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ABSTRACT

Power system oscillations, especially electromechanical oscillations, have been a
major concern in power system planning and operation. Given the characteristics
and nature of these oscillations, these problems can be studied well using Hopf
bifurcation theory, which describes the onset of an oscillatory problem in nonlinear

systems.

This thesis presents two indices to predict and detect oscillatory problem in
power systems using Hopf bifurcations; one of them is preferred as an on-line op-
erational tool due to its higher computational speed. Application of these indices
on several test power systems, including the IEEE 50-machines test system and
two nonlinear systems, is also included in this thesis to demonstrate the usefulness
of the indices. Simulation results indicate that the indices are smooth and fairly

linear with respect to the loading factor of the system.

The thesis also clearly demonstrates the direct association between electrome-
chanical oscillations and Hopf bifurcations in power systems. The mitigation of
the oscillation problem or Hopf bifurcation from the generator side using PSS con-
trollers, and from the transmission side using FACTS controllers is studied in detail.
A new placement technique for a shunt-FACTS controller for the purpose of oscil-

lation damping is also proposed.

The increasing trend in the number of FACTS controllers used in power systems
could lead to some undesirable interactions between FACTS and power system
controllers or among FACTS controllers. The importance of and tools needed to
study this problem are demonstrated in a test system through the analysis of a

negative interaction leading to an oscillatory unstable condition.
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Chapter 1

INTRODUCTION

1.1 Research Motivation

Nonlinear phenomena, including bifurcations and chaos, occurring in power system
models have been the subject of several studies during the last two decades [1,
2,3,4,5, 6,7, 8. Among the different types of bifurcations, the saddle-node,
limit-induced, and Hopf bifurcations have been identified as pertinent to instability

problems in power systems [9].

In the case of saddle-node bifurcations, a singularity of a system Jacobian and/or
state matrix results in disappearance of steady state solutions, whereas in the case
of limit-induced bifurcations, the lack of steady state solutions arises from system
controls reaching limits (e.g. generator reactive power limits). Both of these bi-
furcation modes typically lead to voltage collapse [10]. Hopf bifurcations on the
other hand, produce limit cycles (periodic orbits) that may lead the system to os-
cillatory instabilities as have been detected in a variety of power system models

[9, 11, 12, 13, 14] and observed in practice [15, 16, 17].
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In general, power system instability problems can be classified into three main
categories, namely, angle, voltage, and mid and long term instability problems.
Angle instability problem occurs due to torque imbalance of synchronous machines
while voltage and mid-term and long-term instabilities occur due to reactive power
imbalance and fault contingencies in the system, respectively. Angle instability can
be subdivided into transient and small-signal instability. Transient instability or
first swing instability occurs due to large disturbance in the system whereas small-
signal instability results from insufficient torque. Small-signal instability is further

sub divided into non-oscillatory and oscillatory instability [18].

Hopf bifurcations, which describe the onset of an oscillatory problem, could
arise due to variable net damping, frequency dependence of electrical torque and
voltage control issues (e.g. fast acting automatic voltage regulators in generators
[13, 19]) and are triggered by system contingencies. In most cases, bifurcations
occur on very stressed systems, i.e. heavily loaded systems operating close to
the “tip of the nose curve” (maximum loading point on a P-V curve). This is a
topical concern as many current networks operate near their stability limits due to
economical and environmental constraints. Incidents of system collapses induced by
Hopf bifurcation include the Sri Lankan power system disturbance of May 2, 1995
[15], and the Western System Coordination Council (WSCC) system disturbance
of August 10, 1996 [16]. The consequences were severe. In the WSCC system,
approximately 7.5 million customers were interrupted from continuous supply [16];
in the Sri Lanka event, it took about an hour to bring the system back to normal,
following a nationwide 30 minute blackout. With ways of predicting and controlling

Hopf bifurcations, the above incidents conceivably could have been avoided.

This thesis addresses the issues of predicting, mitigating and avoiding Hopf

bifurcations in power systems. The presented Hopf bifurcation examples are low
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frequency phenomena (0.1-3 Hz i.e. electromechanical oscillations) which are more
commonly observed than at subsynchronous torsional frequencies. They appear
due to onerous developing active and reactive power load profiles and are usually

triggered by line outages, as will be demonstrated in this thesis.

1.2 Literature Review

Power systems are generally modeled by means of highly nonlinear dynamical sys-
tems of equations and a variety of control and independent parameters. In critical
circumstances, variations of a parameter may cause unstable oscillations. For ex-
ample in [13, 20, 21], oscillatory behavior of the power system was identified using
Hopf bifurcation theory. In [22], two qualitatively different system instabilities due
to bifurcations were observed. The possibility was raised of the coexistence of os-
cillatory instabilities and voltage collapse, depending on the value of the causal
parameter under consideration. Another study [23] shows the occurrence of two
Hopf bifurcations prior to a saddle node bifurcation, as is also reported in [11]. The
first Hopf bifurcation was unstable (“subcritical”) whereas the second one was sta-
ble (“supercritical”). Also [23] shows the occurrence of a cyclic fold (two limit cycles
of different stability approach one another and collide at a saddle-node bifurcation)
bifurcation and two period doubling (a stable limit cycle losses its stability, while
another closed orbit starts with twice the period as the original cycle) bifurcations

at different parameter values for the same system.

The attention in the literature has been to reveal the presence of Hopf bifur-
cations, rather than suggesting means of their prediction. An index to determine
the proximity of a system to a Hopf bifurcation with respect to a given system

parameter would be beneficial, either as a tool in system operation or in planning
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studies. While there has been some work done in this area using optimization
techniques [24], extensive computations and optimizations are needed every time
the topology of the system changes. Methods to detect so-called transcritical and
Hopf bifurcations in power systems are discussed in [12], based on what is used in
general dynamical systems [25]; thus the real part of the critical eigenvalue can be
used as an index to detect Hopf bifurcation in a dynamical system. However, its

non-linearity indices makes it impractical for power system applications.

A closed-loop monitoring system for detecting impending instability related to
Hopf bifurcations in uncertain nonlinear plants is proposed in [26]. A benefit of
this methodology is that it gives a warning at a point close to the instability even
when no accurate system model is available. However, earlier prediction of such an
event is not possible, as the index is not continuous or smooth. A predictable index
with linear or quadratic shape is useful in projecting the problematic loading levels,
for a given generation and load directions, both in planning and operation stages.
By predicting a problem (e.g. Hopf bifurcation) well in advance, a measure can be
deviced (e.g. tuning of appropriate controller gain) to mitigate the problem. In this

thesis, a predictable index is proposed and its practical benefits are demonstrated.

The various bifurcations, and the associated rich dynamical behavior that a
power system can exhibit, lead to the question of whether instability problems
induced by Hopf bifurcations can be predicted and avoided, and, specifically, the
possible role of feedback control. Some positive results in this direction are reported
in [23, 27, 28] where the issues of bifurcation control through feedback stabilization
techniques are addressed. A technique to eliminate a Hopf bifurcation by intro-
ducing a “reverse” Hopf bifurcation through an optimal change of parameters is

presented in [29].

Alternatively, Hopf bifurcation can be viewed as an oscillatory problem, and
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there is a vast amount of work reported in the literature in the area of power
system oscillation damping. One of the pioneering works in this area deals with
appropriate setting of excitation control parameters for improvement in damping
and stability of synchronous generators [30]. Given the characteristics and nature
of their oscillations, Hopf bifurcation theory can be used to study them as proposed
in [31]. Hence, in this thesis, typical oscillation control techniques are studied in
the context of Hopf bifurcations, as an efficient way of controlling the associated

instability problems.

Of the range of power system controllers either available or being considered for
damping oscillations the Power System Stabilizer (PSS), as applied to generators, is
the most widely applied. More recently, Flexible Alternating Current Transmission
System (FACTS) controllers have been developed and they can be also exploited
for oscillation damping purposes. While a FACTS controller may well be applied in
practice to achieve a particular local system objective such as voltage control and
enhancement of power flow capability, in principle it can be placed at a strategic
location with suitable control signals to enhance damping. FACTS controller place-
ment and selection of the best control input signal for oscillation damping, based
on mode controllability and observability concepts, are discussed in [32, 33]. In
[34], control of Hopf bifurcations is studied by means of a Static Var Compensator
(SVC) on a generator-infinite bus test system and on a three machine test system by
placing the SVC between two generators. Hopf bifurcation control using PSS and
SVC on a 16 bus test system are discussed in [31]. Other FACTS controllers, i.e.
Thyristor Controlled Series Compensator (TCSC), Static Synchronous Compen-
sator (STATCOM), Static Synchronous Series Compensator (SSSC) and Unified
Power Flow Controller (UPFC), with suitable input control signals have also been

studied for the control of electromechanical oscillations (Hopf bifurcation), so that
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the pair of purely imaginary eigenvalues, associated with the Hopf bifurcation can

be moved into the left half plane, thus damping the oscillations.

In this thesis, the PSS and several FACTS controllers, i.e. SVC, TCSC, and
STATCOM are analyzed and compared from the point of view of Hopf bifurcation
control. A new technique is introduced for the best placement of shunt FACTS
controllers to control Hopf bifurcation. Attention is also made to the selection of

the best input signals, to obtain maximum oscillation damping in the system.

The increasing trend in the use of FACTS controllers in power systems could lead
to some undesirable interactions between FACTS and power system controllers or
among FACTS controllers as reported in [35]. The interactions could exhibit serious
instability problems in some cases, which can be triggered by not only interactions
among FACTS controllers located in a given area, but also due to interactions
among PSSs and FACTS controllers used throughout the system, as demonstrated
in this thesis.

1.3 Research Objectives

The following outstanding areas of current interest will be addressed in Hopf bifur-

cation studies and control as they pertain to in power systems:

1. Development of a simple index to predict Hopt bifurcations. For on-line or
off-line monitoring, it should present a predictably linear or at least quadratic

behavior with respect to parameter changes in the system.

2. The study of several power system controllers, specially PSSs and various

FACTS controllers in the control of Hopf bifurcations.
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3. Analysis of performance and interactions of various controllers under a wide

range of operating and fault conditions.

Thus, this thesis concentrates on the detection and prediction of Hopf bifur-
cations, their control through PSS and FACTS controllers with the most suitable
placements and control signals, and the performance and interactions of these con-

trollers for a variety of system conditions.

1.4 Qutline of the Thesis

This thesis i1s organized as follows: Chapter 2 introduces the modeling of PSS and
the FACTS controllers that are used in this thesis, 1.e. SVC, TCSC and STATCOM.
In this chapter, the analysis techniques, analytical tools and test systems used in

this thesis are also discussed.

The theory behind Hopf bifurcations, the effect of Hopf bifurcation of dynamic
behavior on the system following a disturbance, and the proposed Hopf bifurcation
indices, along with several numerical examples of their application are presented in
Chapter 3. The effect of different nonlinear static load models on Hopf bifurcations

is also discussed in this chapter.

Hopf bifurcation control using PSS and shunt and series FACTS controllers,
including a new placement technique for shunt FACTS controllers are discussed
in Chapter 4. The performance of the controllers under a wide variety of system
operating and fault conditions, as well as possible interactions between PSS and
FACTS, or between FACTS controllers, are discussed in Chapter 5. Finally, con-
cluding observations together with possible future research directions are presented

in Chapter 6.
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Static and dynamic data of all the small test systems utilized in this thesis are
given in Appendices A, B and C. The SVC and STATCOM controller parameters
used in the two-area and the IEEE 50-machine test systems are given in Appendix

D.



Chapter 2

MODELING, TOOLS AND
TEST SYSTEMS

2.1 Introduction

Mathematical models of a power system for stability analysis (eigenvalue or time
domain analysis) consist of differential and algebraic equations representing the
models of system components, including generators, transformers, buses, lines (ac
and dc), loads and FACTS controllers. A brief description of the models, especially
the basic structure and terminal characteristics of PSS, SVC, TCSC and STATCOM
controllers, are briefly discussed in this chapter. The basic analysis techniques,

analytical tools and the test systems utilized for the research are also presented.
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2.2 Power System Models

Mathematical models of a synchronous machine vary from the elementary classical
to a detailed one. In the former, the machine is represented by two ordinary differ-
ential equations related to the mechanical motions. The basic mechanical motion

of a generator is characterized by the so called swing equations (2.1).

s _
a
d
Mgd—“: — Py — P, — Dw (2.1)

where 0 is generator internal bus voltage angle, w is angular speed, M, is moment of
inertia of generator, Py electrical output of the generator, D is damping constant,

and Pps is the mechanical power input to the generator.

In more detailed models, transient and subtransient behaviors are considered
[18, 36]. In this research work, classical and detailed models were used to represent

the machines in various test systems.

For eigenvalue or time domain simulation studies, it is necessary to include the
effects of the excitation and prime mover controllers. They indirectly influence
the reactive and active power outputs of a generator respectively. IEEE Type 1
or WSCC Type A, IEEE Sla, AC4a, and simple exciter models are used in this
thesis, to represent the excitation control of generators, and hydraulic and simple
turbine governor models are used to represent the prime mover controllers of various

generators in some test systems as in [18].

The modeling of loads is often complicated by the unpredictability of the com-

pounding of devices (e.g. Fluorescent, Compact Fluorescent and Incandescent
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lamps, Refrigerators, Heater, Motor, Oven and Furnace). However, load models
are traditionally classified into two broad categories: static and dynamic. In this
research work, the influence of three basic static load models, namely constant
impedance, constant current and constant power, on the system Hopf bifurcation

point has been studied. Their definitions are as follows [37]:

1. Constant Impedance Load Model (constant Z): A static load model where the
real and reactive power varies with the square of the voltage magnitude. It

also referred to as constant admittance load model.

2. Constant Current Load Model (constant I): A static load model where the

real and reactive power varies directly with voltage magnitude.

3. Constant Power Load Model (constant PQ): A static load model where the
real and reactive power does not vary with changes in voltage magnitude. It

1s also known as constant MVA load model.

All these load models can be described by an equation of a polynomial load

model:

V a
r=n(5)

v b
@-0(r;)

where P, and @) stand for the real and reactive powers consumed at a reference

(2.2)

voltage Vy. The exponents a and b depend on the type of load that is being
represented, e.g. for constant power load models a = b = 0, for constant current

load models ¢ = b = 1 and for constant impedance load models a = b = 2.
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In load flow studies, in order to obtain P-V curves of various test systems, the
loads were represented as constant PQ, and increased according to (2.3), i.e. both
real and reactive power consumptions were increased by the same ratio by keeping

a constant power factor at each load.

P, = Pro(1+ )
Qr=Qro(1+X)

(2.3)

where Pr, and )1, are the initial real and reactive power respectively and X is
the loading factor, which represents the slow varying parameter used in bifurcation

studies.

2.3 Power System Stabilizer

A PSS can be viewed as an additional block of a generator excitation control or
Automatic Voltage Regulator (AVR), added to improve the overall power system
dynamic performance, particularly to damp power/frequency oscillations. The PSS
uses auxiliary stabilizing signals such as shaft speed, terminal frequency and/or
power to change the input signal to the AVR. This is a very effective method of

enhancing small-signal stability performance [18, 38].

The three basic blocks in a PSS are illustrated in Figure 2.1. The stabilizer Gain
block determines the amount of damping. Next, the Washout block serves as a high-
pass filter, with a time constant that allows the signal associated with oscillations in
rotor speed to pass unchanged; without this block, the steady state changes would
modify the terminal voltages. Finally, the Phase-compensation block provides the

appropriate phase-lead characteristic to compensate for the phase lag between the
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exciter input and the generator electrical (air-gap) torque; in practice, two or more

first-order blocks may be used to achieve the desired phase compensation.

Gain Washout Filter Lead/Lag V smax
Rotor Speed
Deviation ST 1 + ST 1 + ST VS
O— » KPSS» L .72 O IS N A B T
1 + SRN 1 + ST2 1 + SI'4
Vsmin

Figure 2.1: Basic block diagram of power system stabilizer.

In this research work, the PSS is considered as the first choice to ameliorate
Hopf bifurcations triggered by line outages. FACTS controllers are also considered

for this purpose.

2.4 FACTS controllers

FACTS controllers are a family of high-speed electronic controllers of increasing
interest for enhancing power system performance [39]. They can significantly in-
crease the utilization of installed capacity while reducing susceptibility to power

disturbances through rapid automatic response and operator-initiated actions.

Certain FACTS controllers have already been applied and others are under
development. SVC, TCSC, STATCOM, SSSC and UPFC (a combination of a SSSC
and a STATCOM) are well known FACTS controllers [32, 34, 40, 41, 42, 43, 44].

This thesis concentrates on SVC, TCSC and STATCOM controllers as these
have been already identified as feasible alternatives to PSS controller for the con-

trol of electromechanical oscillation in power system (whether as their principal
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function or, more likely, as the supplementary dynamic capability to other strate-
gic objectives). For exclusive oscillation control, a FACTS controller would be
nevertheless more expensive than a PSS, as illustrated in the approximate cost
comparison of these controllers shown in Table 2.1 [45, 46]. A brief description

follows of the models of each of these FACTS controllers.

Table 2.1: Cost comparison of PSS and FACTS controllers

Controller Cost (US)
PSS $30, 000
SVC $40/kvar (controlled portions)
TCSC | $40/kvar (controlled portions)
STATCOM $50 /kvar

2.4.1 SVC

A shunt connected SVC injects capacitive or inductive current so as to maintain
or control a specific variable, typically bus voltage [39]. SVCs were first developed
in the late 1960s for the compensation of large fluctuating industrial loads, such as
electric arc furnaces. Thyristor-Switched Capacitors (TSCs) or a Fixed Capacitor
(FC) with a Thyristor-Controlled Reactor (TCR) provide rapid and fine voltage

control.

By the late 1970s SVC were applied to transmission systems to achieve improved
dynamic voltage control. The two most popular configurations are the FC with
TCR, and TSC with TCR. Figures 2.2 and 2.3 show a basic structure of a SVC
with voltage control and its control characteristic, respectively, for a FC and TCR

type SVC [47].
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Figure 2.2: Basic SVC structure with voltage control.
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Figure 2.3: Typical steady-state voltage control strategy of an SVC.

15



CHAPTER 2. MODELING, TOOLS AND TEST SYSTEMS 16
Model and Controls

An additional stabilizing signal with a supplementary control superimposed on the
voltage control loop of a SVC can also provide oscillation damping by moving

critical eigenvalues to the open left-half plane as discussed in [31, 34, 48].

MASS and ETMSP modules of PSAPAC [49, 50], which are two of the analytical
tools used in this thesis (section 2.6.2 and 2.6.3) allow the controller to be modeled
as a voltage control device made up of a static Gain block, two Lead/Lag blocks,
and an end-block (SD-2) as shown in Figure 2.4. The SD-2 end-block is a static
device that represents the TCR and FC as an equivalent, nonlinear, controllable
susceptance Bgy¢ [50]. A supplementary control input signal is also considered for
the purpose of Hopf bifurcation control as also depicted in Figure 2.4. In another
simulation tool, PST, used in this research work (section 2.6.2 and 2.6.3), the SVC is
represented by a variable reactance with maximum inductive and capacitive limits,
which directly correspond to the limits in the firing angles of the thyristors, as
shown in Figure 2.3. This reactance is assumed to vary to control the SVC bus
voltage, with a supplementary control block and input signals to damp oscillations

as shown in Figure 2.5.

Vret
o
Ve.\/c+¢' + ¢ 1+ STy + 1+ STy o Bac
®]
. e 1+ ST, 1+ ST,
1+STs |+ ST7 |2 [Kagyg|eo Additiond Signa
1+ STg 1+ ST,

Figure 2.4: A Use Defined SVC used in MASS and ETMSP: UDSVC-1.
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Figure 2.5: Block diagram of an SVC used in PST.

2.4.2 TCSC

The maximum power transfer capability of a transmission line is increased by series
capacitor compensation of the series inductive reactance. The use of modular blocks
of capacitors to provide, say, 30-40 % compensation is long established. However,
the subsynchronous series resonant frequency so produced has been known to in-
troduce negative damping of generator torsional modes. The dynamic capability of
a TCSC can be used for oscillation damping (both subsynchronous and electrome-

chanical) in addition to the steady state compensation of series reactance.

A TCSC controller is basically a Thyristor Controlled Reactor (TCR) in parallel
with a bank of capacitors. A typical single module TCSC structure for current
control and the steady state corresponding V-I characteristic curve are shown in

Figures 2.6 and 2.7, respectively [47].

Model and Control

ETMSP and MASS allow the TCSC controller to be modeled as current, power,
or voltage control device with a washout block with gain, lag, lead/lag block, gain
block with limits, and an end block (SD2) as shown in Figures. 2.8 and 2.9. The SD-

2 end block is basically a static device that represents the TCR and FC combination
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Figure 2.6: Basic TCSC structure with current control.

as an equivalent, nonlinear, controllable susceptance Bsy¢ with limits [50].

2.4.3 STATCOM

The STATCOM resembles in many respects a synchronous compensator, but with-
out the inertia. The basic electronic block of a STATCOM is the Voltage-Sourced
Converter (VSC), which in general converts an input dc voltage into a three-phase
output voltage at fundamental frequency, with rapidly controllable amplitude and

phase angle.

The basic structure of a STATCOM for either phase control or Pulse Width
Modulation (PWM) control, and its V-I characteristic are depicted in Figures. 2.10
and 2.11, respectively [47]. As can be seen in Figure 2.10, a STATCOM is made up
of a coupling transformer, a VSC and a dc capacitor. The control system can be

designed to maintain the magnitude of the bus voltage constant by controlling the
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Figure 2.7: TCSC V-I steady state characteristics.
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Figure 2.8: A User Defined TCSC used in MASS and ETMSP: UDTCSC-1.
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Figure 2.9: A User Defined TCSC used in MASS and ETMSP: UDTCSC-2.
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Figure 2.10: Basic STATCOM structure.
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Figure 2.11: STATCOM V-I steady state characteristics.

magnitude and/or phase shift of the VSC output voltage. In steady state operation,
the inverter voltage V; i1s assumed to be in phase with the ac terminal voltage V,
as there is practically no active power flowing from or to the VSC. The STATCOM
supplies reactive power to the ac system if V; is greater than V; it draws reactive
power from the ac system if V' is greater than V;. The dc capacitor voltage V. is
controlled through the phase angle a, which determines the transient active power

flow between the system and the VSC, and hence the charging and discharging of
C.

The STATCOM is represented using the fundamental frequency model described
in [47], which represents the active and reactive power flows from and to the VSC.
The model is basically a controllable voltage source behind an impedance with the

representation of the charging and discharging dynamics, of the dc capacitor, as
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well as the STATCOM ac and dc losses.

Model and Controls

A phase control strategy is assumed for the STATCOM bus voltage, and a supple-
mentary control block and signal are added for Hopf bifurcation control, as depicted
in Figure 2.12. The p.u. differential-algebraic equations (DAE) corresponding to
this model are [47]:

T,
o = f(xc,oz,m,V, V:im‘/;’efvvécref) (24)
m
. VI Vie R I*
Vi = §_fg) -k 2
“= v ) Re T oW

P — VIcos(s — 6)
Q — VIsin(s — 6)
P — VG + kV3.VGcos(8 — a) + kVy.V Bsin(6 — a)
| Q+ V2B — kVaVBcos(§ — a) + kVa VGsin(5 — a)

9(0,k,V,V4e,8,1,6,P,Q)
where, G + jB = (R + jX)™', is used to represent the transformer impedance,
any ac series filters, etc. ; k = \/%m, P and Q) are the real and reactive powers
flowing into the VSI, V < § is the terminal voltage, V; < « is the inverter voltage

and z. stands for the internal control system variables.

The steady state model of the STATCOM can be obtained from (2.4) by replac-
ing the differential equations with the steady state equations of the dc voltage and
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Figure 2.12: STATCOM phase control with oscillation damping.

the voltage control characteristics of the STATCOM. Notice that the controller
droop is directly represented on the V-I characteristic curve, with the controller
limits being defined by its ac current limits. Hence, the steady state equations for

the phase controller are given by

V—Vies + Xsr.1
0=kKk—-0.9
P —Vi?/R. — RI?
gla, k,V,Vae,6,1,0,P,Q)

Since there is no STATCOM model available in the PSAPAC, complete static and
dynamic models as described above with phase control is implemented in PST using

the symbolic library and vectorized computation techniques in MATLAB.
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2.5 (General System Equations

Based on the equations of the various components and their control models de-
scribed in sections 2.3 and 2.4, the power system can be represented for the problem

in hand by the following set of differential and algebraic equations (DAE):

T = f('rayv/\7p) (26)

0 = g(z,y,\,p)

where x € R" is a vector of state variables associate with dynamic states of gen-
erators, loads, and other system controllers; y € R™ is a vector of steady-state
algebraic variables resulting from neglecting fast dynamics (e.g. some load voltage
phasor magnitudes and angles); A € R’ is a set of uncontrollable parameters, such
as active and reactive power load variations, and in this thesis it is used to repre-
sent the loading factor (1=1) as previously defined in (2.3); and p € R* is a set of
controllable parameters such as tap settings, Automatic Voltage Regulator (AVR)

and SVC reference voltages.

For eigenvalue analysis (small signal stability or steady state stability analysis),
(2.6) can be linearized around an equilibrium operating point (z,,y,) for given

values of the parameters (A, p,). Thus,

Az Jl Jg Az
- (2.7)
0 J3 J4 Ay
J

where, J is the system Jacobian, and .J; = 0f/0z|o, Jo = 0f/0ylo, J5 = 0g/0x|o,
Jy = 0g/0ylo. If it is assumed that .J; is nonsingular, which is a requirement for

equations (2.6) to appropriately represent the system [51], the system eigenvalues
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can be readily computed by eliminating the vector of algebraic variable Ay in (2.7),

as follows:

That is, the DAE system can be reduced to a set of ODE equations [51]. Then,
bifurcations of the power system model, and particularly Hopf bifurcations which
are the interest of this work, can be studied by monitoring the eigenvalues of matrix
A in (2.8) as system parameters A and P changes. Time domain simulations, on
the other hand, which are used in this research to study the global stability of the
system model, were obtained by numerically intergrating equations (2.6). More

detailed descriptions follow of the various analysis techniques and tools used here.

2.6 Analysis Techniques

Full P-V or “nose curves” of the test systems used for bifurcation analyses were
obtained using a Continuation Power Flow (CPF) technique. One advantage is that
the algorithms are not prone to divergence problems at operating conditions near
steady state stability limits. Furthermore, it yields additional information, such as
sensitivities with respect to the parameter X, that can be used to better understand

the phenomenon under study [52].

In order to detect Hopf bifurcations on the P-V curves corresponding to the
various test systems, the multiple power flow solutions generated by the CPF for
the varying parameter A, from the base load to the maximum loading conditions,
were used to obtain the reduced system state matrix at each equilibrium point.
Then eigenvalues were used to detect the various bifurcation points, especially Hopf
bifurcation, which were combined with the time domain simulations to analyze the

resulting system oscillations.
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2.6.1 Continuation Power Flow (CPF)

CPF methods are typically employed to trace the P-V curve up to the maximum
loading point (maximum loadability or steady state stability limit) of the system.
While they are computationally demanding for larger systems [10, 18, 53], they
provide additional information about the system behavior, such as sensitivity in-

formation with respect to parameter variations.

The CPF technique uses an iterative process involving predictor and corrector
steps as shown in Figure 2.13. In some cases, an additional parameterization step,
is used to avoid certain convergence problem. Thus, from a known initial point A,
a tangent predictor step is used to estimate the solution point B for a given load
direction defined by the parameter A. A corrector step is then used to determine
the exact solution C using a power flow with an additional equation to find the
proper value of A\. This process is repeated until the desired bifurcation diagram or
P-V curve is obtained. A parameterization step may be used to avoid convergence
problems when the Jacobian becomes singular around the maximum loading point

by simply exchanging the parameter A\ with a variable with the largest change.

All P-V curves were obtained by the University of Waterloo Power Flow (UW-
PFLOW) [54]. It has been designed to calculate local fold bifurcations such as
saddle node and limit induced bifurcations in power systems and is based on CPF
and direct computational methods. A variety of output files permit further anal-
yses, such as tangent vectors, left and right eigenvectors at the bifurcation point,
power flow solutions at different loading levels, left and right eigenvectors associated

with the smallest eigenvalue, and voltage stability indices, etc.



CHAPTER 2. MODELING, TOOLS AND TEST SYSTEMS 27

Predictor (AV)
A A VB /CorrSCtor

C
Exact Solution/ ‘
Maximum Loading —a }

Voltage

Y

A (Loading Factor)

Figure 2.13: lustration of Continuation Power Flow technique.
2.6.2 Eigenvalue Analysis

Bifurcation studies are based on eigenvalue analysis, also referred to as small signal
stability, steady state stability or modal analysis [18]. Once the reduced system
state matrix A (2.8) is determined at an equilibrium point along the P-V curve,

the eigenvalues and eigenvectors are given by:

Av = pv (2.9)

where p 1s the eigenvalue, and v is the corresponding right eigenvector. The main
drawback is the need for obtaining the inverse of .J4, and hence the associated loss
of sparsity. However, the augmented system equations can be used directly, so that
efficient sparsity-based algorithms can speed up the eigenvalue computation [55];

thus, the eigenvalue computation can be restated as
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Ji T
1 J2 U1 — Ol (2‘10)

Js 4 (2] 0

T

This is termed the generalized eigenvalue problem, where [v; v,]" are the augmented

right eigenvectors of y. By eliminating vy from (2.10), (2.9) can be readily obtained.

If the rotor angles (§) are taken as state variables, there will be a null eigenvalue
if the algebraic variables are eliminated. This is because of the fact that the sum
of the columns corresponding to Ad is zero [18]. In most of the commercially avail-
able small signal stability tools, an exact null eigenvalue does not appear because

numerical techniques are used to obtain the system Jocobian and/or state matrix.

The eigenvalues of the test systems were calculated using the, Multi-Area Small-
Signal program (MASS) from the Electric Power Research Institute (EPRI) pro-
gram. The small signal stability module of the Power System Toolbox (PST) also
was used to calculate the eigenvalues in some cases. MASS forms the state matrix A
of a power system and determines all the eigenvalues and eigenvectors of the matrix
by the QR algorithm. It also produces various outputs for further analysis such as
participation factors, state matrix, and frequency response. However, it does not
produce the full Jacobian which is necessary for one of the proposed indices and
the new FACTS controller placement technique as described in the Chapters 3 and

4. For this reason the PST software tool was used.

PST is a MATLAB based power system analysis tool [56, 57]. It was developed
to perform power system analysis with user defined models. This program contains
several graphic tools, namely Voltage Stability, Transient Stability and Small Signal
Stability. The program code can be modified to accommodate user-defined power

system controller models.
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2.6.3 Time Domain Analysis

Time domain analysis is valuable not only for verifying and benchmarking the small
signal response but also for assessing the effects of the nonlinearities on dynamic
damping. Time domain simulations are the available practical method of transient
stability analysis to date, in which a set of nonlinear differential equations represent-
ing machines and controllers are simultaneously solved using step-by-step numerical

intergration techniques, such as trapezoidal or predictor corrector methods.

For the time domain simulation in this thesis, the Extended Transient-Midterm
Stability Program (ETMSP) of EPRI and the transient stability analysis module
of PST were used. ETMSP combines multiple numerical intergration methods and
advanced modeling of variety of devices and controllers for transient and mid-term
stability analyses. MASS and ETMSP share common data files, representing the
static and dynamic power system data. The programs can read static network
data from BPA, PTI, WSCC, IEEE and EPRI power flows format, and dynamic
generator plant data from PTI format. The transient stability analysis module
of PST uses a predictor corrector method in solving the differential equations.
This module also accommodates any user defined models and reads the static and

dynamic data in matrix format as shown in Appendices B and C.

2.7 Test Systems

The various proposed methodologies have been applied to a number of test systems,
ranging from 2 machines (3 buses) to 50 machines (145 buses). A brief description

of each of these systems follows.
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2.7.1 Three-bus Test System

A one line diagram of the simplest test system is shown in Figure 2.14 [56]. Both of
the generators were modeled in detail, assuming an exciter (AC4a) and hydraulic

governor. The nominal load 1s 900 MW, and 300 Mvar. Static and dynamic data

of the test system are given in Appendix B, as relevant to software package.

Gl 1 3 2 G2
O —0

Load

Figure 2.14: Three-bus test system.

2.7.2 Two-area Test System

Figure 2.15 is the one-line diagram of a two-area system proposed in [18] for os-
cillation studies. The topology of the system is symmetrical with respect to bus
8, however the loads and the limits of individual generator are not equal in both
areas. All of the generators were modeled in detail with a simple exciter except
G2. A simple turbine governor also considered in each of the generators, except
G3. The total system load is 2734 MW and 200 Mvar. Static and dynamic data

are given in Appendix C.

2.7.3 1IEEE 14-bus Test System

A single line diagram of the IEEE 14-bus test system [58] is shown in Figure 2.16.

It consists of five synchronous machines with IEEE type-1 exciters, three of which
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Figure 2.15: Two-area test system.

are synchronous compensators used only for reactive power support. There are
11 loads in the system totaling 259 MW and 81.3 Mvar. The dynamic data for
the generators and exciters were selected from [59]. The static and dynamic data
are given in the Appendix D in a format appropriate for the ETMSP and MASS
packages.

2.7.4 IEEE 50-machine Test System

The IEEE 50 machine system shown in Figure 2.17 is an approximated model
of an actual power system, and was developed for stability studies in 1990 [60].
It consists of 145 buses and 453 lines including 52 fixed tap transformers. Two
dynamic data sets were used for this test system for this thesis. In the first, seven
of the generators were modeled in detail with exciters (IEEE Sla), whereas the rest
were represented using just their swing equations [56]. This case is referred to as
Case L. It 1s important to mention that the original inertia values in some of the
generators were reduced to allow for the appearance of Hopf bifurcations. In the

second data set, six of the generators were modeled in detail with simple exciters
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Figure 2.16: IEEE 14-bus test system.
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[60]. This second case is referred to as Case II. There are 60 loads for a total of
2.83 GW and 0.80 Gvar.

2.8 Summary

This chapter has described a number of Flexible AC Transmission System (FACTS)
controllers as will be incorporated into test system in the exploration of Hopf bi-
furcation control. Following a description of the adopted analysis techniques, ana-

lytical tools and software, the test systems have been presented.
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Chapter 3

HOPF BIFURCATIONS AND
INDICES

3.1 Introduction

Power system oscillations associated with Hopf bifurcations, which are typically
triggered by line outages, could lead to partial or full power interruptions. Hence,
with ways of predicting or detecting, in advance, these types of bifurcations possible

power outages could be avoided.

Following, for reference, a brief summary of the theorem underlying Hopf bifur-
cations, two alternative indices are introduced for off-line or on-line prediction of
oscillatory problems associated with these bifurcations. A methodology to linearize
the indices is presented, together with the application of these indices to several
test systems as well as to other types of nonlinear systems. The effect of nonlinear

static load models on Hopf bifurcations is also discussed in this chapter.

35
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3.2 Hopf Bifurcations

In 1942, E. Hopf observed the bifurcation from an equilibrium point to a family
of periodic solutions in non-linear systems of dimension greater than or equal to
two. Hopf bifurcations are characterized by periodic orbits (limit cycles) emerging
around an equilibrium point. They can be studied by linearized analysis, as at the
bifurcation points the system Jacobian has a pair of purely imaginary eigenvalues

[25].

Consider the dynamical power system modeled by (2.6). When the parameters
A and/or p vary, the equilibrium points (z,, y,) change, and so do the eigenvalues of
the corresponding system state matrix. The equilibrium points are asymptotically
stable if all the eigenvalues of the system state matrix have negative real parts. The
point where a complex conjugate pair of eigenvalues reach the imaginary axis with
respect to the changes in (A, p), say (Zo, Yo, Ao, Do), is known as a Hopf bifurcation
point. This phenomenon is illustrated in Figure 3.1 using the locus of the critical
eigenvalues in the complex plane, i.e. the bifurcating complex conjugate pair of

eigenvalues.

At a Hopf bifurcation point (2., Yo, Ao, Po), the following transversality condi-
tions are satisfied [25]:

1. [f(xm Yo, /\07p0) g(xm Yo, /\07p0)]T = 0.

2. The Jacobian matrix evaluated at (2o, Yo, Ao, Po) should only have a simple

pair of purely imaginary eigenvalues yp = +;0.

3. The rate of change of the real part of the critical eigenvalues with respect to
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Figure 3.1: Locus of the critical eigenvalues on a Hopf bifurcation.

a varying system parameter, say A;, should be nonzero, i.e.

dRe{s}
oo |70

o

If this is the case, a limit cycle appear at (2., Yo, Ao, Po) With an initial period of

_27T

p

These conditions imply that a Hopf bifurcation corresponds to a system equilibrium

P

state with a pair of purely imaginary eigenvalues with all other eigenvalues having
non-zero real parts, and that the pair of bifurcating or critical eigenvalues cross the

imaginary axis as the parameters (), p) change, yielding oscillations in the system.

Power system oscillations are associated with a pair of complex eigenvalues of

system equilibria (operating points) crossing the imaginary axis of the complex
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plane, from the left half-plane to the right half-plane, when the system undergoes
sudden changes (e.g. line outages). If this particular oscillatory problem is studied
using more gradual changes in the system as proposed here, such as slowly varying
parameters like system loading, it can be directly viewed as a Hopf bifurcation
problem. Thus, by predicting or detecting these types of bifurcations well in ad-
vance, a possible oscillatory instability problem may be avoided. In the following
section, Hopf bifurcation induced oscillatory instability, and the effect of nonlinear

static load models on Hopf bifurcations are demonstrated in a test power system.

3.3 Hopf Bifurcation and Results with Alterna-
tive Load Models

Load variations are the main driving forces that may stress the system into Hopf
bifurcations. The influence of different static load models on Hopf bifurcations
and the corresponding dynamic response to the system are discussed here. The
dynamic loading margin (DLM) of a power system, where DLM is defined as the
separation distance of A between the base load operating point (A=0) to the closest
Hopf bifurcation point for a given load and generation directions, is used as the

measure to compare the effect of the different load models on the system dynamics.

Figures 3.2, 3.3 and 3.4 show the P-V curves and Hopf bifurcation (HB) points
for the base case and two line outages (2-3 and 2-4) for constant PQ, current, and
impedance load models respectively. In each figure, load lines were drawn according
to (2.2), to illustrate the modified operating points due to line outages. In Figure
3.2, the vertical line with operating points A and B corresponds to the constant PQ

load line, the inclined line in Figure 3.3 corresponds to a constant current load line
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Figure 3.2: P-V curves at bus 14 for different contingencies for the IEEE 14-bus

test system with constant P(Q) load line.
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Figure 3.3: P-V curves at bus 14 for different contingencies for the IEEE 14-bus

test system with constant current load line.
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Figure 3.4: P-V curves at bus 14 for different contingencies for the IEEE 14-bus

test system with constant impedance load line.
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and the inclined line with less slope correspond to the constant impedance load line
in Figure 3.4. All these P-V curves were plotted at the weakest bus of the system
(the bus closest to experiencing voltage collapse). In obtaining the P-V curves, all
the loads in the system were increased according to (2.3) and real power needed
was dispatched by generator 1 (swing bus). For line outage studies, lines 2-3 and

2-4 were the most heavily loaded lines in the system.

Table 3.1 shows the dynamic loading margins (DLM) corresponding to Figures
3.2, 3.3 and 3.4. The lowest DLM values were observed when all the loads were
modeled as constant P(Q). In other words, this load model could be considered as the
most onerous load to the system. However, no Hopf bifurcation point was detected
in the system with constant impedance load models. Thus, the dynamic loading
margin in this case was equal to the static loading margin (SLM) or the maximum

loadability point on the P-V curves.

Table 3.1: Hopf bifurcation point for different static load models

Dynamic Loading Margins (p.u.)

Const. PQ) | Const. I | Const. Z
Base case 0.47 0.60 0.68*
Line 2-4 outage 0.35 0.46 0.51%
Line 2-3 outage 0.14 0.17 0.25%

*Equal to the maximum static loading margin

For the same test system, Figure 3.5 shows some eigenvalues for the base case
at the Hopf bifurcation point, with all the loads modeled as constant PQ. A pair of
purely imaginary eigenvalues appears on the imaginary axis at the Hopf bifurcation

point. A participation factor analysis reveals that the dominant state variable
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Figure 3.5: Some eigenvalues plot at the Hopf bifurcation point for the IEEE 14-bus

test system base case.

associated with the critical mode (Hopf bifurcation mode) are the machine modes
0 and w at bus 3. In order to study the effect of Hopf bifurcation on the system
dynamic performance due to the line outages, two time domain simulations were
carried out at A=0.2 p.u. (Figure 3.2, operating point A) with all the loads modeled

as constant PQ).

According to Figure 3.2, in the case of a line 2-4 outage, there is a stable

operating point (B); this is clear from Figure 3.6 as generator frequencies resume
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Figure 3.6: Generator frequency plot for a line 2-4 outage in the IEEE 14-bus test
system (A=0.2).

steady state after the line outage. However, an oscillation with decreasing amplitude
in the time domain simulation indicates operation close to Hopf bifurcation. A line

2-3 outage produces instability due to a Hopf bifurcation. This can be observed in

Figure 3.7.

Prediction and control of the Hopf bifurcation can avoid the above instability.
In section 3.4, two Hopf bifurcation indices are proposed for prediction. Control

strategies to avoid instability are discussed in detail in the Chapter 4.
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2-3 outage in the IEEE 14-bus test system (A=0.2).
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3.4 Hopf Bifurcation Indices

Since at a Hopf bifurcation point the system Jacobian has a simple pair of purely
imaginary eigenvalues, the problem can be restated as follows: For the system state

matrix A, a complex pair of eigenvalues can be rewritten as
A [vp £ jur] = [a+ 58] [vr £+ jvi] (3.1)

where « and [ are the real and imaginary parts of the eigenvalue pu, respectively,
and vg+jvy is the associated eigenvector. If real and imaginary parts are separated

from equation (3.1), it follows that

(A—al,)vp+ pvy = 0
(A—al,)vy—por = 0 (3.2)

A—al, BI, VR
—pI, A-—al, vr

A +BIL I [
—Qlgp UR

—B8I, A =0 (3.3)
vy

Am i

Since [vg v7]T # 0, at a Hopf bifurcation where a = 0,

det{ Am - aI2n } = 0

That is, the modified matrix A,, becomes singular at this point. Observe that this

matrix is also singular at a saddle-node bifurcation, as o = # = 0 in this case.

Following the same criteria previously proposed to define indices for saddle-node
bifurcations [10], the singular value of the modified state matrix is used here as an

index for detecting Hopf bifurcations.
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3.4.1 The First Proposed Index (HBI)

The first Hopf bifurcation index (HBI) is defined as follows:
HBIL = 0pmin(An) (3.4)

where ,,;, 1s the minimum singular value of the modified state matrix A,,, which

becomes zero at a Hopf or saddle-node bifurcation point.

The HBI; index has the problem that it requires the state matrix A which is
computationally demanding, as previously discussed in section 2.6.2. This problem
can be avoided if the full system matrix (2.10) is used. Then for a complex pair of

eigenvalues, the eigenvalue problem can be rewritten as:

J J vy,  Jv vy, + Jv
R B R CES TN e (35
Js Jy Vg, T JU2, 0

By separating the real and imaginary parts and rearranging these equations:

J—al Jy BI 0 (51
J3 J4 0 0 UZR

~0 (3.6)
—/8_[ 0 Jl_a.[ JZ vl]
0 0 JS J4 v?]
| 5 BI 0 roool|]r
’UlR
Js J, 0 0 0000
— (%)
_BI 0 Jy J, 0070 "1 =0 (3.7)
U1
0 0 J J, 000 0 !
- - - - -UZI-
| Jm n
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Since at a Hopf bifurcation o = 0, the matrix .J,, becomes singular; notice
that this also holds at a saddle-node bifurcation point. Therefore, the minimum
singular value of the modified full Jacobian matrix .J,, can be used as another
index to indicate proximity to a Hopf or a saddle-node bifurcation. Consequently,

a second HBI is proposed.

3.4.2 The Second Proposed Index (HBI,)

This index is defined as:

HBI, = 0pin(J) (3.8)

It is computationally less involved than HBI;, as full advantage can be taken of

the sparsity of .J,,,.

Both indices, HBI; and H BI,, behave similarly to the singular value index of
A and J respectively when the critical eigenvalue is real (the critical eigenvalue can
be defined here as the eigenvalue closest to the imaginary axis and moving with a

change in parameter). Thus, for 5=0:

A0
A = (3.9)
0 A

= HB.[l = Umin(Anz) — Umln(A)

Similarly, for 5 =0,
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S J, 00
Js Ji 00
Ja= |7 (3.10)
0 0 J J
0 0 Jy Jy

= HBIZ == anin(Jnl) = O-Tnin(‘])

3.4.3 Linearization of the Two Proposed Indices

Indices based on first order information such as minimum singular values, or critical
eigenvalues, may be inadequate to predict possible instabilities in practical power
systems, which may exhibit large discontinuities in the presence of system control
limits (e.g. generator Q limits). Improvement is made by considering a “second
order” index (i.e. an index divided by its gradient with respect to the parameter
under study) that exploits additional embedded information as suggested in [61].
Thus, it has been observed that minimum singular value of a power system Jacobian

can be approximated using the following equation [10]:

Omin = (@ — DX)/° (3.11)

with suitable values of the scalar positive constants a, b and c¢; and A being the
loading factor. As shown in [10], these functions can be linearized by dividing the

function by its gradient at each point, since

T ac
dommfdr "D (3:12)

A new proposal is to adopt the principle of 3.12 to the linearization of Hopf bifur-
cation indices, HBI; and HBI;. The linearized indices are:
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HBIL
LHBI = ———— 3.13
' |dHBI/d)| (3:.13)
and
HBI,
LHBI, = ———— _ 3.14
> |dHBI,/d)]| (3:14)

While these indices, especially HBI; and the linearization as LHBI, can be
applied to any nonlinear dynamical system, the application to power systems is the

primary concern for this thesis.

3.5 Test System Examples

The proposed Hoptf bifurcation indices were applied to several power system ex-
amples. The results are presented bellow. Loads were modeled conservatively
throughout as constant impedance loads, Any Hopf bifurcation appearing for this
type of load would certainly appear for more onerous load models. Furthermore,
most of the commercial power system analytical tools use this as a default load

model in the dynamic analysis.

3.5.1 Three-bus Test System

The proposed indices were applied to the three-bus power system depicted in Figure
2.14. Figures 3.8 shows the P-V curves at bus 3, for the base case and also for a line
2-3 outage. The real and reactive power required by the system are shared equally

by both generators as the system load increases up to the nose point.

Figures 3.9 shows the locus of the critical eigenvalue. Some eigenvalues plot
at the Hopf bifurcation for the base case are shown in Figure 3.10. A participa-

tion factor analysis indicates that the dominate state variables associated with the
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critical mode (Hopf bifurcation modes) are the § and w (electromechanical modes)
of generator 2. Hopf bifurcations were detected in both cases by monitoring the

system eigenvalues as the system loading changes.

Figure 3.11 indicates that HBI; and HBI,, have almost linear profiles with
respect to the loading factor A, becoming zero at the Hopf bifurcation point, as
expected. According to the indices, loading the system beyond 0.45 p.u. is prob-
lematic and also a line 2-3 outage could lead to an oscillatory unstable condition

when the system operates beyond 0.2 p.u. loading factor, in the base case.

A time domain simulation was performed for the line 2-3 outage at A=0.30 p.u.

The system is unstable following the line outage, as shown in Figure 3.12.

3.5.2 Two-area Test System

The proposed Hopf bifurcation indices HBI; and H BI; were also applied to the
two-area system given in Figure 2.15. Figures 3.13 and 3.14 show the corresponding
P-V curves and indices for the base case and for a line 9-10 outage, respectively.
The results for line 7-8 and 8-9 outages did not differ from the base case. Also, line
9-10 was modified to two identical parallel lines, so that the outage of one of them

did not lead to islanding.

As shown in Figure 3.14, Hopf bifurcations were detected in both cases. This is
confirmed by the locus of the critical eigenvalue in Figure 3.15 for the base case for
which loading the system beyond 0.08 p.u. is not feasible. A participation factor
analysis indicates that the dominant state variables associated with the critical
(Hopf bifurcation) mode are § and w of generator 3. Once again the Hopf bifurcation
indices show a smooth profile and predictable behavior with respect to the load

changes in the system.
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Figure 3.11: Hopf bifurcation indices for the three-bus system.
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Figure 3.12: Generator frequency oscillation due to a Hopf bifurcation triggered by

a line 2-3 outage in the three-bus test system.
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Figure 3.16: Generator frequency oscillation due to Hopf bifurcation triggered by

line 9-10 outage in the two-area system.

A time domain simulation was carried out for the line outage at A=0.070 p.u. to
see the effect of the Hopf bifurcation on the system. The system became oscillatory

unstable as shown in Figure 3.16.
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3.5.3 IEEE 14-bus Test System

There was no Hopf bifurcation detected in the IEEE 14-bus test system with all the
loads represented as constant impedance, for the base case or other line outages,

as previously discussed in section 3.3.

3.5.4 IEEE 50-machine Test System
Case 1

The proposed indices are applied to the much larger IEEE 50-machine test system
shown in Figure 2.17. The P-V curves and Hopf bifurcation indices for the base
case and for a line 79-90 outage are shown in Figures 3.17 and 3.18, respectively,
and designated as CASE I. The P-V curves are shown at bus 92 for a specific load
and generation direction (i.e. only positive loads in the system were increased and
all the generators were allowed to dispatch the power needed). The line 79-90 was
chosen for the outage as this is one of the most heavily loaded lines in the weakest

area of the system.

According to the Hopf bifurcation indices in Figure 3.18, loading the base system
beyond 0.009 p.u. is not feasible. Again, observe the indices vary almost linearly
with respect to the load parameter (A). A participation factor analysis indicates
that the dominant state variable associated with the Hopf bifurcation mode are ¢

and w of the generator located at bus 93.

A time domain simulation for a line 79-90 outage at A=0.0060 p.u. is depicted
in Figure 3.19. It is clear that the system becomes oscillatory unstable due to the

Hopf bifurcation triggered by the line outage.
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Figure 3.17: P-V curve at bus 92 for the IEEE 50-machine system (Case I).



CHAPTER 3. HOPF BIFURCATIONS AND INDICES 63

0.015 I T
N - - HBIl Base Case
\\ ~ —_ HBI2 Base Case
h \\ S _ _ HBI, Line 79-90 Outage
~ __ HBI, Line 79-90 Outage
IN 2
0.01+
[%]
()
Q
e}
£
G
o
I
0.005
0
0

Figure 3.18: Hopf bifurcation indices for the IEEE 50-machine system (Case I).
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Figure 3.20: Linearized Hopf bifurcation indices for the IEEE 50-machine system
(Case I).

As can been seen in all the examples, the Hopf bifurcation indices show almost
a linear behavior with respect to the load changes. However, in this particular
example, limits of the generators lead to a nonlinear behavior of the indices, as
shown in Figure 3.18. However, by using the linearization technique proposed in
section 3.3, it is possible to obtain a linear profile, especially around the bifurcation
point as shown in Figure 3.20. Here, the sensitivity or gradient of Hopf bifurcation

indices with respect to loading factor A was calculated numerically.
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Case 11

The P-V curves and corresponding H BI; plots are given in Figures 3.21 and 3.22,
for the base case and for a line 79-90 outage, for the IEEE 50-machine system Case
IT. In this case, MASS was used to produce the system state matrix and only HBI;
was calculated due to the software limitations (i.e. MASS does not produce the full
system matrix, as necessary for the HBI, calculation). As shown in Figure 3.22,
the index plots are not smooth and not linear. In order to make the index linear,
sensitivity of the singular value of the modified matrix was considered as described
in (3.13). In this case too, the sensitivity or the gradient of the Hopf bifurcation
index (HBI) with respect to the loading factor A was calculated numerically.

Observe in Figure 3.23 that the LHBI shows a linear profile, especially closer
to the Hopf bifurcation point. This Hopf bifurcation point was confirmed by per-

forming a time domain simulation.

3.6 Comparison of Indices

3.6.1 Computational Time Comparison

The derivation of H BI, is computationally less demanding than H BI; as explained
in Chapter 2. Table 3.2 shows the time saved when computing the H BI,, instead
of HBI,. The savings increase with the size of the power system, due to the fact
that the calculation of the inverse of the matrix .J; (which has a dimension of twice
the size as the number of buses in the system) is avoided by exploiting the sparsity

of the jacobian in the H BI, calculations.
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Figure 3.21: IEEE 50-machine system (case II): (a) P-V curves at bus 92; (b)

enlargement around the operating point.

Table 3.2: Time Savings for computing H B, with respect to HBI,

System Name Buses | Machines | Time Saving (%)
Three-bus 3 2 no saving
Two-area 11 4 4

IEEE 50-machine || 145 50 20
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Figure 3.22: HBI, for the IEEE 50-machine system (Case II).
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3.6.2 Effectiveness for Reliable Detections

The calculation of the proposed indices, HBI; and H BI,, on-line, requires the
system state matrix A and full system matrix J, respectively, and the imaginary
part of the critical eigenvalue (). The information needed for the construction of
the matrices are a fast load flow solution, along with the system topology update,
models and data of machines and other controllers of interest. Typically, these
system data (both static and dynamic) are available in a modern system control
center, and getting a fast (or multiple) load flow solution is not an issue nowadays.
Once the matrices are constructed, any efficient eigenvalue algorithm can be used
to calculate £, which is the frequency of the critical mode in rad/s. Thus, the

feasibility for reliable detection using these indices is promising.

As seen in several examples in section 3.5, HBI; or HBI, is adequate for a
prediction or detection, as they behave in a predictable way with respect to loading
factor A. However, these indices could lose smoothness and behave in a nonlinear
fashion due to controller limits or eigenvalues near resonance (e.g. Section 3.7.2).
These could be considered as some of the limitations of these indices. Nevertheless,
if these indices present nonlinear profile, the linearized indices LHBI, or LHBI,
can be used to reduce the nonlinearity. In this case, the gradient information

required for linearization may be obtained numerically.

3.6.3 Application to Practical Power Systems

The range of examples presented here, with different dynamic charteristics with
varying size and complexity, suggest that the application of the indices to a practical
power system is feasible. Furthermore, in certain systems, information of 8 or the

frequency of the problematic modes (e.g. WSCC inter-area mode, Ontario Hydro



CHAPTER 3. HOPF BIFURCATIONS AND INDICES 71

X: Load Direction 1

Y: Load Direction 2
Z : Load Direction 3

Base Case

Hopf bifurcation Index

A

Line Outage

Loading Factor ( A )
Figure 3.24: Sketches of Hopf bifurcation index for various cases.

local modes) are known. By inserting in the 3 in the state matrices, the index can
be calculated without actually computing the critical eigenvalue, and thus predict
the problematic load levels at which the indices become critical. However, for a
practical power system HBIy (and LHBI,) is preferred for on-line applications
due the higher computational speed compared with HBI; (and LHBI,).

In a real scenario, a power system faces varying operation conditions (e.g. load
increase with different directions, line outages). Figure 3.24 illustrates possible
profiles of Hopf bifurcation indices for various system conditions , i.e. base case and
a line outage case with different load directions. In the case of a change in operating
condition, the Hopf bifurcation indices follow a different profile. A possible profile
of the Hopf bifurcation indices as an operator would see it in real time is depicted
in Figure 3.25. By monitoring the index on-line, a remedial measure, such as load
shedding, can be deviced when the indices hit a given threshold value, which is

defined based on predictions made by extrapolating the index.
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Figure 3.25: Hopf bifurcation index profile as an on-line operating tool.

3.7 Nonlinear Systems Examples

While this thesis is primarily concerned with enhancement of power system per-
formance, it is of more general interest to note that the proposed Hopf bifurcation
indices can be readily applied to any nonlinear system for predicting and/or de-
tecting Hopf bifurcations. The results of applying these indices to two examples of

nonlinear systems are discussed in this section.

3.7.1 Lorenz’s equation

Lorenz’s equations characterize a certain nonlinear system and can be expressed in

the following form [25]:

Yy = P(yl - yz)
Y2 = —1ys + Ry — v (3.15)

Yz = Y1y — by3
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where b and P are positive constants and R is the bifurcation parameter. For R

> 1 the system presents the following equilibria: (+v/R —1,+vR —1, R—1). For
the equilibrium point (/R — 1,v/R — 1, R — 1), the system has a Hopf bifurcation

for b=1, P=4 and a given value of R. Figure 3.26 shows the movement of the
eigenvalues for variations of the parameter R from a value of 1 to 40. As A changes,
the critical eigenvalue moves from the left-half plane to the right-half plane, crossing
the imaginary axis at R = 36. The corresponding HBI; and LHBI, are given
in Figures 3.27 and 3.28, respectively. Observe the smoothness and predictable

behavior of these indices, especially close to the bifurcation point.

3.7.2 Two coupled linear oscillators

The following equation represents two linear oscillators mutually coupled by the

term by and a [62]:

by =1+ x+ r’z
(3.16)
az = § + dy + 100y
In this example, a case of mutual coupling, for a=b=1 and damping §=0.91, is
considered to evaluate HBI and LHBI. This case is characterized by two Hopf

bifurcations and a strong resonance; the first one is a subcritical Hopf and the

other one is a supercritical Hopf [62].

Figure 3.29 shows the movement of the eigenvalues with respect to changes
in the value of r from 8 to 12. Observe that, there are two pairs of complex
eigenvalues in the system, and one of them crosses the imaginary axis twice, near

r=10. Furthermore, the eigenvalues show a strong resonance at r = 11.
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Figure 3.30: HBI, for the two coupled linear oscillators.

Figures 3.30 and 3.31 show HBI; and LHBI,, respectively, for the coupled
linear oscillators. The indices are smooth and predictable, especially close to the
bifurcation point. As well, each index, L H B in particular, can predict a resonance
point when there is a sudden change in the LH BI; due to the change in the critical

eigenvalue.
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3.8 Summary

Following the review and discussion of the theoretical background, an innovative
approach is introduced in the form of two alternative indices for predicting or
detecting Hopf bifurcations. Further enhancement is made through linearization of

each index.

Three test systems of increasing size and complexity have been used to demon-
strate the relevant system behavior and the significance of the proposed indices in

power systems.

As a subsidiary issue, the benefit of the indices for assessment of non-linear

systems in general has been demonstrated in two examples.



Chapter 4

HOPF BIFURCATION
CONTROL

4.1 Introduction

Chapter 3 was concerned with indices for detection and prediction of Hopf insta-
bility. The consequential correction would be by system design changes in sys-
tem planning or by the introduction of special controllers with damping capability.
For this purpose, power system stabilizers (PSS) are well established, while newer

FACTS controllers also have supplementary capability for oscillation control.

Even though PSS is very effective in enhancing the dynamic performance, its
placement may be an issue nowadays due to diverse generator ownership in a dereg-
ulated environment. Hence, FACTS controllers, which have been shown to be also
effective in the control of oscillatory problem, have become an attractive alterna-
tive. FACTS controllers can be designed to use a variety of control signals and,

in principle, be placed at any location in the transmission system to achieve the

81
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best possible damping. However, these controllers are certainly more expensive
than PSS, and their location may well be determined by their primary functions
such as increasing system loadability rather than for optimized damping. Such
trade-offs will be made on a case-by-case basis. However, locations are selected in
the presented results to demonstrate the possible effectiveness for Hopf oscillation

control.

In this chapter, Hopf bifurcation control in the IEEE 14-bus test system is
presented first, as a preliminary trial, to showcase the various alternatives (e.g.
different controllers, controller placement, best control input signal). A new place-
ment technique of shunt FACTS controllers is introduced together with application
examples. Also, a methodology to select the best local control input signal using
Mode Observability Index is presented. Finally, Hopf bifurcation control using the
IEEE 50-machine test system is presented, together with the application of the

placement and control input signal techniques.

4.2 Preliminary Example

For the IEEE 14-bus test system of Figure 2.16, Figure 3.2 shows the presence of
Hopf bifurcations for the base case and the line outages, for the assumed load and
generation directions. The loads were modeled as constant P(Q in load flow and

stability studies.

P-V curves for various cases, with and without different FACTS controllers, were
obtained using UWPFLOW. The eigenvalue and time domain analyses were carried
out using MASS and ETMSP, respectively. Figure 4.1 shows the P-V curves for the
test system for the base case, line 2-4, and line 2-3 outages. Hopf bifurcation points

are also indicated in these plots. In order to see the effect of the bifurcation, a time
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Figure 4.1: P-V curves at bus 14 for different contingencies for the IEEE 14-bus

test system.

domain simulation was performed for the line 2-4 outage at the given operating
point, which is depicted with a vertical line for A=0.4 p.u. Thus, Figures 4.2
and 4.3 show how the Hopf bifurcation leads the system to an oscillatory unstable

condition.

In order to control the oscillatory problem associated with the Hopf bifurca-
tion, various power system controllers were used, namely PSS, SVC and TCSC.

The detail results of the system with each of the controllers, including controller
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Figure 4.2: Some eigenvalues for the line 2-4 outage in the IEEE 14-bus test system
at the operating point (A=0.4).
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placement and control input signal issues are discussed below.

4.2.1 PSS Controller Design

The dominant state variables associated with the Hopf bifurcation which are re-
sponsible for the oscillations were identified through a participation factor analysis
[18]. A participation factor matrix is defined as the combination of left (w) and
the right (v) eigenvectors associated with different modes of a system state matrix
A. This identifies the dominant state variables associated with different modes or
eigenvalues. Table 4.1 shows the state variables and associated participation factor
of the critical mode at the Hopf bifurcation point for the base case. Observe that
0 and w of generator 3 are the dominant state variables associated with the Hopf

bifurcation.

Table 4.1: Participation factors of the critical mode at the Hopf Bifurcation for the
IEEE 14-bus test system

State Variable

Part. Factor

State Variable

Part. Factor

3 1.0000 w1 0.1628
w3 1.0000 92 0.0086
o1 0.1625 Wy 0.0086

The PSS controller model used in this case is shown in Figure 2.1. The gain
and various time constants of the PSS were selected from [59] based on the rating
of the machine. Complete static and dynamic data of the system, including the

PSS controller parameters are given in Appendix C.

A PSS installed at bus 3 was unable to damp the oscillations, because PSS con-
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trol of a synchronous compensator produces little or no damping torque. The PSS
was then introduced to the next generator location, i.e. generator 1, which success-
fully removed the Hopf bifurcation in all the cases as shown in Figure 4.4. Notice
that there is no change in the maximum loading margin with a PSS controller, but
this is not the case when the SVC or TCSC is introduced in the system as will be
seen next. Figures 4.5 and 4.6 show an eigenvalue plot and the generator frequency
plot for the line 2-4 outage, respectively, at the operating point (A=0.4 p.u.). The
PSS removes the instability due to the Hopf bifurcation by moving the critical com-
plex mode into the open left-half plane. Damping on the other electromechanical

modes (machines at bus 2 and 8) is also increased by the PSS.

4.2.2 SVC Controller Design

An SVC is considered as other possible alternative to remove or control the Hopf
bifurcation. The model with supplementary control input signal as depicted in
Figure 2.4 is used for all the simulations. With regards to the SVC location, only
load buses were considered as suitable candidates. Since the system has only eight
load buses, each possible location was tested with SVC. The SVC is rated at +
100 Mvar. The controller parameter values are given in Appendix C. These data
were taken from [50]. Table 4.2 shows the SVC location, the critical eigenvalue and
associated damping of the system, for the first four locations. These results were
obtained for the SVC without the supplementary control input signal and at the

Hopf bifurcation point for the base case.

According to the results, bus number 4 is the best location for an SVC to control
the oscillation due to the Hopf bifurcation. The placement plays a major role in

adding damping to the critical mode. The loadability analyses yield bus 14 as the
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Table 4.2: Critical eigenvalue with SVC at various locations for the IEEE 14-bus

test system

SVC Location || Critical Eigenvalue | Damping Ratio
Bus 4 —0.0192 + 35.992 0.0032
Bus 5 —0.0194 £ 75.966 0.0032
Bus 9 —0.0128 £+ 75.939 0.0022
Bus 10 —0.0114 + 55.928 0.0019

best location to improve the loadability margin of the system.

For the best supplementary control input signal, all the possible adjacent line
signals (line real power P, line reactive power Q or line current I) were tested. Table
4.3 shows the critical eigenvalue and associated damping for the different signals
at the Hopf bifurcation for the base case. Observe that the supplementary control
input signal too plays a major role in enhancing the damping of the critical mode.
The best control input signal to give maximum damping was the real power flow

in line 4-3.

Figure 4.7 shows P-V curves of the system with an SVC at bus 4, notice that
there is no Hopf bifurcation. The system maximum loadability margin is also
increased in all the cases, along with better steady state voltage at the higher

loading levels.

Figure 4.8 shows some eigenvalues plot of the system with an SVC at bus 4 for
the line outage; the corresponding time domain simulation is shown in Figure 4.9.
The SVC at the appropriate location with the best control input signal removes
the oscillation due to the Hopf bifurcation triggered by line 2-4 outage as depicted
in Figures 4.8 and 4.9.
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Table 4.3: Critical eigenvalue with SVC at bus 4 for various control input signals

for the IEEE 14-bus test system

Line | Signal || Critical Eigenvalue | Damping Ratio

P —0.0819 £ 5.947 0.0138
4-3 Q —0.0242 £ 5.995 0.0034
I —0.0805 £ 5.960 0.0135
P —0.0643 £ 5.964 0.0108
4-5 Q —0.0112 £+ 5.997 0.0019
I —0.0734 £5.950 0.0123

As aresult of these test cases, it seems that an SVC has the potential, in general,

to contribute to the alleviation of instability due to Hopf bifurcation.

4.2.3 TCSC Controller

The TCSC controller was considered as another possible alternative to remove the
oscillation due to the Hopf bifurcation. Two different user defined controllers, as
shown in Figures 2.8 and 2.9, were tried. Both controllers were comparable, as far
as the damping introduced by these controllers on the critical mode is concerned.
However, the first model was selected because of a better transient performance
and its simplicity. The results presented here are based on the the first model
(Figure 2.8). Ratings and controller parameters are given in Appendix C (a 40%

compensation is considered, in this case).

For the placement of TCSC controller, all heavily loaded lines except lines 2-3

and 2-4 (these are the two lines considered for the outages), were considered as
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candidate locations. Line 4-5 was found to be the best TCSC location to remove
the oscillation due to the Hopf bifurcation based on the damping introduced by
the controllers, as shown in Table 4.4. The line real power was used as the control

input signal in all cases.

Table 4.4: Critical eigenvalue with TCSC at various locations for the IEEE 14-bus

test system

TCSC Location || Critical Eigenvalue | Damping Ratio
Line 4-5 —0.0327 4+ 35.9170 0.0055
Line 3-4 —0.0185 4 75.6960 0.0033
Line 2-1 —0.0113 £ 55.5966 0.0019
Line 2-5 —0.0044 £+ 75.8390 0.0008

Figure 4.10 shows P-V curves for the system with a TCSC in line 4-5 for the
base case and the line outages. As indicated in the P-V curves, the TCSC increases
the system dynamic loading margins in all cases by diminishing the onset of a Hopf

bifurcation.

Figures 4.11 and 4.12 show the beneficial response of the TCSC on the critical
eigenvalue and time response of the system, as expected. However, Hopf bifur-
cations are not completely removed, while the steady state loadability margin is

increased.

It is clear from the above example that the placement of FACTS controllers and
the input signals are important in achieving best possible damping of the critical
oscillation mode. In the Sections 4.3 and 4.4, new methodologies are presented for
the selection of best placement for a shunt-FACTS controller and for the selection

of the best control input signal for the purpose of oscillation damping.
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4.3 FACTS Controller Placement

The location of a FACTS controller to achieve optimized oscillation damping is
one of a number of application strategies. In the event that it is not considered
the most vital, it would be useful to know such a location prior to making trade-
offs with comparing objectives in the final selection of a FACTS locations. A new
placement technique for shunt FACTS controller is proposed below; it is confined

to the context of oscillation damping.

4.3.1 Proposed Shunt-FACTS Placement Technique

The linearized DAE system equations can be used instead of the reduced system
state matrix for the calculation of eigenvalues, as discussed in Section 2.6.2. The
extended eigenvector in this algorithm can be used to identify the dominant alge-
braic variable associated with the critical mode. Thus, restating the generalized

eigenvalue formulation (2.10):

Ji Ty U1 0
= p (4.1)
I3 Jy (2] 0

where 1 is the eigenvalue and [v; vy]T is the extended eigenvector of p, with

Vg = —J4_1J37)1 (42)

The entries in vy correspond to the algebraic variables at each bus (e.g. voltages
and angles, or real and imaginary voltages). A shunt FACTS controller, which
directly controls voltage magnitudes, can be placed by identifying the maximum

entry in vy associated with a load bus and the critical mode. Thus, the proposed
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methodology can be summarized as follows, in algebraic terms of complex voltages

at each bus:

U2V1r
V2yq;

va=| (4.3)

U2Vnr

U2Vni |

}

= Bus < max {|Uzvkr +jUZVk¢
=1,..n

—4

vay,
where vy, corresponds to the complex eigenvector associated with the real (r) and
imaginary (¢) components of the load bus voltages, i.e. vy, and vy,,., for load
bus k. The magnitudes of vy, are ranked in descending order, the largest entries
are then used to identify the candidate load buses for placement of shunt FACTS

controllers.

4.3.2 Placement Examples

The placement results obtained for the two-area and IEEE 50-machines test systems

are summarized, in this section.

Two-area Test System

According to the Hopf bifurcation analysis presented in Section 3.5.2, for the two-
area test system, there is a Hopf bifurcation for the base case when the loading factor
is around 0.08 p.u. The participation factor analysis shows that the dominant state

variables responsible for the Hopf bifurcations are § and w of generator 3 (G3).
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Figure 4.13, in showing the proposed placement index |v2vk| for the two-area
test system, identifies bus 11 as the best location; here, generator buses are not
considered as voltage control is not an issue at these buses. This was confirmed
by modal analysis as summarized in Table 4.5. The PST software tool with SVC
and STATCOM models shown in Figures 2.5 and 2.12 are used. The controller
parameters for the SVC and STATCOM controllers are given in Tables D.2 and
D.4, respectively, in Appendix D. The SVC and STATCOM controllers are arbi-
trarily rated at + 100 Mvar without the supplementary control loop for damping
oscillations; only load buses were considered as possible candidates. In this case,
loadability analysis also fortuitously yields bus 11 as a suitable location for a shunt

FACTS controller to increase the loading margin of the system.

Table 4.5: Critical eigenvalues with SVC and STATCOM at different locations for

two-area test system

Shunt FACTS | |vy, | Critical eigenvalue
Location SVC STATCOM
1 0.1461 | —0.0345 + j3.5836 | —0.0471 + j3.6637
10 0.1240 | —0.0163 + j3.6517 | —0.0352 + ;3.8280
9 0.1094 | —0.0026 + j3.4752 | —0.0150 + ;j3.8101
8 0.0432 | 0.0366 + 33.3674 0.1253 4+ 33.8074

IEEE 50-machine Test System

The proposed placement methodology was also applied to the larger IEEE 50-
machines test system (Case I). The results obtained in Section 3.5.4 indicate a

Hopf bifurcation for the base case at A=0.009 p.u. The dominant state variables
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Figure 4.13: Shunt FACTS controller placement index for two-area test system for

the base case.

associated with the Hopf bifurcation responsible for the oscillations are § and w of

the generator at bus 93.

Figure 4.14 shows the placement index results for this test system. According to
these results, bus 125 is the best location for a shunt FACTS controller to remove
the critical eigenvalues associated with the Hopf bifurcation for the base case. Again
the PST software tool is used to obtain these results with a £ 150 Mvar SVC and
STATCOM controllers; the controller data are given in Appendix D.

In order to verify these results, the first seven candidate locations were tested
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with SVC and STATCOM controllers; the results are given in Table 4.6, which
confirm the placement index. These results were obtained for fixed controller gain
and time constant setting in comparing different locations. However, in this case,
loadability analysis yields bus 107 as the best location for a shunt FACTS controller
to increase the loading margin of the system. Consequently, the best placement for
Hopf bifurcation control or oscillation control may not be the same for improving

the system loading margin.
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Figure 4.14: Shunt FACTS controller placement index for the IEEE 50-machine

test system for the base case.
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Table 4.6: Critical eigenvalues with SVC and STATCOM at different locations for
IEEE 50-machine test system

Bus | |vg, | Critical eigenvalue
x1072 SVC STATCOM

125 | 1.5980 || —0.014 + »6.536 | —0.022 4 76.527
133 | 1.3450 || —0.006 + 76.493 | —0.018 4 76.504
68 | 1.0786 || —0.005 4+ 76.480 | —0.015 4 76.501
123 | 1.0618 || 0.005 4+ 76.481 | —0.004 4+ 76.491
75 | 1.0068 || 0.029 + 76.433 0.020 4 76.448
29 10.9803 | 0.016 4 76.459 0.013 4 76.464
28 10.9736 | 0.016 £ 76.4538 0.013 4 76.464

4.4 Control Input Signal- General Aspects

For both practical and economical reasons, it is preferable to use locally available
control signals. It will be assumed that the combination of remote measurements
and communication will be considered only for the most critical circumstances. It
is proposed to first considered the most effective control signals without regard
to proximity as a useful step before any compromise to minimize the need for

communications.

For the PSS controllers, the typical choice of control input signal is the local

rotor speed deviation.

The analysis of mode observability can be used to select the effective control
signals for the FACTS controller as discussed in [32, 33]. To be able to increase

the damping of the critical modes associated with Hopf bifurcation, the selected
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signals should have significant observability of the critical modes to be damped.
This criterion can be used for selecting the control signals from a range of candidate

output signals available at the FACTS controller location.

A similar concept is applied in this thesis to select the best control input signal
to damp the oscillatory mode associated with Hopf bifurcation. A line quantities
adjacent to the FACTS controller were considered as candidate input signals; typical
choices of these signals are real or reactive power flows or line current in each

adjacent line. The calculation of the mode observability is follows:

In general, a power system can be approximated by the following linear state

equations:

X = AX + BU
(4.4)
Y=CX
where A, B and C are state, input and output matrices, respectively, U is a control

vector and Y is the output vector. Assuming \;= £ 5 is the critical mode which

is creating an oscillation problem, or the eigenvalue of A of interest,
AU,’ = )\,’U,’
w,'TA = /\,’U),’T

If i=j, w;Tv;=1; if 1 # j, w;Tv;=0. Also, v; and w;T are the left and right eigenvec-
tors of A corresponding to the eigenvalue A\;= + j3, and the mode of observability
index Ol is defined as:

oI,

OI,
OI = CU,’ = . (45)

OIm
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moreover,

= Best S’ignal<:l£r11ax {loL|}

where C is the matrix corresponding to the candidate signals and m is the number
of candidate signals. The signal providing the maximum value of OI is considered

the most useful.

Similar to the mode observability matrix, a mode controllability matrix can be
defined as v~!B, which indicates the controllability of the corresponding modes.
The mode controllability matrix could be used to select FACTS controller place-
ments, by analyzing the magnitude of the elements in the mode controllability
matrix. However, this methodology requires extensive computations as compared

to the new methodology proposed in Section 4.3.1.

4.5 Hopf Bifurcation Control for the IEEE 50-

machine Test System

For the IEEE 50-machine system (Case I), PSS, SVC, and STATCOM controllers
were considered for the control of the oscillations associated with Hopf bifurcations.
This system was used to test the proposed placement technique for shunt-FACTS
controller augmented by consideration of the effect of various control input signals
in the transient response of the system. For the stability studies, PST software was
used. A TCSC model was not considered here because it is not supported by the
PST software tool.

All the stability results related to the IEEE 14-bus test system were obtained
with MASS and ETMSP as explained in Section 4.2. MASS does not produce the

outputs needed for the calculation of the proposed placement and control input
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signal techniques. Since, the oscillation in the IEEE 14-bus test system could not
be reproduced by the PST, due to the modeling differences, the above mentioned
techniques were not applied to the IEEE 14-bus test system.

Figure 4.15 shows P-V curves for the base case and two different contingencies
(lines 90-79 and 90-92). Hopf bifurcations can be observed in all the cases. These
P-V curves were obtained for a specific load and generation pattern. All the loads
in the system were increased by a factor of A according to (2.3) and the required
generation was shared among all the generators in proportion to their initial dis-
patches. The current operating conditions are assumed to correspond to a value of
A = 0.002 p.u. The operating load line depicted on Figure 4.15 defines the steady
state points for the base system topology and two contingencies under consider-
ation, assuming that the load is being modeled as a constant impedance in the

transient stability studies.

As can be seen from the P-V curves in Figure 4.15, a Hopf bifurcation is triggered
by a line 90-92 outage. In order to study the system effect of this bifurcation, a time
domain simulation was performed for the corresponding contingency at the given
operating conditions. Thus, Figure 4.16, shows how the Hopf bifurcation leads the

system to an oscillatory unstable condition, as expected.

4.5.1 PSS Controller Aspects

The dominant state variables related to the Hopf bifurcation mode, which are re-
sponsible for the oscillation, were identified through a participation factor analysis.
The state variables of the machines associated with the Hopf bifurcations for the
base case and a line 90-92 outage together with the corresponding participation

factors are shown in Table 4.7.
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Figure 4.16: Oscillations due to a Hopf bifurcation in IEEE 50-machine test system
triggered by line 90-92 outage at A=0.002 p.u.
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111

Table 4.7: Participation factor analysis for the IEEE 50-machine test system

Base Case Line 90-92 outage
State | Bus | P. Factor || State | Bus | P. Factor
w 93 1.0000 ) 104 | 1.0000
0 93 1.0000 w 104 | 1.0000
E', | 93| 03452 | E', | 104 | 0.1715
w 124 | 0.1734 0 111 | 0.2622
0 124 | 0.1728 w 111 | 0.2622
¥, | 93 | 0.1720 121 | 0.1713
w 121 | 0.1206 w 121 | 0.1709

Observe that the line 90-92 outage yields a different critical mode than for the

base case. Thus, in the base case, bus 93 would be chosen as the best candidate for

a PSS; however, this will not help in removing the oscillatory problem triggered by

the line 90-92 contingency, since for the latter bus 104 would be the best location

for a PSS. This is corroborated by time domain analyses where the introduction of

a PSS at generator bus 93 removed the Hopf bifurcation in the base case, but it

did not remove the Hopf bifurcation problem triggered by a line 90-92 outage, as

shown in Figure 4.17. By adding a second PSS at bus 104, the instability generated

by the line 90-92 outage was removed; this is clearly demonstrated by the results

depicted in Figures 4.17 and 4.18.

It is important to mention that for these tests, only certain oscillation modes and

contingencies were considered so that only two of these controllers were introduced.

In practice, PSS’s would be considered for all generators with fast static exciters;

for the given test system it would correspond to 7 generators.
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Figure 4.18: Oscillation damping with PSS’s at bus 93 and 104 for a line 90-92

outage in IEEE 50-machine test system at A=0.002 p.u.



CHAPTER 4. HOPF BIFURCATION CONTROL 114

4.5.2 Test of SVC and STATCOM Placement and Control

SVC and STATCOM controllers were considered to control system oscillations due
to Hopt bifurcations. The control models of SVC and STATCOM with supplemen-
tary control input signals for oscillation damping used here are given in Figures 2.5
and 2.12. The rating of the controllers and the parameters used are similar to the
ones used in the Section 4.3. The placement technique introduced in section 4.3
was used to determine a suitable location of both shunt FACTS controllers con-
sidered in turn. The placement results are listed in Table 4.6; bus 125 emerges as
the best location for a shunt-FACTS controller to control the oscillation associated

with Hopf bifurcation.

Figure 4.19 shows P-V curves for SVC and STATCOM controllers located at bus
125, showing that the Hopf bifurcation can be removed for the base case. Observe
that the loadability margin for the system does not increase significantly because
loadability analyses yield bus 107 as the best location to maximize system load-
ability. Also, a modest var control range is needed. Table 4.8 shows the maximum
loadability margins for different system conditions and controllers under study. No-
tice, the SVC and STATCOM controllers increase system loadability by 136% when

the contingency is applied.

Figure 4.20 shows the eigenvalue plot with SVC and STATCOM controllers at
bus 125, and the corresponding P-V curves for the line 90-92 outage case.

The SVC and STATCOM perform well for the given contingency, even though
the optimal placement in this case should be bus 77 based on the proposed place-
ment technique. The P-V curves show that both the static loading margin and the
dynamic stability margin (margin between the current operating point and the Hopf

bifurcation point) increase when SVC and STATCOM controllers are introduced.
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Table 4.8: Static loading margins for different controllers for the IEEE 50-machine

test system

Controllers Maximum Loading Margin (p.u.)
Base Case | Line 90-92 outage
no controller 0.01059 0.00454
PSS 0.01059 0.00454
SVC at 125 0.01066 0.01059
STATCOM at 125 || 0.01069 0.01066
SVC at 107 0.01069 0.01061
STATCOM at 107 || 0.01078 0.01071

The damping introduced by the SVC and STATCOM controllers with basic
control is lower than that provided by the PSS’s (see Figures 4.17 and 4.20). Hence,
supplementary control signals were introduced to enhance damping, using mode
observability indices to identify the best supplementary control signal as explained
in Section 4.4. Table 4.9 shows the mode observability indices obtained for different
control input signals from the adjacent lines, and that real power (P) flow in line 67-

125 is the best choice. This was confirmed by time domain simulation as illustrated

in Figures 4.21 and 4.22.

The best oscillation damping is obtained with the PSS controller, as expected,
in directly controlling the state variables in the generator, exhibiting the oscilla-
tion. SVC and STATCOM controllers also damping the oscillation associated with
Hopf bifurcation. They also increase the maximum loading margin of the system,
especially in contingency condition. The STATCOM provides better damping than
the SVC, which is to be expected, as this controller is able to transiently modulate
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Table 4.9: Supplementary control input signals for the SVC and STATCOM con-

trollers for the IEEE 50-machine test system

Line | Signal 0Ol Line | Signal 0Ol
I 1.0955 I 0.3269
67-125 P 1.1099 || 121-125 P 0.3319
Q 0.5473 Q 0.0165
I 0.6656 I 0.1090
125-132 P 0.6809 || 122-125 p 0.1123
Q 0.1075 Q 0.0165

active power.

4.6 Summary

Following the preliminary test example, a new technique for the placement of shunt-

FACTS controller is presented together with two examples of application of the

proposed technique to damp the oscillation associated with Hopf bifurcations. A

methodology to select the best control input signal for the shunt-FACTS controllers

is also presented using the Mode Observability Technique. Finally, Hopf bifurcation

control is demonstrated in IEEE 50-machine test system using the PSS, SVC and

STATCOM controllers, including the application of all the proposed techniques.
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Figure 4.21: Oscillation damping with SVC and supplementary control loop for line
a 90-92 outage at A = 0.002 p.u. for the IEEE 50-machine test system.
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Figure 4.22: Oscillation damping with STATCOM and supplementary control loop
for a line 90-92 outage at A = 0.002 p.u. for the IEEE 50-machine test system.



Chapter 5

CONTROLLER
PERFORMANCE AND
INTERACTIONS

5.1 Introduction

Power system controllers play a vital role in improving the dynamic performance
of power systems. For a stable and economic operation of a power system, these
controllers should perform well at different operating conditions associated with
varying load levels, and faults. These controllers are typically introduced and/or
tuned to avoid instabilities in the system [16]. For example, in the case of a Hopf
bifurcation, controllers may be tuned to bring the complex mode associated with
the Hopf bifurcation back to the open left-half plane. However, the tuning process
should be carried out with care, as certain gain values could actually worsen the

situation. Furthermore, in the case of having multiple controller, tuning of one

121
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controller could lead to problems with other controllers located in the same region;

these interactions may enhance or trigger other oscillatory modes in the system

[63].

In this chapter, tuning of PSS, SVC and TCSC controllers and their perfor-
mance, including additional benefits, under a wide range of loading conditions and
faults are studied and discussed using the IEEE 14-bus test system. Possible nega-
tive impact on the system dynamic performance or undesirable interactions among
various types of controllers, as well as the effect that tuning one controller has on

another controller in the same area, are studied and discussed.

5.2 Controller Performance

The effects of controller gain tuning on Hopf bifurcations, as well as the system
overall performance are studied and discussed in this section. The performance of
these controllers under a wide variety of operating conditions that include credi-
ble contingencies is also compared. The eigenvalue analysis and the time domain
simulation results are obtained using the MASS and ETMSP analytical tools, re-
spectively.

Figure 5.1 depicts the IEEE 14-bus test system with PSS, SVC and TCSC
controllers. These controllers are placed at their best locations for controlling Hopf
bifurcation in the system; these locations were chosen based on the maximum
damping on the critical mode associated with the Hopf bifurcation as described
in Chapter 4. In order to compare performance of the controllers in the system,
simulations were first carried out with one controller at a time. The results are

discussed below.
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Figure 5.1: IEEE 14-bus test system with different controllers.
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5.2.1 PSS

The PSS controller gain was varied and the movement of some eigenvalues was
traced at the Hopf bifurcation point for the base case i.e. for load factor A=0.47.
Figure 5.2 shows the locus of these eigenvalues, the electromechanical modes in
particular, for variations in the PSS controller gain Kpgs. It is seen that as Kpgg
is increased, the damping of the critical mode associated with the Hopf bifurca-
tion increases; damping of the electromechanical mode associated with generator
2 decreases after reaching a maximum value; and a complex mode with very low

frequency has crossed the imaginary axis and moved into the right-half plane.

A time domain simulation was carried out to see the effect of the complex mode
on the system dynamic performance for a line 2-4 outage. The system becomes
oscillatory unstable, as shown in Figure 5.3; a participation factor analysis reveals
that the dominant state variables related to this mode are associated with generator

1.

Table 5.1 shows the static and dynamic loading margins with PSS for different
cases. Both margins are the same for all cases i.e. the PSS controller removes the
Hopf bifurcation completely. However, there is no improvement in the static loading

margin of the system when compared with no PSS controller case (see Figures 4.1

and 4.4).

Voltage profiles of some buses 2, 4, 5, 12 and 14 during the transient without and
with the PSS controller for a line 2-4 outage at A = 0.4 are shown in Figures 5.4 and
5.5, respectively. These results were obtained for a PSS controller gain setting that
gives maximum damping on the critical mode associated with the Hopf bifurcation.
Observe that during the transient, the voltages at some buses drop about 11-15%,

before they recover to the steady state values after 24 seconds.
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Table 5.1: Static and dynamic loading margins with PSS

Different Cases | Loading Margins (p.u.)

Static Dynamic
Base Case 0.68 0.68
Line 2-4 Outage || 0.51 0.51
Line 2-3 Outage || 0.25 0.25

5.2.2 SVC

The SVC controller gain was varied to observe the effect on the Hopf bifurcation
and the system overall performance. Figure 5.6 shows the locus of some eigenvalues
with respect to the SVC main controller gain Kgy¢. Most of the electromechanical
modes move to the left as Ksy¢ increases. However, an increase in the SVC sup-
plementary control gain Kagyc creates problems as depicted in Figure 5.7, since a
complex mode associated with the SVC controller itself crosses the imaginary axis
at Kagyc=0.26 with a frequency approximately 11 Hz. The effect of this complex
mode on the system dynamic performance for a line 2-4 outage is shown in Figure
5.8. Tuning the supplementary control gain above 0.26 is problematic as the system

goes oscillatory unstable for the line 2-4 outage as shown in the Figure 5.8.

With appropriate gain settings (bellow the problematic gain), the supplemen-
tary control in the SVC controller can play a vital role in improving the performance
of the SVC. Thus, Table 5.2 shows the dynamic loading margins of the system with
the SVC with and without a supplementary control, for the base and line (2-4
and 2-3) outage cases. It is clear that the dynamic loading margins of the system
are significantly increased (upto the maximum static loading margins; see Figure

4.8) with the introduction of the supplementary control input signal in the SVC
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Figure 5.6: Locus of some eigenvalues vs. SVC gain, at the base case Hopf bifur-

cation point (A=0.47).

controller.

Voltage profiles of some buses 2, 4, 5, 12 and 14 in the system during the

transient generated by a line 2-4 outage are shown in Figure 5.9. Notice that the

SVC controller increases the overall system steady state voltages (2-3%) as well as

allowing the system voltages to recover much faster than in the case of the PSS

controller shown in Figure 5.5. The voltages drop about 5-6 % before they recover

after 12 seconds, during the transient.



CHAPTER 5. CONTROLLER PERFORMANCE AND INTERACTIONS 131

80 T T T T T T T T T

or K 0.27 i
_ a_ . =0.
KaSVC—O.ZG sSvVC

60 - .

(én)
o
T
|

Kasvc: Additional Controller Gain

Imaginary
N
o
I
Il

w
o
T
|

20

T
I

10

KaSVC:O.27

0
-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5
Real

Figure 5.7: Locus of some eigenvalues vs. SVC supplementary control gain, at the

base case Hopf bifurcation (A=0.47).



132

CHAPTER 5. CONTROLLER PERFORMANCE AND INTERACTIONS

59.93

47.94

35.96

23.97

11.99

.18

T 069
0029

T 069
0029

T 069
0029

T 8€T
0029

T 08T

Tsng

Zsng

£sng

97sng

87sng

o
00'8S 0095
T #3SVO ‘uig-dway
(zH) a33dS YOLVH3ANID
00'8S 0095

(zH) a33dS YOLVH3ANID
0085 0095

(zH) a33dS YOLVY3INID
0085 0095

(zH) @33dS YOLVHINIO
0085 0095

(zH) 33dS YOLVH3NIO

TIME IN SECONDS

Generator frequency plot for a line 2-4 outage with SVC for

Figure 5.8:

=0.26 (A=0.47).

IX’GSVC



CHAPTER 5. CONTROLLER PERFORMANCE AND INTERACTIONS 133

mn wn
g g 3 3 ]
- | — - — -
B I
3 [ 3 IR <
a | = 3 s 3
I . T T I I I
[} | O 8 | O o
i I
| 1
] g g g g
— — I — —
0 1o} 1o} ITe) ITe)
S S S S S
— — — I -
o o o 2 2
3 3 3 ~ -
Inl <l‘| N\ :\ “:1\
1% 1% 1) 1) 2]
2 2 2 2 =)
o o @ @ @

1.00
1.00
1.00
1.00
1.00

= = = =) =)
g g [ [ g
g g 8 8 8
Yo} [Te} Yo} [Te} n
2 22 92 922 22-9
zZ ©z ©0=z ©2z OZza40
[} [} [} [} ou
< < < < S
= = = = =g
w w w w w T
[} [} [} [} 0 E
< < < < <3
= = = = s
pr pr 5 o e
o o o o [l
> > > > > 2
1% 1% 1% 1% 2]
L 98 98 9f% g%Eg
a 22 %99a@ 92a Qa9
<] S S IS IS

0.00 11.99 2397 35.96 47.94 59.93
TIME IN SECONDS

Figure 5.9: Voltage profiles for a line 2-4 outage with SVC for Kgyc=400 and

Kasyc=0.06 ()\:04)



CHAPTER 5. CONTROLLER PERFORMANCE AND INTERACTIONS 134

Table 5.2: Dynamic loading margins with SVC

Different Cases Dynamic Loading Margins (p.u.)
no Supp. Control | with Supp. Control
Base Case 0.72 0.82
Line 2-4 Outage 0.57 0.65
Line 2-3 Outage 0.31 0.38
5.2.3 TCSC

The TCSC controller gain Krcsec was varied to observe its effect on the system
critical eigenvalues. Thus, as the gain is increased, the eigenvalue associated with
the Hopf bifurcation at the base case loading conditions moves to the left; however,
a complex mode associated with the TCSC crosses the imaginary axis as shown in

Figure 5.10 for Kresc="7.8.

Static loading margin and dynamic loading margin of the system with the TCSC
controller are given in the Table 5.3. As can be seen from the table the TCSC
increases both stability margins of the system. However, the TCSC controller
could not remove the Hopf bifurcation completely as in the case of PSS and SVC

controllers.

Figure 5.11 shows the voltages profile of some buses 2, 4, 5, 12 and 14 with the
TCSC controller for a line 2-4 outage. These results are comparable to the results
obtained with the SVC controller (Figure 5.9), i.e. voltages at some buses drop
only 5-6% before they recover after 12 seconds. Notice, the overall steady state

voltage improves (1-1.5%) to results in an increase in the static loading margin.
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Table 5.3: Static and dynamic loading margins with TCSC

Different Cases | Loading Margins (p.u.)

Static Dynamic
Base Case 0.74 0.68
Line 2-4 Outage || 0.62 0.55
Line 2-3 Outage | 0.34 0.32

5.2.4 Comparison of Performance

Performance of these controllers with respect to a three-phase fault on line 2-4
and a sudden load change at bus 9 were also studied at the Hopf bifurcation point
associated with the base case loading. Table 5.4 shows the maximum sudden load
increase (SLI) as a percentage of the load at that bus that the system can withstand
at bus 9, which is the 5th weakest bus in the system, before losing stability. This
table also shows the maximum fault clearing time (MFCT) for a three-phase fault
at the middle of the line 2-4 for various controllers. The fault was cleared by
disconnecting line 2-4. The SLI studies were carried out for different load buses,
but only the worst case scenario results are reported here. Table 5.4 indicates that
both the PSS and SVC have a markedly superior performance with regard to SLI
and MFCT.

Static and the dynamic loading margins with various controllers are compared
in Table 5.5 for different outage cases to show that each controller increases the
system dynamic loading margin. Also, the PSS and SVC controllers have removed
the Hopf bifurcation completely up to the tip of the system nose curve in each
case (see Figures 4.4 and 4.7); TCSC controller has increased the dynamic loading
margin by delaying the appearance of the Hopf to a higher loading level (Figure
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Table 5.4: Susceptibility of different controllers

Controller || SLI (%) | MFCT (cycles)

PSS 110 18
SVC 110 15
TCSC 25 3

4.10). SVC and TCSC controllers have also increased the static loading margin
of the system. On the other hand, the PSS controller increases only the dynamic

stability margins but has no effect on static loading margins.

Table 5.5: Dynamic and static loading margins with and without controllers

Base | Line 2-4 | Line 2-3

Case | Outage | Outage
No cont. || 0.47 0.35 0.14
PSS 0.68 0.51 0.25
DLM SVC 0.82 0.65 0.38
p.u TCSC 0.68 0.55 0.32
No cont. || 0.68 0.51 0.25
PSS 0.68 0.51 0.25
SLM SVC 0.82 0.65 0.38
p.u. TCSC 0.74 0.62 0.34

The most effective damping was observed with a PSS; however, the SVC and
TCSC controllers not only increased the dynamic loading margins but also the

static loading margins, thus yielding a better voltage profile during post fault tran-
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sients and improving overall steady state voltage profiles. Dynamic loading margin
greatly improved with a supplementary SVC control loop. The PSS and SVC con-
trollers show less susceptibility to sudden load increase and three phase faults. In
evaluating the combined implication of Tables 5.4 and 5.5, SVC controller shows
the best overall performance potential for oscillation control. However, a cost ben-
efit analysis for specific application has to be carried out to justify the economical
viability, along with the typical need for an SVC, for example, for voltage control,

before any firm conclusions can be drawn.

5.3 Controller Interactions

Following the account of the individual controller performance in Section 5.2, this
section is concerned with the interactions between the different controllers operat-
ing simultaneously. Comparison is made between the amount of damping produced
by each controller individually with the case with another controller present. Sen-

sitivity to gains is also explored.

After arriving at gain settings of a PSS controller acting alone using root locus
techniques to improve damping of one electromechanical mode an example of ad-

verse interactions would be the degradation the damping of another mode being

controlled by a FACTS controller.

It is not feasible by using root locus analysis alone to determine the reason
for this interactions, as pointed out in [35]. Some sensitivity based techniques
are proposed in [63] to study this problem. It is beyond the scope of this thesis
which is confined to revealing potential interactions, including the interaction when

controller gains are individually tuned.
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5.3.1 PSS with SVC

Figure 5.12 shows some eigenvalues of the system for the PSS alone, SVC alone and
both combined. In latter case, damping on some of the modes is reduced, especially

on three electromechanical modes.

The effect of tuning the PSS controller gain Kpgs on the system was studied
using the preferred SVC gain obtained in Section 5.2 for maximum damping on
the critical mode. An increase in PSS controller gain above 80 p.u. results in the
complex mode associated with generator 1 crossing to the right-half plane, as shown

in Figure 5.13.

A time domain simulation for line 2-4 outage for the same critical gain Kpgs=80,
is shown in Figure 5.14, illustrating how is the system becomes oscillatory unsta-
ble. It is noteworthy that the introduction of the SVC in fact has the benefit of
increasing the tunable range of the PSS controller which produced a mode crossing
at Kpss=61 when operating alone. Consequently, the interaction between the PSS

and SVC, appears not to be problematical, in this test scenario.

The next scenario is concerned with tuning with SVC beyond the needs of
damping to include the supplementary SVC control loop for mitigation of Hopf bi-
furcation. Tuning of the main controller gain was free of problems, but tuning the
supplementary control gain led to a complex mode cross the imaginary axis. This
is comparable to Section 5.2.2 (Figures 5.7 and 5.8), but now the system becomes
unstable at Kagy¢=0.20 rather than 0.26. In turn retuning the PSS controller gain
redresses the problem by eliminating the Hopf bifurcation as illustrated in Figure
5.15. While iterative tuning between the controller for optimum combined, interac-
tive performance has not been thoroughly studied for this thesis, the described test

example indicates the potential for mutually enhancing tuning between multiple
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controllers.

5.3.2 PSS with TCSC

Figure 5.16 shows some eigenvalues of the system with the PSS alone, TCSC alone
and both controllers combined at the base case for Hopf bifurcation point. The
introduction of the TCSC to supplement the PSS increases damping to the elec-
tromechanical modes with the exception of that associated with generator 1 (bottom

right-hand corner of Figure 5.16).

In order to observe the movement of some eigenvalues of the system with these
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two controllers, the PSS controller gain was first varied. Figure 5.17, in showing
the locus of some eigenvalues of the system for variations in Kpgg reveals that the
complex mode associated to generator 1 crosses the imaginary axis for Kpgg=45.
Hence, the introduction of the TCSC has reduced the tunable range of the PSS gain,
which is clearly an example of a negative interaction among controllers contrary to

the comparable case in Section 5.3.1.

Figures 5.18 and 5.19 show the oscillation in frequency for a line 2-4 outage for
a PSS gain setting of Kpgs=45 with tuned TCSC, and Tuned PSS and TCSC con-
trollers, respectively. Figure 5.18 confirms the mode crossing at K,,,=45, whereas
Figure 5.19 illustrates that PSS and TCSC controllers can be further tuned to avoid

the oscillations due to a Hopf bifurcation.

When TCSC gain was varied independently for a given PSS tuning, non of the
electromechanical modes were affected; however, a complex mode associated with
the TCSC controller itself crosses the imaginary axis at Kpcge=7.8. The result
in this case is similar to the one shown in Figure 5.10. This implies a threshold

maximum TCSC gain which may be limiting on other performance objectives of

the TCSC.

5.3.3 TCSC with SVC

Interactions studies were also performed with combined SVC and TCSC controllers.
When considered independently, both controllers were intended to improve the
damping of one particular electromechanical mode associated with generator 3.
As depicted in Figure 5.20, the combination action degrades the damping of the

electromechanical mode compared to each acting individually.

Figure 5.21 shows the movement of some eigenvalues with respect to the sup-
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plementary control gain Kagyc. Of concern is that in electromechanical modes
associated with the synchronous compensator located at bus 8 crosses the imagi-
nary axis yielding a Hopf bifurcation, while the mode associated with generator 3
moves to the left side. In all other cases, variations in the Kagsy¢ lead to a complex
mode associated with the controller itself crossing the imaginary axis, which can
be viewed as a negative interaction between the SVC and TCSC controllers. To
further expose the interaction, Figure 5.22 shows the time domain simulation cor-
responding to the same controller gain settings. It confirms that system becomes

oscillatory unstable.

Contrary to the previous performance degradation, test were performed to de-
termine more appropriate gain settings, for combined performance. Of these, using
the most effective settings, the frequency plot in Figure 5.23 shows that the oscil-

lations due to Hopf bifurcation have been avoided.

Tuning of the SVC main controller gain Kgy¢ and the TCSC controller gain
Kr1ese did not produce interactive problems. The electromechanical modes are less

sensitive to these gains, TCSC controller gain in particular.

5.3.4 PSS, SVC and TCSC combined

Finally, interaction studies were performed with all the controllers i.e. PSS, SVC

and TCSC.

Figure 5.24, shows some eigenvalues of the system with PSS alone, SVC alone,
TCSC alone and all combined, at the base case Hopf bifurcation point. Observe
that damping on all the electromechanical modes are increased with the exception

of that associated with the generator 1, bottom right hand corner of Figure 5.24.

The effect of tuning the PSS controller gain Kpgs on the system was studied
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Figure 5.25: Locus of some critical eigenvalues of the system with tuned SVC and

TCSC vs. PSS controller gain Kpss (A=0.47).

using the preferred gain settings of SVC and TCSC obtained in Section 5.2. An
increase in the PSS controller gain above 25 p.u. results in the complex mode
associated with generator 1 crossing to the right-half plane as shown in Figure
5.25. Recall that the tunable ranges of the PSS controller are 0-80 p.u. with tuned
SVC and 0-45 with the tuned TCSC. This means that the tunable range of the PSS
controller gain is reduced significantly when SVC and TCSC controllers are present

in the system. This is clearly a case of negative interactions.



CHAPTER 5. CONTROLLER PERFORMANCE AND INTERACTIONS 157

Tuning of the SVC and TCSC main controller gains was free from problems,
but tuning of the supplementary control gain of SVC led a complex mode (elec-
tromechanical mode of generator 2) to cross the imaginary axis as shown in Figure
5.26. This is similar to the result given in Section 5.3.3, but here a different mode
becomes critical as the gain is varied. Results given in Figures 5.25 and 5.26 were
confirmed by time domain simulations. Nevertheless by retuning the PSS and the
SVC supplementary control gain oscillation associated with Hopf bifurcation can
be removed as shown in Figure 5.27 Observe, the overall best damping and low

amplitude oscillation in this case.

5.3.5 Comparison of Controller Combination

For each of the controller combinations presented in Section 5.3 it is evident, as
intuitively would be expected, that the most effective settings of each controller
to separately control electromechanical modes may be inappropriate for combined
operation. When all the controllers operate together, interaction does not produce
degradation of stability performance with the exception of some limitation on the
gain of the PSS and some additional sensitivity to the SVC supplementary control
gain. In comparison, the other test cases in which the controllers operate in pairs,
is indicative of the performance with an outage of one controller. For the specific
circumstances of the test system in the context of Hopf bifurcations control, the

combined controllers appear to be robust to a controller outage.

A number of remedial options can be considered. The most theoretically com-
prehensive while being the most difficult to implement practically would be an
overall centralized control system with communication of control variables between

the various PSS and FACTS locations. A simple alternative, as explored in prelim-
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inary form in Section 5.3 is to reveal problematical mode through system analysis
and simulation, as described, and then to select modified control settings to avoid
unacceptable (interactive) instability modes. This may well result in some depre-
dation of other control performance objectives. Should no compromise solution be

found, it would be indicative of a inadmissible planning case for FACTS location.

A solution to problematical interaction was found, in each of four combinations
of controllers in Section 5.3, through re-adjustment of individually optimized control
gains. However, since this can not be extrapolated to the performance of other and
large systems in general the research presented here is principally confined to the

methodology for defining and revealing interactions.

It is also clear from the presented results that the interaction in certain cases
can be beneficial. Without the results having generality for all combinations of
controllers for any power system, the specific test cases showed that the best per-
formance, in term of the highest damping and lowest amplitude of an oscillation
due to Hopf bifurcation was achieved by PSS, SVC and TCSC combined, followed
by the SVC and TCSC combination. In considering either SVC or TCSC combined
with a commonly applied PSS controllers, the SVC was more effective than the
TCSC.

5.4 Summary

Following illustration of performance of various power system controllers to the
variation in their respective gains, the interactions of FACTS controller with power
system stabilizer and among FACTS controllers are presented in the IEEE 14-bus

test system.



Chapter 6

CONCLUSIONS

6.1 Concluding Observations

This thesis has presented the study of oscillatory problems in power systems using
Hopf bifurcation theory; indices have been proposed to detect and predict these
problems. The use of PSS and FACTS controllers to control them has been de-
scribed. Further to observations made in individual chapter, the following conclu-

sions are made:

(1) The two proposed indices to detect and predict Hopf bifurcation show a smooth
and predictable (linear) behavior with respect to load changes, making them
adequate for predicting proximity of the system operation to Hopf bifurcation
(oscillation problems). HBI, index has a significant computational advan-
tages that makes it suitable for on-line applications. It is also shown that the
proposed indices can be readily applied to any nonlinear system for detecting

and predicting Hopf and saddle-node bifurcations.

161
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(i1) The effect of system limits on the linearity of indices has been analyzed as
well, demonstrating the sensitivity of the indices with respect to the loading
factor can be used to offset limit induced nonlinearity. By this means, an

alternative pair of linearized indices has been introduced.

(iii) The effect of contingencies and load modeling on Hopf bifurcations through
the computation of dynamic stability margins is also discussed in this thesis.
It is shown that constant P(Q load models yield the lowest dynamic load-
ing margins, followed by constant current and then constant impedance load

models, as expected.

(iv) The direct association between electromechanical oscillations and Hopf bi-
furcation has been demonstrated and Hopf bifurcation theory has used to
develop analysis techniques. Valuable information such as critical loading
levels at which the system may become vulnerable to an oscillatory problem,
as well as the initial frequency of the oscillations, can be obtained by applying

this theory.

(v) The oscillation problems associated with Hopf bifurcations, typically triggered
in practice by line outages, can be controlled by the use of PSS controllers on
generators or FACTS controllers on the transmission system. A new shunt
FACTS controller placement technique is proposed, so that users can effec-
tively identify and rank suitable locations for the purpose of controlling os-
cillations associated with Hopf bifurcations. It is also shown that the best
locations to place FACTS controller for oscillation damping is not necessarily

the same as the locations obtained through voltage stability analysis.

(vi) While FACTS placement is typically aimed at increasing such primary objec-

tives as voltage control and system power transmission capability, the place-
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ment for oscillation control can be considered as a useful part of an overall

FACTS planning study.

(vii) This thesis demonstrates that SVC, TCSC and STATCOM controllers, ap-
propriately tuned and located make them a viable alternative to the tra-
ditional PSS controller or to enhance PSS controller for oscillation control.
The latter is especially true considering the significant improvements to both
dynamic and static loading margins, which are reflected in better voltage
profiles throughout the system during contingencies, compared to PSS con-
trollers alone. However, an overall cost benefit analysis would be necessary
for a specific application for oscillation control combined with other appli-
cation aspects, given their relatively high costs of FACTS controllers when

compared to PSS controllers.

(viii) It has been shown in the test cases that tuning of the various controller gains
have to be carried out judiciously. A control gain that may be acceptable for,
for example, voltage control at a local bus may have a negative effect on
system wide oscillations. It can be further concluded that it may well be
relevant to explore such dynamic interaction using the proposed indices and
methodology, even if a FACTS controller is located to meet other planning
objectives. In this case, the concern would not be primarily to enhance the
system dynamic but to ensure, at least, that the FACTS controller would not

introduce dynamic problems.

(ix) Chapter 5 explored the interaction of FACTS controllers in the context of os-
cillation induced by Hopf bifurcations, system loading and oscillation damp-
ing. Without re-iterating the observations made in section 5.4, it has been

shown that the methodology presented in the previous chapter is applicable
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to investigating FACTS interactions.

The test cases, by definition can not be considered to provide results general
to all power systems. They do indicate that interaction may be both beneficial
and unacceptable based on individual control settings established in isolation.
Interaction may be sufficient to produce Hopf bifurcation and consequential

instability where a controller used alone and tuned accordingly would be

stable.

6.2 Main Contributions

The major contributions of this thesis can be summarized as follows:

e Hopf bifurcation prediction:

1. Development of two indices to predict and detect Hopf bifurcations in
power systems, including a methodology to linearize these indices. One

of these indices may be used as an on-line index.

2. Influence of the non-linear static load models on Hopf bifurcation points

and associated oscillations in a power system.

¢ Hopf bifurcation control:

1. Development of a methodology for the placement of shunt-connected

FACTS controllers to control Hopf bifurcations in power systems.

2. Hopft bifurcation control using PSS, SVC, TCSC and STATCOM con-
trollers in power systems, including the implementation of a detailed

STATCOM model in a commercial software package (PST).
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e Controllers performance and interactions:

1. Exploration of additional benefits of these controllers under wide variety

of operating conditions.

2. Exploration of undesirable controller interactions on power system per-

formance.

This thesis has resulted in a number of papers published and under review

31, 48, 58, 64, 65, 66].

6.3 Future Directions

There are a number of issues that are still to be addressed in the area of Hopf

bifurcation prediction, control and controller interactions:

1. Thus, the effect of dynamic and other nonlinear static load models (other
than the “standard” ones) on Hopf bifurcation points of a power system can

be studies by using the proposed indices.

2. The methodology for Hopf bifurcation control can be extended to other types
of FACTS controllers, such as SSSC and UPFC, including placement tech-
niques for series and other FACTS controllers, by extending the placement

technique proposed in this thesis for shunt-FACTS controllers.

3. Another area of study is the coordination of FACTS planning studies for
both power/voltage control and for dynamic control. In this case, various
control objectives of these controllers can be combined for the best location
and performance, not only for oscillation control, but also to increase the

overall system loadability.
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4. Due to the expensive nature of FACTS controllers, a thorough cost-benefit
analysis has to be carried out to justify the economic viability of these con-
trollers by translating various benefits of the use of the controllers on system
performance (e.g. static and dynamic loading margins increase, improved
voltage profiles) in financial terms. This would be a very useful contribution,

especially in the framework of open electricity markets.

5. There 1s a need for more research in coordinating the controls of multiple
FACTS devices, not only to avoid undesirable interactions, but also to pro-
vide composite enhanced performance. Studies should be carried out to un-
derstand the reasons for different types of interactions. Furthermore, sensitiv-
ity analysis of eigenvalues with respect to controller’s gain should be carried
out to identify the range of the controller gains in which the gains become

problematic.
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THREE-BUS TEST SYSTEM

A.1 Static and Dynamic Data

% Three-bus test system

% detailed generator,exciter and governor
% bus data format

% bus:

% coll number

% col2 voltage magnitude(pu)
% col3 voltage angle(degree)
% col4 p_gen(pu)

% col5 gq_gen(pu)

% col6 p_load(pu)

% col7 q_load(pu)

% col8 G shunt(pu)

% col9 B shunt(pu)

% collO bus_type

% bus_type - 1, swing bus
% - 2, generator bus (PV bus)
% - 3, load bus (PQ bus)

% colll q_gen_max(pu)
% coll2 q_gen_min(pu)

% the voltage on bus 2 is adjusted for zero Q at machine 1
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bus = [ 1 1.05 0.0 4 1.5 0.0 0.0 0.0 0.0 2 10 -2;
21 0.0 5 1.5 0.0 0.0 0.0 0.0 1 999 -999;
31.0 0 0 0 9 3 0.0 0.0 3 0 0];

% line data format
% line: from bus, to bus, resistance(pu), reactance(pu),

% line charging(pu), tap ratio, phase shifter angle

line = [1 3 0.0 0.05 0. 1.0 0.0;
2 3 0.0 0.03999 0. 1.0 0.0;
2 3 0.0 0.03999 0. 1.0 0.0];

% Machine data format

% machine: 1. machine number

% 2. bus number

% 3. base mva

% 4. leakage reactance x_1(pu)

% 5. resistance r_a(pu)

% 6. d-axis sychronous reactance x_d(pu)

% 7. d-axis transient reactance x’_d(pu)

% 8. d-axis subtransient reactance x"_d(pu)
% 9. d-axis open-circuit time constant T’_do(sec)
% 10. d-axis open-circuit subtransient time
% constant T"_do(sec)

% 11. gq-axis sychronous reactance x_q(pu)

% 12. g-axis transient reactance x’_q(pu)

% 13. gq-axis subtransient reactance x"_q(pu)
% 14. gq-axis open-circuit time constant T’_qo(sec)
% 15. g-axis open circuit subtransient time
% constant T"_qo(sec)

% 16. inertia constant H(sec)

% 17. damping coefficient d_o(pu)

% 18. damping coefficient d_1(pu)

% 19. bus number

% 20. $(1.0) - saturation factor

% 21. S(1.2) - saturation factor

mac_con = [...

1 1 555.5 0.16 0 1.81 0.300 0.217 7.8 0.022 ...

168



APPENDIX A. THREE-BUS TEST SYSTEM

2 2 700.0

1.76 0.610 0.217 0.9 0.074 ...
3.53 1.0 0 1 0.0959
0.16 0 1.81 0.300 0.217 7.8 0.022 ...
1.76 0.610 0.217 0.9 0.074 ...
3.53 1.0 0 2 0.0959

%Exciter data format

%Exciter:

1.

-
(=]

11.

© 0 N O s W N

Exciter

Machine

Voltage
Voltage
Tb
Tc
Maximum

Minimum

c O © ©
c O © ©

type 7 for AC4a

number

Rc compensation resistance
Xc compensation reactance

Transuducer time constant

regulator gain Kg

regulator time constant Ta

voltage regulator output Vmax

voltage regulator output Vmin

100 0.01 0.0 0.0 6.43
0 0 0 0 0
100 0.01 0.0 0.0 6.43
0 0 0 0 0

% Hydraulic turbine governor data format

hgt_con =

1 .04 0.45.00.0565.00.2
2 .04 0.45.00.055.00.2

13

pss_con

svc_con =

L

[1; gsib_idx

[1; tcsc_con = []; 1lmod_con=

.16 -.16 0 500 1.41 O.

.16 -.16 0 1000 1.41 O.

[1]; geib_idx

0.3477;
0.3477];

-6.0 0.0 999
0 0 0
-6.0 0.0 999
0 0 0
16 0.94 1;

16 0.94 1;

= []; load_con = [];

[1; rlmod_con = []; tgt_con

[1;

-999 ...

0

-999 ...

0
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TWO-AREA TEST SYSTEM

B.1 Static and Dynamic Data

% Two-area system [1]
% 100 MVA base
% Reference P. Kundur ’Power System Stability and Control’,

% McGraw-Hill Inc.,New York, 1993

% The following bus solution is within one iteration of the actual
% 1 2 3 4 5 6 7 8

% bus volt angle p-gen q_gen p_load q_load G_shunt

% 9 10 11 12 13 14 15

% B_shunt type g_max q_min v_rate v_max v_min

bus = [
1 1.0300 26.8490 7.0000 1.7919 O 0 0.00 0.00 2 5.0 -5.0 20.0 1.1 .9;
2 1.0100 17.0998 7.0000 2.2026 0.00 0.00 0.00 0.00 2 5.0 -2.0 20.0 1.1 .9;
3 1.0300 0.0 7.1850 1.6898 0.00 0.00 0.00 0.00 1 9.0 -9.0 20.0 1.1 .9;
4 1.0100 -10.1588 7.0000 1.8521 0.00 0.00 0.00 0.00 2 5.0 -2.0 20.0 1.1 .9;
5 1.0074 20.3799 0.00 0.00 0.00 0.00 0.00 0.00 3 0.00 0.0 230 1.5 .5;
6 0.9804 10.3201 0.00 0.00 0.00 0.00 0.00 0.00 3 0.00 0.0 230 1.5 .5;
7 0.9652 1.9560 0.00 2.00 9.67 1.00 0.00 0.00 3 0.00 0.0 230 1.5 .5;
8 0.9536 -11.7915 0.00 0.00 0.00 0.00 0.00 0.00 3 0.00 0.0 230 1.5 .5;
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9 0.9763 -25.2580 0.00 3.50 17.67 1.00 0.00 0.00 3 0.00 0.0 230 1.5 .5;

10 0.9862 -16.8988 0.00 0.00 0.00 0.00 0.00 0.00 3 0.00 0.0 230 1.5 .5;

11

1

.0093

-6.6276 0.00 0.00 0.00 0.00 0.00 0.00 3 0.00 0.0 230 1.5 .5];

% line data format

% line: from bus, to bus, resistance(pu), reactance(pu),

%

line charging(pu), tap ratio, tap phase, tapmax, tapmin, tapsize

line = [...

1

W W o o ~N O o u

B W 0 N NN a
=
o

10
10 11

statcom_data=[9

.0
.0025

.001
.011
.011
.011
.011
.001

0
0
0
0
0
0
0
0
0
0
0.0025
0

.0

0.0167 0.00 000 0 0
0.025 0.04375 0 0 0 0 O;
0.0167 0.00 000 0 0
0.01 0.0175 0 0 0 0 O;
0.110 0.1925 0 0 0 O O3
0.110 0.1925 0 0 0 O O3
0.110 0.1925 0 0 0 O O;
0.110 0.1925 0 0 0 O O;
0.01 0.0175 0 0 0 0 O;
0.0167 0.00 000 0 0
0.025 0.04375 0 0 0 O O;
0.0167 0.00 0000 0];

12 0 0.145 0 1.0 0 0.0017 2.0 100 1.0 1.0 1.10 1.0 0.9]1;%

%Initial Values for STATCOM variables

%col
%col
%col
%col
%col
%col
%col
%col

1
2
3

Vsat
Delta
Vdc
Alpha
I
Theta
Psat

Qsat

Volatge at the statcom terminal
Angle at the statcom terminal (rad)
Voltage at the dc bus

Angle at the inverter terminal (rad)
Statcom current (should not be zero)
Statcom current phase Angle (rad)
Statcom Real Power (pu)

Statcom Reactive power (pu)

Xsat=[1.000 -0.369 1.3400 -0.370 1.500 1.199 0.003 -1.607];

YMachine data

mac_con

=[...
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11 900 0.200 0.0025 1.8 0.30 0.25 8.00 0.03...
1.7 0.55 0.25 0.4 0.05...
6.5 2 0 3 0.0377 0.1821;

2 2 900 0.200 0.0025 1.8 0.30 0.25 8.00 0.03...
1.7 0.55 0.25 0.4 0.05...
6.5 2 0 3 0.0377 0.1821;

3 3 900 0.200 0.0025 1.8 0.30 0.25 8.00 0.03...
1.7 0.55 0.25 0.4 0.05...
6.175 2 0 3 0.0377 0.1821;

4 4 900 0.200 0.0025 1.8 0.30 0.25 8.00 0.03...
1.7 0.55 0.25 0.4 0.05...

6.175 2 0 3 0.0377 0.1821];

[]

]

2]

1

2]

[

=]
n

—

7 1 0.0 0.0 0.0 100 0.01 0.0 0.0 6.43 -6.0 0.0 999 -999 ...
0 0 0 0 0 0 0 0 0 0 0 0 0 0 ;

w7 2 0.0 0.0 0.0 100 0.01 0.0 0.0 6.43 -6.0 0.0 999 -999 ...
%0 0 0 0 0 0 0 0 0 0 0 0 0 0 ;

7 3 0.0 0.0 0.0 100 0.01 0.0 0.0 6.43 -6.0 0.0 999 -999 ...
0 0 0 0 0 0 0 0 0 0 0 0 0 0

7 4 0.0 0.0 0.0 100 0.01 0.0 0.0 6.43 -6.0 0.0 999 -999 ...
0 0 0 0 0 0 0 0 0 0 0 0 0 0 ;

1;

tg_con = [...

1 1 1 25.0 1.0 0.1 0.5 0.0 1.25 5.0;
1 2 1 25.0 1.0 0.1 0.5 0.0 1.25 5.0;
%1 3 1 25.0 1.0 0.1 0.5 0.0 1.25 5.0;
1 4 1 25.0 1.0 0.1 0.5 0.01.25 5.0

Imon_con = [2 3 4 5]7;

% STATCOM data

% coll statcom number
% col2 Bus number

% col3 Mmax

% col4 Mmin

% col5 Mo

% col6é k(first loop)
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% col7

% col8

% col9

% coll0
% colll
% coll2
% coll3
% coll4d
% collb
% coll6
% coll7
% coll8
% coll9
% c0l20

statcom_con =

kD (first loop)
T1

T2
Kmac
Tmac
vref
Almax
Almin
Alo
kI

kP
kmdc
Tmdc

vdcref

[1 9 1.69 1.56 1.63 100 10 0.05 0.01
1.0 pi -pi -0.32 10 100 10.0 0.01

load_con = [11 0 0 0 0];

svc_con = [
11 100 2
1;

pss_con = []1;
hgt_con = []1;
tgt_con = [];

Imod_con = [];

-2 100 0.02 0.05 0.01 0.2;

rlmod_con = [];

uel_con=[];
gsib_idx = [1;
geib_idx = [];
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IEEE 14-BUS TEST SYSTEM

C.1 Static and Dynamic Data

HDG
IEEE 14 BUS SYSTEM
EPRI DATA FORMAT
NOVEMBER 2001

BAS

C

C AC Buses

C

C 1 2 3 4 5 6 7 8
C 345678901234567890123456789012345678901234567890123456789012345678901234567890
C | SHUNT |

C |Ow|Hame |IKV |Z|PL |QL |MW |MVA|PM |P QM [Qm [Vpu|Vm |Name IRV |Q
BQ BUS_1 69.0IE.0000.0000.000.0009999232.6990.0 -9891060 0 0.0
BQ BUS_2 69.0IE21.7012.70.000.000999940.0050.00-40.01045 0 0.0
BQ BUS_3 69.0IE94.2019.00.000.0009999.000040.00.00001010 0 0.0
B BUS_4 69.0IE47.804.000.000.000.000.0000.0000.0000 0 0 0.0
B BUS_5 69.0IE7.6001.600.000.000.000.0000.0000.0000 0 0 0.0
BQ BUS_6 13.8IE11.207.500.000.0009999.000024.00-6.001070 0 0.0
B BUS_7 13.8IE.0000.0000.000.000.000.0000.0000.0000 0 0 0.0
BQ BUS_8 18.0IE.0000.0000.000.0009999.000024.00-6.001090 0 0.0
B BUS_9 13.8IE29.5016.60.000.000.000.0000.0000.0000 0 0 0.0
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BUS_10 13.8IE9.0005.800.000.000.000.0000.0000.0000 O 0 0.0
BUS_11 13.8IE3.5001.800.000.000.000.0000.0000.0000 O 0 0.0
BUS_12 13.8IE6.1001.600.000.000.000.0000.0000.0000 O 0 0.0
BUS_13 13.8IE13.505.800.000.000.000.0000.0000.0000 O 0 0.0
BUS_14 13.8IE14.905.000.000.000.000.0000.0000.0000 O 0 0.0

AC Lines
1 2 3 4 5 6 7 8

345678901234567890123456789012345678901234567890123456789012345678901234567890
M CS
|Own|Name_1 |KV1||Name_2 [KV2[[|[In [| R | X | G/2 | B/2 |Mil]|
BUS_1 69.01BUS_2 69.011.0001.01938.05917.00000.02640
BUS_1 69.01BUS_5 69.011.0001.05403.22304.00000.02460
BUS_2 69.01BUS_3 69.011.0001.04699.19797.00000.02190
BUS_2 69.01BUS_4 69.011.0001.05811.17632.00000.01870
BUS_2 69.01BUS_5 69.011.0001.05695.17388.00000.01700
BUS_3 69.01BUS_4 69.011.0001.06701.17103.00000.01730
BUS_4 69.01BUS_5 69.011.0001.01335.04211.00000.00640
BUS_6 13.81BUS_11 13.811.0001.09498.19890.00000.00000
BUS_6 13.81BUS_12 13.811.0001.12291.25581.00000.00000
BUS_6 13.81BUS_13 13.811.0001.06615.13027.00000.00000
BUS_7 13.81BUS_8 18.011.0001.00000.17615.00000.00000
BUS_7 13.81BUS_9 13.811.0001.00000.11001.00000.00000
BUS_9 13.81BUS_10 13.811.0001.03181.08450.00000.00000
BUS_9 13.81BUS_14 13.811.0001.12711.27038.00000.00000
BUS_10 13.81BUS_11 13.811.0001.08205.19207.00000.00000
BUS_12 13.81BUS_13 13.811.0001.22092.19988.00000.00000
BUS_13 13.81BUS_14 13.811.0001.17093.34802.00000.00000

Transformers

1 2 3 4 5 6 7 8
345678901234567890123456789012345678901234567890123456789012345678901234567890
M CS
|0w|Name_1 |KV1||Name_2 |KV2||[Sn | R | X | G | B |Tapl|Tap2|
BUS_4 69.01BUS_7 13.811.0001.00000.20912.00000.0000067.4813.80
BUS_4 69.01BUS_9 13.811.0001.00000.55618.00000.0000066.8613.80

H A A 0 o o @ o @ ¢ - -2 """ - " - e e e Q 0 QW wow o wow

BUS_5 69.01BUS_6 13.811.0001.00000.25202.00000.0000064.3113.80
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C 345678901234567890123456789012345678901234567890123456789012345678901234567890

C |Iter| |Slack |[KV | |Ang | |#

A TEEE14 BUS_2 69.0 0.00 IE

ZZ

SOL1 20 BUS_1 69.0 0.0000 1.1000 1 1.00
END

% DYNAMIC DATA IN PSAPAC FORMAT
DESC
CASE ID
EDATA
DGEN
BUS_1 69.0 1 100. 100.
0 0 1 1 0 0 0 0 0 0 0 0
0.00000 0.89800 0.64600 0.23900 0.29950 0.64600 0.00000 0.00000
7.40000 0.00000 0.00000 0.00000
5.14797 2.00000 0.00000 615.000 1.00000 60.00000
BUS_1 69.0 1 1 1
200.00000 0.02000 1.00000 0.00010 0.00000 0.00000 0.00000 0.00000
0.01000 1.00000 0.00000 0.00000 7.32000 0.00000 0.00000 0.00000
0.00000 0.00000 0.00000 0.00000 20.00000 0.05000 1.00000 1.98000
BUS_1 69.0 0
20.00000 10.00000 0.30000 0.01000 0.40000 0.02000 0.00000 0.00000
0.00000 0.00000 0.00000 0.0000
BUS_2 69.0 1 100. 100.
0 0 1 0 0 0 0 0 0 0 0 0
0.00310 1.05000 0.98000 0.00000 0.18500 0.36000 0.00000 0.00000
6.60000 0.00000 0.00000 0.00000
6.54167 2.00000 0.00000 60.000 1.00000 60.00000
BUS_2 69.0 1 1 1
20.00000 0.05000 1.00000 1.98000 0.00160 1.71280 0.00000 0.00000
0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
0.00000 0.00000 0.00000 0.00000 20.00000 0.05000 1.00000 1.98000
BUS_3 69.0 1 0.00 100.
0 0 1 0 0 0 0 0 0 0 0 0
0.00310 1.05000 0.98000 0.00000 0.18500 0.36000 0.00000 0.00000
6.60000 0.00000 0.00000 0.00000
7.73333 1.00000 0.00000 60.000 1.00000 60.00000
BUS_3 69.0 1 1 1
20.00000 0.05000 1.00000 1.98000 0.00160 1.71280 0.00000 0.00000
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0.00000 0.00000 0.00000 0.00000 4.38000 0.00000 0.00000 0.00000
0.00000 0.00000 0.00000 0.00000 20.00000 0.05000 1.00000 0.70000
BUS_6 13.8 1 0.00 100.
0 0 1 0 0 0 0 0 0 0 0 0
0.00140 1.25000 1.22000 0.13000 0.23200 0.71500 0.00000 0.00000
4.75000 1.50000 0.00000 0.00000
5.02000 2.00000 0.00000 25.000 1.00000 60.00000
BUS_6 13.8 1 1 1
20.00000 0.05000 1.00000 0.70000 0.03920 0.88070 0.00000 0.00000
0.00000 0.00000 0.00000 0.00000 6.81200 1.39500 0.00000 0.00000
0.00000 0.00000 0.00000 0.00000 20.00000 0.05000 1.00000 0.70000
BUS_8 18.0 1 0.00 100.
0 0 1 0 0 0 0 0 0 0 0 0
0.00140 1.25000 1.22000 0.13000 0.23200 0.71500 0.00000 0.00000
4.75000 1.50000 0.00000 0.00000
5.01600 2.00000 0.00000 25.000 1.00000 60.00000
BUS_8 18.0 1 1 1
20.00000 0.05000 1.00000 0.70000 0.03920 0.88070 0.00000 0.00000
0.00000 0.00000 0.00000 0.00000 6.81200 1.39500 0.00000 0.00000
0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000

EDATA

NLBS

BUS_10 13.8 0 0 100 100 0 0 0 0 0 0 0 0 0
BUS_11 13.8 0 0 100 100 0 0 0 0 0 0 0 0 0
BUS_12 13.8 0 0 100 100 0 0 0 0 0 0 0 0 0
BUS_13 13.8 0 0 100 100 0 0 0 0 0 0 0 0 0
BUS_14 13.8 0 0 100 100 0 0 0 0 0 0 0 0 0
BUS_2 69.0 0 0 100 100 0 0 0 0 0 0 0 0 0
BUS_3 69.0 0 0 100 100 0 0 0 0 0 0 0 0 0
BUS_4 69.0 0 0 100 100 0 0 0 0 0 0 0 0 0
BUS_5 69.0 0 0 100 100 0 0 0 0 0 0 0 0 0
BUS_6 13.8 0 0 100 100 0 0 0 0 0 0 0 0 0
BUS_9 13.8 0 0 100 100 0 0 0 0 0 0 0 0 0
EDATA

NSVC

BUS_4 69.0 SH1 50 0.00 1
7 USER DEFINED SVC STARTS

BUS_4 69.0BUS_3 69.01
LL 100.00000 1.00000 5.00000 0.00000 0.00000 0.00000
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LL 1.00000
GN 1.00000
LL 1.00000

1.00000
1.00000
0.00000

SD2 100.00000 100.00000

LL 1.00000 0.77000
wo 1.00000 10.00000
1 2 2 3 3 4 4 5
1 VREF -1.00000 1 VSVC 1.00000
K
7 USER DEFINED SVC ENDS
7
EDATA
BUS_15 69.0BUS_5 69.0 1 50 50.
? USER DEFINED TCSC STARTS
BUS_4 69.0BUS_15 69.01
B1 wo 1.00000 5.00000
B2 LL 1.00000 0.00000
B3 LL 1.00000 0.60000
B4 GN 0.02000 1.00000
B5 SD24000.00000 800.00000
1 2 2 3 3 4 4 5
1 PRO1 -0.60000 4 VREF 0.01000

®

7 USER DEFINED TCSC ENDS

?

EDATA
END

. O O O o w»

c O © o ©

.00000
.00000
.02000
.00000
.02000
.00000

7 PRO1

.00000
.01000
.20000
.20000
.02000

c O © © o ©

.00000
.00000
.00000
.00000
.00000
.00000

6

-4.0600

c O © o ©

.00000
.00000
.00000
.00000
.00000

c O © © o ©

c O © o ©

.00000
.00000
.00000
.00000
.00000
.00000

.00000
.00000
.00000
.00000
.00000

c © © © © ©

c © © o ©

.00000
.00000
.00000
.00000
.00000
.00000

.00000
.00000
.00000
.00000
.00000
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SVC AND STATCOM DATA

D.1 SVC Data

Table D.1: SVC static data

X. (p.u.)

X; (p.u.)

Omin (deg.)

Omaz (deg.)

Slope (%) | MVA

kV

2.1708

0.1925

90

175

150

100

Table D.2: SVC controller parameters used in the PST software

K

T (s)

Ty (s)

T; (s)

T (s)

Binaz (p-u.)

Biin (p.u.)

100

0.02

0.01

0.05

10

2

-2

179
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D.2 STATCOM Data

Table D.3: STATCOM static data

R. (p.u.)

R (p.u.)

X (p.u.)

C(pu)| k

Xsr, (%)

0.0017

0

0.145

0.1 0.9

Table D.4: STATCOM controller parameters used in the PST software

‘/;’ef

K, | K;

-

Ky

TM (S)

T (s)

Omaz (rad)

Omin (rad)

1

10 | 100

1

0.02

10
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