Std. Mean Std.
No Value Deviation | Value Deviation

Fre. (Hz)  0.8223 0.0005 0.8223 0.0005
1 Real Part of -0.1528  0.0210 |-0.1401  0.0082
Eigenvalue

Table 6.13 also highlights that the mode parameter estimations by the improved
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Prony algorithm, especially the damping estimation deviate from the value obtained
from the eigenvalue analysis when a data window soon after the disturbance is pro-
cessed. Further, among the two data windows shown in Table 6.13, the improved
Prony algorithm extracted another mode in the first data window. The average fre-
quency and the damping ratio of this mode were 1.149 Hz and 5.4% respectively.
The eigenvalue analysis also showed an oscillatory mode at frequency, 1.142 Hz and
damping ratio, 5.32% respectively. It can be also seen from Fig. 6.10 that only a
single mode is dominating over the second data window (20.6 - 30.6). Furthermore,
among the 100 independent trials, the algorithm extracted only the true mode in 99
trials in the first data window and 92 trials in the second data window.

In all these cases, the analyses were done on a PC having Intel Core i7 processor
with 8 GB RAM. The computational burden was acceptable to update the mode
extraction results within every second in the online environment. This updating time

would be sufficient to initiate preventive control actions.

6.4.2 Monitoring of sub-synchronous oscillatory modes

This section shows the applicability of the proposed oscillation monitoring algorithm
for sub-synchronous mode identification. The Shrinking Window Improved Prony
algorithm with following specifications was used on this regard. a) the main data

window length was 0.5 s, b) two sub-windows inside the main data window was

1

generated by reducing the length in steps of 0.01 s, c) the sampling rate was 155

S,

and d) the threshold used to extract the consistently appearing modes was 0.3.
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Test case 4: A wind-integrated test system

Fig. 6.11 shows a single-line diagram of a wind-integrated 12 bus test system [83].
This is a modified version of the original 12 bus test system given in [87], such that a
200 MW wind plant is connected to bus 12 and the transmission line connecting the
buses 6 and 4 is series compensated at the middle of the line [83]. The modeling of

the test system to study sub-synchronous oscillations is explained in detail in [83].
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Figure 6.11: A single-line diagram of a wind-integrated 12 bus test system [83]

Fig. 6.12 shows the active power flow through the series compensated transmission
line subsequent to a contingency of a solid three-phase fault in the line connecting
the buses 1 and 6, very close to the bus 6, which was cleared after 100 ms by isolating
the faulted line from the network. Reference [83] shows that the instability in this

case is due to an unstable sub-synchronous mode around the frequency of 20.16 Hz.
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Figure 6.12: Active power flow through the series compensated line subsequent to a
contingency [83]

First, the parameters of the modes present in the observed signal was determined
using the built-in Prony tool available in TSAT software. Fig. 6.13 and Fig. 6.14
show the parameters of the dominant modes identified via this approach over two data
windows. It is clearly seen from these figures that the conventional Prony algorithm
generates large numbers of fictitious modes in addition to the true modes.

The same waveform was analyzed using the proposed oscillation monitoring al-
gorithm. The event detection logic initiated the improved Prony algorithm at time,
t = 2.22 s. Next the observed signal was sent through the parallel filter bank with
cut off frequencies as given in Table 6.2. The output signals of the filters were ana-
lyzed using the Shrinking Window Improved Prony algorithm with the specifications
mentioned at the beginning of this section. In this case, the improved Prony algo-
rithm extracted modes only from the output signal of the bandpass filter. Table 6.14
shows the parameters of the dominant modes identified by the proposed algorithm

and the built-in Prony tool in TSAT software (conventional Prony analysis) over three
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Figure 6.13: Mode identification using built-in Prony tool in TSAT: Data window -
(2.45-2.95) s

different data windows.

Table 6.14: Mode Paramecter Estimations: Wind-integrated 12 bus test system

Data TSAT Prony tool | Improved Prony algorithm

Window Fre. (Hz) Dam. Ratio (%) | Fre. (Hz) Dam. Ratio (%)
(2.45 - 2.95) s 20.37 -0.596 20.42 -0.63
(3.02 - 3.52) s 20.38 -0.905 20.39 -0.93
(3.52 - 4.02) s 20.32 -1.056 20.33 -1.04

There are slight differences in the frequency and the damping ratio estimations of
the dominant mode given in Table 6.14 in the two platforms. However, the improved

Prony algorithm extracted only the dominant mode in all these cases, which highlights
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Figure 6.14: Mode identification using built-in Prony tool in TSAT: Data window -
(3.52-4.02) s

the significance of the proposed oscillation monitoring algorithm. The conventional
Prony analysis generated large numbers of fictitious modes.

In order to determine the sensitivity of the threshold on extracting the consistently
appearing modes, the observed signal was corrupted by 30 dB measurement noise.
The threshold value was changed in steps of 0.1 and the true modes were extracted
using 100 independent trials. Threshold values of 0.2 and 0.3 provided an acceptable

mode extraction accuracy.
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Test case 5: An HVDC-integrated test system

Sub-synchronous oscillations can also present in HVDC-integrated systems. Fig. 6.15
shows the current flowing through a dc line subsequent to a pulse in magnitude 5%
and duration 100 ms applied at the dc voltage reference in the rectifier end of a multi

modular converter HVDC system.
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Figure 6.15: DC current subsequent to a pulse

The proposed oscillation monitoring algorithm was used to determine the frequen-
cies and the damping ratios of the dominant modes present in this input signal. The
event detection logic initiated the improved Prony algorithm at time, t = 0.43 s. Since
there is no knowledge about the frequency of the dominant mode in this case, the
signal was sent through the parallel filter bank with the pass-band edge frequencies as
shown in Fig. 6.16. Output signals from each filter were individually analyzed using
the improved Prony algorithm with the specifications mentioned at the beginning of
this section.

The order of the bandpass filter 1 was 40. Thus, even though the Prony algorithm

was initiated at time, t = 0.43 s, the computation started at ¢t = 0.76 s (= 0.43+{40 x
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Figure 6.16: Filter bank specifications for HVDC system

ﬁ}) A dominant oscillatory mode with frequency, 15.43 Hz and damping ratio, 9.06
% was extracted from the output signal of the bandpass filter 1 over the data window,
0.76 - 1.26 s. None of the oscillatory modes was extracted from the output signals of
the other filters. Fig. 6.17 shows the parameters of the modes identified using the
conventional Prony analysis using TSAT software over the same window.

A sensitivity analysis was done assuming a higher PMU reporting rate of 240
fps. Now, the first data window over which the algorithm extracted a true mode was
0.59 - 1.09 s. The frequency and the damping ratio of the mode was determined as
15.42 Hz and 8.71 % respectively by the algorithm. A mode of 15.42 Hz with 8.8
% damping was determined by the built-in Prony tool in TSAT over the same data
window. The differences in the mode parameters determined by the improved Prony
algorithm and the built-in Prony tool in TSAT software are negligible. Note that

the improved Prony algorithm averages the mode parameters determined by Prony

models with varying orders while searching for consistently appearing modes. The
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Figure 6.17: Mode identification using built-in Prony tool in TSAT: Data window -
(0.76-1.26) s

main advantage of the proposed ascillation monitoring algorithm is that it extracted
only the dominant modes present in the input signal unlike the conventional Prony
algorithm.

6.5 Discussion

In this study, the performance of the proposed oscillation monitoring algorithm was

investigated using simulated signals. However, the actual PMU measurements can
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also have missing data points as well as abnormal data points. The problem of missing
data points can be eliminated by replacing these data points using interpolation as
proposed in [46] and [80]. The presence of an abnormal data point inside the Prony
data window is indicated by a sudden spike in the ratio; W, where At is the
sampling time. In this case, replacement of the abnormal data point y(k) by y(k —1)
enhances the performance of the algorithm.

Furthermore, it is recommended to store the frequencies and the damping ratios
of the true modes calculated over a predetermined number of data windows, say 3
windows and check the consistency of the parameters before indicating to the opera-
tor. This consistency check would avoid the possibility of giving false alarms in the

online environment.

6.6 Chapter summary

The contribution of this chapter is that it has shown that the improved Prony algo-
rithm presented in Chapter 4 can also be used to monitor power system oscillations
in an online environment. Thus, if it is found that a poorly-damped mode has been
excited, corrective control actions can be initiated to maintain the security of the
system.

It has been shown in this chapter that the input signal needs to be fed through a
parallel filter bank before analyzing via the improved Prony algorithm. This prepro-
cessing allowed to extract both the low-frequency oscillations and the sub-synchronous
oscillations present in the input signal. The performance of the proposed oscillation
monitoring algorithm was tested using the simulated data of different power systems.
The true mode extraction capability, the accurate determination of the mode param-

eters, less sensitivity of the mode parameter estimations to measurement noise, and
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the acceptable computing time are the indicators of the applicability of the proposed
oscillation monitoring algorithm to online monitoring of the power system oscillations.

The above contributions were published in References [88] and [89] during this

PhD study.
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Chapter 7

Conclusions and Contributions

7.1 General conclusions

This thesis presented two novel algorithms which can be used to determine the tran-
sient rotor angle stability and oscillatory rotor angle stability in power systems. The
first algorithm was developed using the concept of Lyapunov exponents (LEs) and
the second algorithm was an improved Prony algorithm. A hybrid algorithm consist-
ing the LEs-based algorithm and the improved Prony algorithm was proposed in this
thesis to be used in an online dynamic security assessment program. Furthermore, an
oscillation monitoring algorithm was proposed using the improved Prony algorithm
to be used in the online environment to monitor the power system oscillations. The
suitability of the two novel algorithms for the aforementioned applications in power
systems was shown using different case studies. The following paragraphs further
elaborate the conclusions derived from each chapter of the thesis.

Chapter 2 systematically addressed the rotor angle stability problem in power
systems starting from the fundamental concepts associated with the stability of a

nonlinear dynamic system. It was pointed out the significance of valid assumptions
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made to accurately assess the given stability problem in power systems. Appendix
A illustrated the detailed mathematical model of 16-generator 68-bus test system
followed by the discussion given in Chapter 2. It was further pointed out in this
chapter that the interest is on the asymptotic stability of the equilibrium points of
the post-fault power system subsequent to disturbances in power systems.

The rotor angle stability analysis scenarios subsequent to large-magnitude distur-
bances and small-magnitude disturbances were explained in detail in Chapter 2. The
nonlinear behavior of the power system needs to be treated in order to assess the
given stability problem subsequent to a large-magnitude disturbance. On the other
hand it was pointed out in Chapter 2 and Appendix C that even though the method
of linearization derives the stability conclusions in a small region around an equilib-
rium point, such an analysis is helpful to understand the causes affecting the stability
problem.

Chapter 2 further presented a comprehensive literature review on the available
methods to assess the transient rotor angle stability and oscillatory rotor angle sta-
bility giving due consideration to the applicability of each method into online dynamic
security assessment and online oscillation monitoring in power systems. It was shown
that the conventional time domain simulation method provides much information for
dynamic security assessment studies. However, only a hybrid algorithm combining the
time domain simulation with other algorithms is needed to make the approach appli-
cable to online dynamic security assessment studies. Furthermore, it was also shown
that the trend in power systems today is to use measurement-based approaches to
monitor the power system low-frequency oscillations in the online environment. How-
ever, the online monitoring of sub-synchronous oscillations using synchronized data

has not been widely discussed in the literature.
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Chapter 3 showed that the concept of LEs can be used for rotor angle stability
assessment subsequent to a large-magnitude disturbance in the power system. The
LEs measures the exponential rates of divergence or convergence of nearby trajectories
in the state space. It was shown that the asymptotically stable equilibrium point of
the post-fault power system can be characterized by a negative Lyapunov spectrum,
if the power system is stable subsequent to the disturbance. Otherwise, the largest
LE becomes a positive number. Chapter 3 also showed the results of a comprehensive
stability analysis based on this approach using a 3-generator 9-bus test system. It
was shown that under a given fault scenario, the Lyapunov spectrum associated with
the equilibrium point of the post-fault system is invariant from the fault clearing time
up to the critical clearing time beyond which the system becomes unstable. Thus, the
stability regions of the power system can be derived using the invariance property.
However, the algorithm does not provide the indication on how close is the post-fault
power system to instability.

The significant computational burden associated with computing the conventional
LEs is an obstacle for rotor angle stability analysis in power systems. It was shown in
Chapter 3 that the finite-time LEs calculated over a shorter data window accurately
derives the rotor angle stability of the post-fault power system while minimizing the
computational burden. It was shown using simulation results that the largest average
exponential rate calculated over the short data window remains negative if the post-
fault power system is stable and becomes a positive number otherwise. Thus, the
largest average exponential rate becomes a security measure for the transient rotor
angle stability of the power system making it appropriate for online dynamic security
assessment studies.

If it is determined that the post-fault power system is stable subsequent to a
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large-magnitude disturbance, the next objective is to determine the damping of the
dominant oscillatory modes present in the ring-down oscillations. Even though the
LEs measures the average exponential decaying rate of the trajectories, they cannot
determine the damping ratio of the dominant modes, which is mandatory to determine
the oscillatory stability of the power system. Chapter 4 of the thesis presented a
modified Prony algorithm to assess the said stability problem. It was shown in this
chapter that the major limitation of the conventional Prony algorithm is the difficulty
of extracting the true modes present in the input signal among large number of
fictitious modes produced by the algorithm. It was also shown that the true modes of
the input signal consistently appear when the order of the Prony model was changed.
Based on this observation, a Shrinking Window Improved Prony algorithm and a
Multiple Sampling Time Improved Prony algorithm were developed in Chapter 4.
The performances of the proposed algorithms were tested using the 3-generator 9-bus
test system and validated the true mode extraction results against the true mode
parameters determined via the eigenvalue analysis.

Chapter 5 presented a hybrid algorithm for online rotor angle security assessment
in power systems. The hybrid algorithm combined the LEs-based algorithm and
the Shrinking Window Improved Prony algorithm. The proposed hybrid algorithm
first used the LEs-based algorithm to determine the large-disturbance rotor angle
stability. The stable cases were then processed by the improved Prony algorithm to
determine the oscillatory stability of the post-fault power system. A simple logic was
introduced to rank the rotor angle trajectories before analyzing those by the improved
Prony algorithm. The performance of the proposed hybrid algorithm was tested using
a 16-generator 68 bus test system and a 50-generator 470-bus test system.

It was shown that the novel algorithm based on the concept of LEs can accu-
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rately determine the first-swing rotor angle stability. Furthermore, the results were
compared against the generalized equal area criterion. Both algorithms employed the
simplified generator models to derive the stability conclusions. Unlike the generalized
equal area criterion, the major limitation of the LEs-based algorithm is that it cannot
identify a stability margin. However, the LEs-based computation is less complex than
the generalized equal area criterion.

The LEs-based algorithm can also determine the oscillatory instability. However,
the algorithm required a longer data window on this regard than the required length
of the data window to conclude the first-swing stability. If the same data window
was used under both scenarios (first-swing and oscillatory stability), the oscillatory
unstable scenarios were concluded as stable by the LEs-based modified algorithm and
the generalized equal area criterion. However, such cases were accurately recognized
by the improved Prony algorithm. A dominant mode with negative damping ratio
was extracted by the improved Prony algorithm under these scenarios concluding the
oscillatory instability of the post-fault power system.

Chapter 5 also pointed out that the computational burden of the proposed hy-
brid algorithm is acceptable for online dynamic security assessment studies in power
systems.

Chapter 6 of the thesis presented an online oscillation monitoring algorithm to
process the data available from phasor measurement units. This oscillation monitor-
ing algorithm can extract both low-frequency oscillations as well as sub-synchronous
oscillations. The proposed algorithm first used an event detection logic to identify
the onset of a ring-down oscillation in the power system. The input signal was then
sent through a parallel filter bank to seperate various frequency components present

in the input signal. Output signals of each filter were then analyzed by the improved
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Prony algorithm to extract the dominant oscillatory modes.

The performance of the proposed oscillation monitoring algorithm was tested using
synthetic signals and simulated signals of different test power systems. It was shown
that the algorithm performs well even under noisy conditions. Furthermore, the
mode parameter estimations by the algorithm were less sensitive to the different
reporting rates of the phasor measurement unit recommended by the IEEE standard
for synchrophasor measurements in power systems.

It was pointed out in this chapter that the measurements for oscillation moni-
toring in power system should be taken from the most observabale locations of the
modes. Appendix C showed the steps of deriving the linearized model of a test power
system around an equilibrium point and the procedure of performing the observ-
ability calculations using measurabale power system variables. Chapter 6 showed
that the proposed algorithm can extract the low-frequency inter-area modes using
the two-area four-generator test system, 16-generator 68-bus test system and the
50-generator 470-bus test system. Furthermore, the suitability of the algorithm for
sub-synchronous mode identification was demonstrated using the simulation results
of a wind-integrated power system and an HVDC-integrated power system.

The proposed oscillation monitoring algorithm, i) extracted only the dominant
modes present in the input signal, ii) determined the true mode parameters accu-
rately, iii) less sensitive to the measurement noise present in the input signal than
the conventional Prony algorithm, and iv) derived the stability conclusions within an
acceptable time for online applications.

The two novel algorithms developed in this thesis can be used for online dynamic
security assessment studies as well as online oscillation monitoring studies in power

systems.
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7.2 Contributions

The main contributions of this thesis are:

e Proposed a novel algorithm using the concept of LEs to determine the large-
disturbance rotor angle stability of the power system. A systematic stability

analysis using this approach was performed.

e Improved the conventional Prony algorithm using a simple technique in order
to extract the true dominant oscillatory modes present in ring-down oscillations

in power systems.

e Developed a hybrid algorithm to perform the rotor angle security assessment
in power systems. The hybrid algorithm determines whether the power system
is transient rotor angle stable and oscillatory rotor angle stable subsequent to
a contingency. The performance of the hybrid algorithm was evaluated using

different test power system models and validated.

e Developed an oscillation monitoring algorithm to monitor the power system
oscillations in the online environment. The oscillation monitoring algorithm
was used to monitor the low-frequency inter-area oscillations as well as the sub-
synchronous oscillations in power systems. The performance of the proposed

algorithm was evaluated using different test power system models and validated.

e In addition to the above main contributions, an analytical program was devel-
oped in MATLAB to determine the small-signal stability of a 16-generator 68-
bus test system and validated against SSAT, which is a commercially available

software. The developed analytical program was used to determine the most
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observable locations of the electromechanical modes from measurable power

system variables.

These contributions have led to the following publications:

1. D. P. Wadduwage, C. Q. Wu, U. D. Annakkage, ” Power system transient stabil-
ity analysis via the concept of Lyapunov Exponents”, International Journal of
FElectric Power Systems Research, Vol. 104, pp. 183-192, Nov. 2013 (Reference
No. [61])

2. D. P. Wadduwage, U. D. Annakkage, C. Q. Wu, ”A hybrid algorithm for rotor
angle security assessment in power systems”, IET Journal of Engineering, June,

2015 (Reference No. [74])

3. D. P. Wadduwage, U. D. Annakkage, K. Narendra, ”Identification of dominant
low-frequency modes in ring-down oscillations using multiple Prony models”,
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pp. 2206-2214, Nov. 2015 (Reference No. [88])

4. D. P. Wadduwage, J. Geeganage, U. D. Annakkage, C. Q. Wu, ”Investigation
of the applicability of Lyapunov Exponents for transient stability assessment”,
Flectric Power and Energy Conference (EPEC), pp. 1-6, Aug. 2013 (Reference
No. [62])

5. D. P. Wadduwage, U. D. Annakkage,K. Narendra ” An oscillation monitoring
algorithm to monitor power system oscillations using synchronized phasor mea-

surements”, Cigre Lund Symposium, 2015 (Reference No. [89])
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7.3 Suggestions for future work

This thesis presented novel algorithms for rotor angle security assessment in power
systems. The LEs-based algorithm for large-disturbance rotor angle stability assess-
ment was tested using test systems having synchronous generators. However, the
practical power systems have FACTS devices such as SVCs, STATCOMs, UPFC, etc
as well as HVDC lines in addition to the synchronous generators. Thus, the applica-
bility of the LEs-based algorithm to determine the power system transient stability
under such circumstances can be investigated.

The suitability of the oscillation monitoring algorithm developed in this thesis for
online applications was demonstrated using simulated signals. The compatibility of
this algorithm for implementing on the Tesla data recorder of ERLPhase Technologies
has been discussed with the company. However, this implementation could not do
during the time period due to the time limitations. Therefore, I propose that the
oscillation monitoring algorithm be implemented and tested in the field as the next

step.



Appendix A

Modeling of a power system for
transient stability assessment

studies

This appendix provides the dynamic model of a 16 generator 68 bus test system [72]

used for stability assessment studies.

A.1 Synchronous generator model

Differential equations

All the generators of the test system were modeled using the 6 order model. This
generator model represents the dynamic behavior of the generator rotor, filed winding,
one damper winding along the d-axis and two damper windings along the g-axis [14].
Figure A.1 shows the d-axis and g-axis equivalent circuits of this generator model.

Eq. (A.1) - Eq. (A.6) show the corresponding differential equations.
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Figure A.1: a) d axis equivalent circuit b) ¢ axis equivalent circuit

. 1 - . )
Awr = E{Tm — (@Daqu — ’@ﬁand) — KDAOUT} (Al)
0 = wolw, (A.2)
: woR ¢4 woR ¢4 woRsq (v . Yra g
= ——F5— L . (— — + A.
Uy Lo 21477, Vra+ Lo {Logs(—ia + Lo + Lu)} (A.3)
: R4 Rig » . Yra g
_ _1d drr o~ ey a A4
¢1d WO{ le 77/}10l + le ads( g + Lfd + le)} ( )
: Ry, Rig v g g
— _ AL (=i + =2+ = A.
77/}111 WO{ qu wlq + qu aqs( lq + qu + L2q)} ( 5)
: Ry, Rog v Wig | W
— _ L (=g + —2 4 = A.
77/}211 WO{ qu ¢2q + LQq aqs( Zq + qu + LQq)} ( 6)
where;
zbad = Lgds(_id -+ % + @) (A7)
Liqg Lig
" . wlq qu
wo = L (— — + = A.
w q aqs( Zq + qu + L2q) ( 8)
y 1
Lads = 1 1 1 (AQ)
Lads + L_fd + L_ld
1" ]_
Laqs = T T T (A.10)

Laqs L_lq L2q
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Algebraic equations

The voltage and the current at the stator terminal of a synchronous generator is

written using a set of algebraic equations.

e = —Raig+wthy=—Ri,— Xyig+ E, (A11)
eq = —Raig—wby = —Ryiq+ X, i, + Ej (A12)
where;
1" " d]]_q 1/]2(1
E;, = —wlL, [—% 42 A13
d q[qu qu] ( )
" v Wra  Pia
E = wl, [+ Al4

If the subtransient saliency is neglected; X, ~ X (;/ = X". Hence, (A.11) & (A.12)

can be arranged in matrix form as:

= + 17 (A.15)
ed X" —R.| |4 E;
i 1|-R. X" | |e 1|-R. X" | |E
I - 8 I _E 1 (A].G)
ia —X" —R.| |eq -X" —R.| |E,

where, d = R? + X2

Thus, the stator voltage and the current of an individual generator is written with
respect to its d and g axes. When deriving the mathematical model of a multi-machine
power system, these equations are transformed into a common reference frame known

as the "R — I"” frame shown in Fig. A.2. The relationship between the quantities in
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the d — ¢ frame and the R — I frame is given by Eq. (A.17) and Eq. (A.18).

E) o,

Figure A.2: Transformation from individual machine d—q frame to common reference
frame

e cosd sind E

= 5 (A.17)
€q sind —cosd| | Ep

) cosd sind 1

= & (A.18)
14 sind —cosd| | I

Now, Eq. (A.16) can be transformed into R — I frame as given in Eq. (A.19).

1"

In| 1 |-Ra —X"| |Er| 1 |(—R.E,+X"Ej)cosd— (X"E, + R,Ey)sind
d

]] d X _Ra EI

"

(=R.E, + X"Ey)sind + (X"E_ + R,E,) cos §
(A.19)
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A.2 Power system stabilizer model

The generators 9, 13 and 16 were equipped with the power system stabilizer model
shown in Fig. A.3. This can be modeled using the differential equations given in Eq.

(C.21) - Eq. (C.23).

Ks 1+T;s 1+T,s
— > > N
Ao, 1+Ts v, 1+ T;s v, 1+7T,s v
Figure A.3: Power system stabilizer model
. 1 AW
Vo = —(=Vh+ K—— A2
2 (Ve t o ) (A.20)
. 1 1 11 KT, Aw,
Vs = ——Vs+—(1——=)V A21
? AR NS D LCR v (4.21)
- 1 1 T T Ty KT\Ty Aw,
Vo = —=V,+—=—(1—- =)V 1——)V; A.22
G AT AR A G ARl xS

Aw, in Eq. (C.21) - Eq. (C.23) can be substituted from Eq. (A.1).

A.3 Exciter model

Exciter model 1

All the synchronous generators of the test system except the generator 9 were equipped
with the exciter model shown in Fig. A.4. This exciter can be modeled using the

differential equations given in Eq. (A.23) - Eq. (A.24).
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1+7T,s E,,
I/l 1+TBS
Figure A.4: Exciter model 1

. 1

Vi = T—{—V1+K1(Vref+vs— |E4])} (A.23)
E

. 1 1 Ty KTy KTy KTy
E = ——F — (1 — =—)V} Vi e f — Ei(A.24
e T oo T, U Ve o Vet Ve — | Bl A2

Exciter model 2

The generator 9 was equipped with the exciter shown in Fig. A.5, where the associated

differential equations arc given in Eq. (A.25) - (A.26).

Vref

1+ Tys

Figure A.5: Exciter model 2
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Vi = —(-Vi+|E]) (A.25)

Evp = Ka(Voes+Vi—W) (A.26)

where, || = /€] 4 €2.

A.4 Load model

All the loads were modeled using the constant admittance load model, which allows

to include the equivalent admittance of the load into the network admittance matrix.



Appendix B

Test system data

The objective of this appendix is to provide the data of different test systems used
in this thesis for stability assessment studies. This includes the i) 3-generator 9-bus
test system [18], ii) 2-area 4-generator test system [14], iii) 16-generator 68-bus test

system [72], and iv) 50-generator 470-bus test system[73], [29].
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B.1 3-generator 9-bus test system data
B.1.1 Steady state power flow data
Table B.1: Steady state power flow data
Bus No Bus Type Voltage (pu) PFPg (pu) Qg (pu) —PFPp (pu) —Qr (pu)

1 swing 1.04 0.716 027 -
2 P-V 1.02529.3°  1.63 0.067 -
3 P-V 1.02524.7° 085  -0.109 -
4 P-Q  1.026/-22°  — - -
5 P-Q  0.996/-4.0°  — - 1.25
6 P-Q  1.013£-37°  — - 0.9
7 P-Q 1.026£3.7° - - -
8 P-Q 1.016.£0.7° - - 1.00
9 P-Q 1.032£2.0° - - -

0.5
0.3

0.35

B.1.2 Generator dynamic data

Table B.2: Generator dynamic data
Generator No H (s) D/M X}

Generator 1 23.64 0.1  0.0608
Generator 2 6.40 0.2 0.1198
Generator 3 3.01 0.3 0.1813
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B.2 2-area 4-generator test system data

The network data and the steady-state power flow data of this test system are avail-

able in page 813 of [14].

B.2.1 Dynamic data

All the generators of the test system were modeled using the sub-transient equivalent
two axis model with one damper winding along the d-axis and two damper windings
along the g-axis as shown in Fig. A.1. These data can be found in page 813 of [14].
Further, all the generators of the test system were modeled using the exciter and the
power system stabilizer model shown in Fig. B.1. The gains and the time constants
used were as follows:

Ksrap = 1, Ty = 10,7y = 0.05, T, = 0.02, 75 = 3,7y = 54, K, = 100, Tf =
0.01,7, = 0.05.

Time constants are in seconds.

1 p K,
LE, | — 1+sT, 2 1+sT, [ Em

sT,, 1+5sT, 1+ 5T,
1+sT,, 1+sT, 1+sT,

A 4

STAB

A\ 4
A 4

Figure B.1: Exciter and power system stabilizer model: 2-area 4-generator test system

All the generators of the test system were also accommodated with the turbine
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governor model shown in Fig. B.2 with data given below:

R=004,T,=01,T,=125T; =5

Pref

1 1+sT,
1+sT, 1+sT, > b

mech

Ao

\ 4

| -
A

Figure B.2: Turbine governor model: 2-area 4-generator test system

B.3 16-generator 68-bus test system data

The network data and the steady-state power flow data of this tets system can be
found in pages 171 - 175 of [72]. For the analysis presented in Chapter 5, generator
16 was treated as the swing bus and the generator 1 was treated as the swing bus for

the oscillation monitoring studies presented in Chapter 6.

B.3.1 Dynamic data

All the generators of the test system were modeled using the 6'* order model as shown
in Fig. A.1. These dynamic data can be found in pages 177 - 178 of [72]. The exciter
and the power system stabilizer models used in the 16-generator 68-bus test system
were shown in Fig. A.4, Fig. A.5, and Fig. A.3 in Appendix A. The time constants
and the gains used were as follows:

Exciter model 1;

Ky =200,T =0.05,T4 = 1,Tp = 10
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Exciter model 2;
K, =200,Tf = 0.01
Power system stabilizer;

K =200,T7=10,Ty =0.05,1, = 3,13 = 0.02, 7, = 5.4

B.4 50-generator 470-bus test system data

The 50-generator 470-bus test system used in this thesis for stability assessment
studies is same as the one used in [73] and [29)].

The thermal generators and hydro generators were modeled using the 6 order
model and the 5" order model respectively. Further, all the generators were modeled

with the exciters.



Appendix C

Small-signal stability assessment of

16-generator 68-bus test system

The objectives of this appendix are: i) provides the detailed procedure of deriving a
small signal stability assessment program of the 16-generator 68-bus test system, ii)
validation of the analytical program written in MATLAB for small signal stability
assessment with a commercially available software, SSAT, and iii) perform the ob-
servability calculations in order to identify the most observable locations of the modes

from measurable power system variables.

C.1 Linearization of the dynamic model of 16-generator 68-

bus test system

The generator, exciter and the power system stabilizer models used to model the 16-
generator 68-bus test system for stability assessment studies were given in Appendix
A. The following sections explain the procedure for deriving the linearized model of

the generator with the exciter model given in Fig. A.4 and the power system stabilizer
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model given in Fig. A.3 in Appendix A. The linearized models of the other generators
with only the exciters can be derived from these equations by equating the coefficients

of the state variables associated with the power system stabilizer dynamics to zero.

C.1.1 Linearization of synchronous machine dynamic equa-

tions

The dynamic behavior of a 6" order synchronous generator is given by the set of
first order differential equations Eq. (A.1) - Eq. (A.6) and the algebraic equations
given in Eq. (A.16) in Appendix A. Eq. (A.18) gives the relationship between the
synchronous generator current in the d—gq frame and the R—1I referrence frame. First,

linearize Eq. (A.18) around an operating point to derive the following equation.

Ai, (—Igsind + Iy cos 0) A6 cosd  sind Alg
= + (C.1)
Aty (Igcosd + I;sin§)Ad sind —cosd| | Al

Linearizing the synchronous generator equations given in (A.1) - Eq. (A.6) in
Appendix A and substituting from Eq. (C.1), the linearized form of a synchronous

gencrator dynamic equations can be derived as shown in following equations.

K 1 " "
Aw = ——DAW + — {(wad + Laqid)id + (waq + LadiQ)iQ} A5

2H 2H
1 L, 1 L 1 L,,
— ——__aas, A o a,ds~A _&A
2H Ly sy e ey Ly, Y1q
1 an 1 -
A — AT, (C.2)
T OH I, 1V T 3

]_ " 1"
+ 5Yei {‘W’ad + Laqid) 086 + (Yag + Logiq) siné} Alg

1 "o, . "o
+ ﬁ {_(wad + Laqld) sind — (waq + LadZCI) cos 5} A]I
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A = wyAw (C.3)
. W R " W R L 09/ R L
Aippg = =L g AG + 24 { ads 1} Atpyq + 2 Zads Ay
Liq Liq | Lsa Lig Lia (C.4)
+ wORfdAE “oltya L" s Sin0ATR + wORde s Cos OAI;
adu fd fd
: woRia v . woR1a L, 4, L R [L, .
Awld = _uLadquAé 0d . Aw i |i—d - 1‘| Awld
le le Lfd le le (05)
“’UR” " oSindATR + “”OR” ! cosOATR
1d 1d
) " L//
Awlq _ WDqu Laqs dA5 4 207 wOqu —ags Awlq WOqu aqs A”L//Qq
Ly, Ly, qu Ly, Ly (C.6)
- wO—quL”qS cos 0AIR — woltiy qus sin 0A g
1q 1q
: woRay 1 woRoy L, S A woR Z
Dag = - Ligyiad + R Ay — SR | T =1 Ay
2q 1q 2q 2q (07)
woqu L” < Cos0AIR — ot L” <Sin0AIR
Ly, Ly,

Eq. (C.2) - Eq. (C.7) give the linearized form of the synchronous generator

dynamic equations in the following form.

AX, = A|AX, + BiAU, + E, AT (C.8)
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Linearizing Eq. (A.19) around an operating point gives the change in machine

current injections in the R — I reference frame.

AER N M1 A + maAthrg + maAihrg + myAipiy + ms Aty

AL Y X R | | AE| | mAG 4 naAg + ns Ay + s, + ngAdsy,
(C.9)
where;
]. s " 1’ /! " "
my = _3{(RGE — X E;)siné — (R, E; + X E,)cosd} (C.10)
my = (R cosd + X' sm5)Lad5 (C.11)
d Lfd
Lgds
ms = (R cosd + X sin ) =2ds (C.12)
d Lyq
Loygs
my = (R sind — X cos §)—4 (C.13)
d Ly,
Ligs
ms = (R sind — X cos §)—242 (C.14)
~d Lo,
1 " "o 1 "oy
ng = —a{(RaE + X E;)cosd — (RyEy + X E,)sind} (C.15)
ny = (R sind — X' COS5)Lads (C.16)
d Lfd
Lgds
ny = (R sind — X cos §)—2ds (C.17)
d Lyg
Logs
ng = (R cosd 4+ X sind)—242 (C.18)
d qu
Lugs
ny = (R cosd + X sin§) =22 (C.19)
d Loy,

Thus, Eq. (C.9) is in the following form.

Al = CYAX, + DAV (C.20)
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Accordingly, each synchronous generator contributes to the overall state vector of

the system by adding six state variables; [Aw, Ad, At)tq, A1, Ath1g, Aiho,].

C.1.2 Linearizing exciter and power system stabilizer dy-

namic equations

While deriving the linearized equations of the exciter and the power system stabilizer
models shown in Fig. A.4 and Fig. A.3, the models were rearranged as shown in
Fig. C.1. The purpose of this rearrangement is to compare the results of analytical
program written in MATLAB with the results of SSAT, which identifies the system
state variables as shown in C.1.

Ve

; ! " 1 Epp

sT + K
|E, | — 1+ Tys 1+T,s » SLa —»@—» L — E,

\ 4

1+7T,s > —> 1+1;s >

Ao = 1+7Ts >

Figure C.1: Alternate arrangement of exciter and PSS

Considering the small changes associated with small signal stability studies, the

linearized equations of the block 1 of the power system stabilizer is;
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s 1 Aw 1 ’
KACLJ K ’

The linearized equations associated with the blocks 2 and 3 of the power system

stabilizer can be derived as shown in (C.23) - (C.24).

D) K A(JJ K ’ 1 ’
AV, — ow = 2
KT1 Aw KT1 ’ Tl /
AV = — A 1—— | AV 24
’ TT oo TT-2 7 ( T3> 3 (C24)
< KTl Aw KTl ’ 1 T1 ’ 1 ’
AV, = VAN (A R ) ) VAN A AN 1 2
Vs T oo TToT 2 T 7T, ( Tg) Ys T, ¢ (C-25)

KT1T2 Aw KTlTQ T2 T1

/ /7 T2 !
AV, = A —(1—-—=]A 1—=)AUC.2
TT3T4 Wo TT3T4 ‘/2 + T4 ( T3> ‘/é - ( T3) VQC 6>

Therefore, the power system stabilizer used for the study adds three more state
variables; [AV,, AVy, AV.] in to the individual generator state space model.

The linearized equations associated with the exciter block 1 can be derived as

shown in (C.27).

. KT, A KT\T: / T T} /
AV1:—12—W——12AV2+—2 1L AV,
TT3T4TB Wo TT3T4TB T4TB T3

2
| T (C.27)

| 1 1
— (1 =2)AV — —AV, — —A|E,|+ —A
+TB< T4> Vs T Vi T | t|+TB Vies
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|Ey| = \/e3 + e2. Thus, it can be proven that, A|E| is given by Equation C.28

A|E,| = l;—i'{(—RafR cos 6 — Rolrsing — X Trsind + X" I; cos §)AS

Laqs Laqs . ”
— Aty — L—Awgq + (=Rysind + X cosd)Alg
1q 2q

1 "

L
+ (Rycosd + X" sin 0)AIL}

(C.28)
%{(—X”IR cosd — X' I;sind + R,Ipsind — R,I; cos 9)AS
t
Lgds Lgds "o
+ EAY g+ EAY g+ (=X sind — R, cos0)AlR
Liq Lyg
+ (X" cosd — Rysin )AL}
The linearized equation of the exciter block 2 can be derived as;
- KNhTTy A KTWTL,T / TAT: T )
AEfd: da2la AW 14244 ; Al2 (1——1)AV3
TT3T\TeTE wy  TT3T,TgTk T\TsTE T3 (C.29)
Ty 15 / Ty 1 1 '
1—=]AV, — AVI — —A|E| + —AV,.
+TBTE< T4> S TeTy ' Tg | t|+TB d
AEq = KAE), (C.30)

Therefore, the considered exciter model adds two more state variables in to the

individual generator state-space representation.
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C.1.3 Linearized representation of a generator with an ex-

citer and a power system stabilizer

Overall linearized representation of a synchronous generator with the exciter and the
power system stabilizer models can be developed as described in this section. All
together, the dynamic behavior can be described using 11 state variables;

[Awa A(SJ Awf(b A1b1d7 Awlqa A’qu? AVYQ/? AVE’:a A‘/;’7 A‘/h AE}d]

[ Ao | [ Aw |
Ad AS
Atz Atpgq
Aty - 1 | Atig - 1
. 11 Q12 0 aril b1 b12
A,leq A@qu _
. 21 Q22 -+ G211 bay bao AT,
Athog | = | S . Athyg | T AV
., : : i : , ref
AV, AV,
., @111 G112 0 A11,11 , 511,1 bl1l,2
AV3 - - AV3 - - (C.Sl)
AV, AV,
AW, AV,
_AE}d_ _AE}d_
€11 €12

€21 €22 Alp

Al

€111 €11,2

Equation (C.32) gives the linearized equations for generator current injections in

to the network, i.e.
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Alg C11 Ci2-°+ C111 . ., r dir dip AER
= Aw Ad - AE,| T
Alp Co1 Co2°:+ (211 day  dag AE;
Equation (C.31) and Equation (C.32) can be combined to determine the individual

generator state-space representation in the general form.

AX,; = AJAX + BAU + E;AlL (C.33)

Al; = Cy4AX + DAV (C.34)
AXy; = (Ag+ E;Cy))AXy+ ByAU + EgDyAV (C.35)
AXy = AnAXy+ B,AU + E, AV (C.36)

Equation (C.36) and Equation (C.34) can be used derive the overall state-space

representation of the 16 generators of the test system as;

AX

AAX + BAU + EAV (C.37)

Al = CAX + DAV (C.38)

T
Where; |:AX1 = |:|iAXd1:| [AXd2:| e |:AXd16]1 and Am: Bma Erm Cd and Dd
of individual generators become the corresponding diagonal blocks to form the com-

plete A, B, E, C and D matrices.
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C.1.4 Overall system state space representation

The stator terminal is the interface between each synchronous generator and the
outside transmission network. For small signal stability assessment of the power
system, the transmission network is represented as a set of linear equations. The test

system has 68 buses including 6 generators connected to buses, 1-16.

I Yo Yo - Yies| |V
Iy _ Yo Yt22 o Yoes Vo (C.39)
| Zs | | Yosi Yoso - Yeses| | Ves]
Equation (C.39) can be rearranged as;
Alp Yie| Y2 AVp
= (C.40)
Al Yo [Yoo AVy

where, the subscripts D and L corresponds to generators and loads respectively.
Since, Al = 0, the relationship between the synchronous generator stator voltages

and currents can be expressed using the equivalent network admittance matrix as;

] =[] o

v 1] =[] - [ p2] [

Combining Equation (C.41) with Equation (C.38) ; AV = (Y,, — D)"'CAX and
substituting in to Equation (C.37) derives the overall system state space representa-

tion as;
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AX = A, AX 4+ BAU (C.42)

Ays = A+ E(Y.,—D)'C (C.43)

C.2 Validation of analytical program results with SSAT

The complete small signal stability program of the 16 generator 68 bus system with the
previously discussed generator, exciter and PSS models were written in MATLAB and
validated with SSAT, a commercially available software used to perform small signal
stability assessment. The motivation behind this validation was to make sure that the
analytical program gives correct eigen values and hence the actual electromechanical
oscillatory modes at the current operating point since these are needed to perform
the mode observability calculations.

The generators, 9, 13 and 16 were accommodated with both an exciter and a PSS.
As discussed in the previous section, generators 13 & 16 contribute to the overall
state-space representation by adding 11 state variables, whereas generator 9 adds 10
state variables. A generator with only an exciter gives 8 state variables. In order to
validate the analytical program results, A,, and C,, matrices of the generators 1, 9
and 16 are considered. Tables C.1, C.2, C.3 and Table C.4 show the results of nonzero

elements of these comparisons.
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Table C.1: Comparison of individual generator A matrices: Part I
Gen No Tool aq a0 as a4 ars a6
MATLAB | —0.05 | —204.65 | 18.89 | 11.50 | —107.80 | —35.65
Gl SSAT —0.05 | —204.65 | 18.89 | 11.50 | —107.80 | —35.65
MATLAB | —0.20 | —129.95 | —48.51 | —45.08 | —47.29 | —17.58
oo SSAT —0.20 | —129.95 | —48.51 | —45.08 | —47.29 | —17.58
MATLAB | —0.11 | —155.03 | —33.20 | —41.94 | —89.89 | —34.33
G16 SSAT —0.11 | —155.03 | —33.20 | —41.94 | —89.89 | —34.33
asq
MATLAB 1
L1 gsar | g
MATLAB 1
9 SSAT 1
MATLAB 1
G16 SSAT 1
as 2 a3;3 a3 .4 ass
MATLAB | 0.05 —0.34 0.07 24.86
Gl SSAT 0.05 —0.34 0.07 24.86
a3,1 a3,2 as33 3,4 a37 a3.8
MATLAB | 3.58 —-0.39 | —0.95 0.40 —49.12 1351.6
@ SSAT 3.58 —-0.39 | —0.95 0.40 —49.15 | —1351.56
as3,2 as,3 asa as311
MATLAB | —0.18 | —0.92 0.53 28.34
G10 SSAT —-0.18 | —0.92 0.53 28.34
Q4.2 Q43 Q4.4
MATLAB | 2.92 7.89 —24.8
Gl SSAT 2.92 7.89 —24.8
MATLAB | —10.17 | 11.25 | —25.33
G9 SSAT -10.17 11.25 | —25.33
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Table C.2: Comparison of individual generator A matrices: Part II

Gen No Tool as 2 as 5 as 6
MATLAB | —1.25 | —1.72 | 0.23
Gl SSAT —1.25 | =1.72 | 0.23
MATLAB | —0.87 | —2.47 | 0.72
GO ssar | —os7 | 247 | o7
MATLAB | —2.24 | —4.99 | 2.02
G16 SSAT —2.24 | —4.99 | 2.02
a2 as,5 as,6
MATLAB | —18.18 | 10.37 —32
Gl SSAT —18.18 | 10.37 —32
MATLAB | —7.50 | 16.72 | —31.75
9 SSAT —7.50 | 16.74 | —=31.75
MATLAB | —8.45 | 19.92 | —31.17
G16 SSAT —8.45 | 19.92 | —31.17
arq Q77 a7
MATLAB 0 —0.1 0
Gl ssar | o0 | 01| o
MATLAB 0 —100 0
9 SSAT 0 —100 0
MATLAB | 0.0003 | —0.1 0
G16 SSAT 0.0003 0.1 0
as,1 as,7 as,8
MATLAB 0 18 —20
Gl SSAT 0 18 —20
MATLAB | 0.0003 0 —0.1
9 SSAT 0.0003 0 —0.1
MATLAB | 2.65 | —1000 50
G16 SSAT 2.65 | —1000 | =50
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Table C.3: Comparison of individual generator A matrices: Part III

Gen No Tool g 1 g7 ay g ag9
MATLAB | 2.65 0 —1000 | —50
G SSAT 2.65 0 —1000 | —50
MATLAB | 0.02 | —=9.26 | —0.28 | —0.18
GI6 1 ssar | 0.02 | —9.26 | 028 | —0.18
10,1 10,7 10,8 10,9 10,10
MATLAB | 0.02 0 —9.26 | —0.28 | —0.182
9 SSAT 0.02 0 —-9.26 | —0.28 | —0.18
MATLAB | 0.007 | =2.75 | —0.08 | 0.045 | —0.1
G16 SSAT 0.007 | =2.75 | —0.08 | 0.045 | —0.1
a1 | Gy a8 aig | Quao | G111
MATLAB | 0.15 | =55 | —1.65 | 0.9 18 —20
G16 SSAT 0.15 | =55 | —=1.65 | 0.9 18 —20
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Table C.4: Comparison of individual generator C matrices
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Gen No Tool €12 €13 Cl4 C15 C16
MATLAB | 43.6365 | —4.0287 | —2.4523 | 22.9865 | 7.6024
Gl SSAT 43.6362 | —4.0288 | —2.4523 | 22.9865 | 7.6024
MATLAB | 19.4509 | 10.1409 9.4237 4.0798 1.5169
9 SSAT 19.4511 | 10.1409 9.4237 4.0801 1.5171
MATLAB | 222.9147 | 150.2513 | 189.7911 | 51.5473 | 19.6863
G16 SSAT 222.9147 | 150.2511 | 189.7909 | 51.5487 | 19.6869
C2.2 C2.3 Co.4 C25 C2.6
MATLAB | —3.2689 | —20.9285 | —12.7391 | —4.4249 | —1.4635
Gl SSAT —3.2689 | —20.9285 | —12.7391 | —4.4249 | —1.4635
MATLAB | 14.8659 | —2.9095 | —2.7037 14.22 5.2872
9 SSAT 14.8660 | —2.9097 | —2.7039 | 14.2199 | 5.2872
MATLAB | 298.1536 | —31.5857 | —39.8977 | 245.2079 | 93.6469
G16 SSAT 298.1551 | —31.5865 | —39.8988 | 245.2076 | 93.6468

Tables C.1, C.2, C.3 and Table C.4 show only the non-zero elements of the ma-

trices. It is seen that the analytical program results are in good agreement with the

SSAT results. In addition to these non-zero elements, the corresponding zero ele-

ments are exactly matching in the both environments. These comparisons conclude

the accuracy of the small signal stability analysis program written in MATLAB for

the test system and its validity to be used for observability calculations.



Small-signal stability assessment of 16-generator 68-bus test system 184

C.3 Identification of electromechanical modes of the 16 gen-

erator 68 bus system

In small signal stability analysis of the power system, the type of the oscillatory

mode can be determined by using the concept of mode shape and this can be fur-

T

ther verified by looking at the participation factors. If [ Z} = [21 2y e Zn:| ,
h

where 2,29, ,2, are directly related with the individual modes of an n'* or-

der system, then the relationship between the vector of state variables; [AX] =

T
[:131 Ty - g;n] and [Z] can be written as follows;

o] = [on 00 ][4 can

where, &1, $y, -+, ®, are the right eigen vectors associated with n eigen values
of an n!" order system. Therefore, it is seen that the magnitudes and angles of the
elements in 7" right eigen vector corresponds to the relative activity of the state vari-
ables when the i mode is excited and the phase displacement of the state variables
respectively. The right eigen vectors are therefore termed as mode shapes and the
type of the oscillatory modes can be identified by using this principle.

Electromechanical modes of a power system are initiated since the generators in
the system are always trying to remain in synchronism, i.e. generators try to keep the
balance between the input mechanical torque and the air-gap electromagnetic torque.
Any mismatch between these two would cither accelerate or decelerate the generator
rotor. Therefore, the state variable corresponds to the generator speed deviation from
the synchronous speed (Aw) can be used to identify the electromechanical oscillatory
modes and their types, i.e. whether the mode is a local plant mode, inter-plant mode

or an inter-area mode, from the complex eigen values of the entire state matrix. By
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observing the phase displacements of the generator speeds with respect to all the
complex eigen values of the entire state matrix would help to identify the actual
electromechanical modes of the system.

Table C.5 shows the electromechanical oscillatory modes of the 16 generator 68
bus system at the given operating conditions determined using both MATLAB and
SSAT. It has all together 15 electromechanical oscillatory modes.

Modes 12, 13, 14 and 15 are the interarea modes of the system which corresponding
respectively the oscillatory mode of generator 14 in the area 3 against the generator
15 in the area 4, group of generators in the area 1 against the generator 13 in the
area 2, the generator 14 in the area 3 against the generator 16 in the area 5 and the
generators in the areas 1 & 2 against the generators in the areas 3, 4 & 5. Out of these
modes, the mode 13 & 14 are two interarea modes of the system with poor damping
ratios. Usually, an electromechanical oscillatory mode with a damping ratio of less
than 3% is assumed to be a poorly damped mode [14]. At the current operating
point, the system is steady state stable, i.e. all its eigen values lie in the left half of
the complex plain. However, the system has two poorly damped interarea modes at

the current operating point.
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Table C.5: Electromechanical modes of 16 generator 68 system at the given operating

point

MATLAB SSAT
Mode No Fre (Hz) | Dam Ra (%) | Fre (Hz) | Dam Ra (%)
1 1.7785 5.0046 1.7785 5.01
2 1.5113 5.8526 1.5113 5.8
3 1.5397 8.441 1.5397 8.44
4 1.4993 9.0422 1.4993 9.04
5) 1.3482 7.1341 1.3482 7.13
6 1.2579 6.494 1.2579 6.49
7 1.1896 14.9327 1.1896 14.93
8 1.1995 5.0086 1.1995 5.01
9 1.1731 5.769 1.1731 5.77
10 1.1242 4.1277 1.1238 4.13
11 1.0161 3.2592 1.0161 3.26
12 0.7929 4.4302 0.793 4.44
13 0.6988 1.533 0.6986 1.53
14 0.5224 1.7429 0.5225 1.74
15 0.4143 12.854 0.4143 12.89
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C.4 Observability calculations of the 16 generator 68 bus sys-

tem

As discussed in section C.1.4, the state-space representation of the power system for

small signal stability studies can be determined as;

AX = AAX + BAU (C.45)

AY = MAX + NAU (C.46)

where, Y is a vector of measurable output variables.

Substituting from Equation C.44, AY = M®Z + NAU = M'Z + NAU, where,
M' = M®. Since Z is a vector corresponding to the individual modes of the overall
system, if 4" column of M = 0, then the i** mode cannot be observed in the out-
put. Therefore, each column of M determines whether the modes are contributed to
form the outputs of the system. M is then known as the mode observability matrix.
By performing observability calculations on measurable power system variables, it is
possible to determine the optimal observable locations of the modes. This section
describes the observability calculations of the 16 generator 68 bus system using gen-
erator active power injection and active power flow in selected transmission lines as

measurable power system variables.

Observable variable: generator real power output

Assuming the terminal voltage and the current injected by the generator connected
at the k' generator bus are Vi = Vi + 1Vir and Io = Igu + j17y respectively, the

complex power (S;) and hence the active power (Py) injected by the generator can
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be determined using Equation (C.47).

Sy = Vili= Var + iVie) Ure + jIm)* (C.A4T)

P, = Vil + Vil (C.48)

For small perturbations in the small signal stability studies, linearization of Equa-

tion (C.48), derives the Equation (C.50).

AIRk AVRk

+ [IRk [Ik] (C.49)

AP, = |:VRk VIk:| AV
Tk

AV
(C.50)

Substituting from the derived equations for the change in generator terminal volt-
age; AV = (Y., — D)"'CAX and change generator terminal current; Al = Y., AV
the observability matrix of generator real power output can be derived as given in

(C.51).

AR, = { |:VRk ka} Yeo(Yeg = D)7'C' + |:IRI~3 Ilk} (Yeq — D>_IC} AX (G5

Observable variable: real power flow in transmission lines

Consider the branch connecting the two nodes m and n in a power system as shown

in Figure C.2.
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Imn
I~ 1
1
Zmn V_m = VRm + .]VIm
z > V = +jV
Vm [] [] " Z":Vlll = gmn :']—jIl’;ml‘l
bus m bus n

Figure C.2: Arrangement of a network branch

Referring the figure;

Imn — [(VRm_VRn)an_(VIm_‘/In)bmn]+j[(VRm_VRn)bmn'i‘(‘/Im_‘/In)gmn] <C52>

Complex power flow in the line from node m to node n is given by Equation (C.53)

and the real part of this gives the real power flow in the line between these two nodes.

Pon = (VeRm=VRn)VRmImn—Vim—Vin) VRmbmn+(Vem=Vrn) Vinbmn+(Vim—=V1n) VimGmn
(C.54)
Linearizing Equation (C.54) around an operating point for the small perturbations
considered during the small-signal stability assessment, the change in branch real
power flow (AP,,,) can be derived as given in (C.55).
AP, = [a b] A {c d} SV
AV

(C.55)
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where;

a = gmn(2VRm - VRn) + bmn‘/ln <C56>

b = gmn(2‘/1m - ‘/In) - bmnVRn <C57>

c = _gmnVRm - bmn‘/lm <C58>
AVRm AVRn

Substituting accurately for and with necessary formulations
AV, AV,

from the network admittance matrix, the matrix for the observable variable (AP,,,)

can be represented in the required form.

Using the above derivations, the observability matrices of the 16 generator 68

bus system were determined for the generator real power output and the real power

flow in selected transmission lines. The rationale behind the selection of these two

variables is that, the electromechanical modes are observable in the network power

flows since these modes themselves originate due to change in network power flows.

Furthermore, these quantities are measurable from the PMU measurements. Tables

C.6 and C.7 show the observability indices of the interarea modes.



Small-signal stability assessment of 16-generator 68-bus test system

Observable varibale: generator real power output

Table C.6: Observability indices: generator real power output

Obsevability Index

Measurable Quantity | yr 4. 15 | Mode 13 | Mode 14 | Mode 15
Gen. 1 real power output 0.0265 0.117 0.1202 0.14
Gen. 2 real power output 0.0328 0.1337 0.0969 0.1084
Gen. 3 real power output 0.0466 0.1844 0.1215 0.1318
Gen. 4 real power output 0.0673 0.2672 0.1234 0.1148
Gen. 5 real power output 0.072 0.2664 0.118 0.1092
Gen. 6 real power output 0.085 0.3251 0.1512 0.1417
Gen. 7 real power output 0.0585 0.2326 0.1106 0.1045
Gen. 8 real power output 0.0135 0.0829 0.0758 0.0831
Gen. 9 real power output 0.0437 0.1345 0.1119 0.1273
Gen. 10 real power output | 0.0299 0.0245 0.0495 0.0824
Gen. 11 real power output 0.015 0.0397 0.0258 0.0727
Gen. 12 real power output | 0.1078 0.4688 0.0956 0.2907
Gen. 13 real power output | 1.0288 3.4463 0.4958 1.5902
Gen. 14 real power output | 3.8852 0.0662 2.6021 0.4217
Gen. 15 real power output | 6.2155 0.1057 0.326 0.4399
Gen. 16 real power output | 2.7736 0.0905 3.7519 0.2861

Based on the above calculations, following conclusions can be made.

e Mode 12 is highly observable in generator 15 real power output
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e Mode 13 is highly observable in generator 13 real power output
e Mode 14 is highly observable in generator 16 real power output

e Mode 15 is highly observable in generator 13 real power output

Observable varibale: real power flow along network branches

Table C.7: Observability indices: branch real power flow
Obsevability Index

Measurable Quantity Mode 12 | Mode 13 | Mode 14 | Mode 15

Real power flow in the line 53 to 54 | 0.1106 0.49 0.2571 0.2593

Real power flow in the line 53 to 27 | 0.0236 0.1083 0.0532 0.0509

Real power flow in the line 60 to 61 | 0.0409 0.6056 0.3035 0.1695

Real power flow in the line 41 to 42 | 3.547 0.0653 2.0621 0.1645

Real power flow in the line 41 to 40 0.395 0.055 0.5763 0.5035

Real power flow in the line 18 to 49 | 0.0935 0.0111 0.6214 0.3139

Based on these calculations, following conclusions can be made.
e Mode 12 is highly observable in real power flow in the line 41 to 42
e Mode 13 is highly observable in real power flow in the line 60 to 61
e Mode 14 is highly observable in real power flow in the line 41 to 42
e Mode 15 is highly observable in real power flow in the line 41 to 40

Furthermore, it is also observed that mode 13 is the highly observable mode in the

real power flow in the major tie lines connecting the area 1 and area 2. Based on the
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observability calculations performed, the following conclusions are made regarding

the most observable locations of the four interarea modes.

e Mode 12 is highly observable in the generator 15 real power output

Mode 13 is highly observable in the real power flow along the line 6061

Mode 14 is highly observable in the generator 16 real power output

Mode 15 is highly observable in the real power flow along the line 18-49

C.5 Concluding remarks

This appendix described the steps involved in deriving the small-signal stability pro-
gram of the 16-generator 68-bus test system. The results of the small-signal stability
analytical program written in MATLAB have been validated against a commercially
available software package, SSAT. It has been shown that the system is steady-state
stable at the current operating point. However, it has poorly damped interarea modes
which might cause small-signal instability.

The identified interarea modes of the test system have been further processed
to determine the most observable locations of these modes in the network from the
measurable power system variables. It has been proposed to receive the data from
PMUs installed at such locations to have a comparatively higher observability of the

modes under interest.
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