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CHAPTER 1

INTRODUCTION

Power systems, in their early days, were simple and relatively local. That is, power was
generated beside the load centers and, hence, exportation and importation of power
through long transmission lines were rare. Moreover, systems interconnection between
control areas was not common. Fast control was not available since series and shunt
reactive compensators, voltage regulating transformers, and phase shifters were manually
operated through mechanical devices. Consequently, those devices were limited to control
power system performance during steady-state operation. The only viable solution of
transient problems was overdesign of generation and transmission equipment, keeping
large stability margins.

Nowadays, power demand has grown rapidly and, therefore, the need for more
complex power systems has arisen. On the other hand, expansion in transmission and
generation is restricted with the limited availability of resources and the strict
environmental constraints. As a result, power systems are today more loaded than before,
causing the systems to operate near their transient stability limits. Furthermore,
interconnection between distantly located power systems is now a common practice,

which gives rise to low frequency oscillations in the range of 0.1-3.0 Hz. If not well



damped, these oscillations may keep growing in magnitude until loss of synchronism
results.

Power system stabilizers (PSSs) have been used in the last few decades to serve the
purpose of enhancing power system damping of low frequency oscillations. PSSs, which
operate on the excitation system of generators, have proved to be efficient in performing
their assigned tasks. However, PSSs may adversely affect voltage profile, may result in
leading power factor, and may not be able to suppress oscillations resulting from severe
disturbances, especially those three-phase faults which may occur at the generator
terminals.

FACTS devices have shown very promising results when used to improve power
system steady-state performance. Through the modulation of bus voltage, phase shift
between buses, and transmission line reactance, static VAR compensators (SVCs),
thyristor-controlled phase shifters (TCPSs), and thyristor-controlled series capacitors
(TCSCs), respectively, can cause a substantial increase in power transfer limits during
steady-state. Because of the extremely fast control action associated with FACTS-device
operations, they have been very promising candidates for utilization in power system
damping enhancement. It has been observed that utilizing a feedback supplementary
control, in addition to the FACTS-device primary control, can considerably improve
system damping and can also improve system voltage profile, which is advantageous over
PSSs.

However, possible interaction between PSSs and FACTS-based stabilizers may
deteriorate much of their contributions to, and may even cause adverse effect on, damping

of system oscillations. Therefore, coordinated design between PSSs and FACTS-based



stabilizers is a necessity, both to make use of the advantages of the different stabilizers

and to avoid the demerits accompanied with their operations.

1.1 Literature Review

Since the late 1950’s, most new generating units were equipped with automatic voltage
regulators (AVRs), which control the excitation of the generator’s field winding.
Electromechanical oscillations of low frequencies, in the range of 0.1-3 Hz, are usually
inherent to interconnected power systems due to the application of AVRs [6][161].
Oscillations associated with a single generator or a single plant are called local modes.
These modes are usually in the range of 0.7-3.0 Hz. On the other hand, oscillations
associated with groups of generators or groups of plants are called inter-area modes,

which are in the range pf 0.1-0.8 Hz. [8]

1.1.1 Power System Stabilizers

Supplementary excitation control of the low-frequency oscillations is well known as a
power system stabilizer (PSS). Since ‘the 1960’s, PSSs have been used to add damping to
electromechanical oscillations. They act through the generator’s excitation system to
generate a component of electrical torque, called damping torque, proportional to speed
change. Since then, applying PSSs has attracted the attention of researchers. Extensive
research has been conducted in such fields as effect of PSS on power system stability,

PSS input signals, PSS optimum locations, and PSS tuning techniques.



1.1.1.1 General Concepts and Analytical Investigation of PSS Application

In 1969, de Mello and Concordia [5] introduced an extensive analysis of the phenomenon
of synchronous machine stability under small perturbations by studying the single-
machine infinite-bus (SMIB) system represented by the linear K1-K6 model. Their work
developed insights into effects of excitation systems and requirement of supplementary
stabilizing action for such systems based on the concept of damping and synchronizing
torques.

Larsen and Swann [6] deeply discussed, in a three-part paper, the general concepts
associated with PSSs. In Part I, the concepts of applying and tuning PSSs utilizing speed,
frequency, and power input signals have been described. Part II dealt with the
performance objectives of PSSs. It was considered that the objective of PSSs is to extend
stability limits on power transfer by enhancing damping of system oscillations through
excitation control. Larsen and Swann studied PSSs using inputs of power, speed and
frequency with respect to tuning concepts and performance capabilities. Part III addressed
the major practical considerations associated with applying PSSs. [6]

In 1989, Kundur et al. [7] presented a detailed analytical work to determine the
parameters of phase-lead PSSs so as to enhance the steady-state as well as transient
stability of both local and inter-area modes. These parameters included the signal
washout, stabilizer gain, and stabilizer output limits. They concluded that by proper
tuning, the fixed-parameter PSS can satisfy the requirements for a wide range of system
conditions and, hence, the need of adaptive PSS is of little incentive. [7]

Two years later, Klein et al. [8] considered a fundamental study of the nature of inter-

area mode of oscillations. Klein et al. [9] further investigated the effect of PSSs on inter-



area and local modes in interconnected power systems. They mainly emphasized the
effect of PSS location and load location and characteristics.

Recently, Kundur [10] examined the choice of input signals, control design procedure,
coordination with other control and protective functions, hardware considerations, and
functioning procedures. In his discussion of the characteristics of each input signal,
Kundur’s conclusions generally agreed with those stated in [6].

1.1.1.2 Identification of Optimum locations of PSSs

A number of papers have addressed the problem of selecting the most suitable
locations for PSS installation in multimachine power systems. de Mello et al. [11] made
use of eigenvalue analysis techniques to sequentially select the optimum PSS locations.
Hsu and Chen [12] have proposed a novel technique to identify the optimum PSS
locations by participation factors (PFs). The participation factors can be defined as the
sensitivities of the eigenvalues with respect to the diagonal elements of the system matrix
A. One of the main advantages of this technique is that the PFs are real quantities whereas
the eigenvectors in [11] are complex quantities. One year later, Ostojic [13] has extended
the PF technique by introducing new coupling factors between each pair of system
machines, making it possible to identify the sites where the application of PSSs ensures
maximum improvement of overall system damping characteristics. Martins and Lima [14]
presented a way of locating PSSs based on transfer function residues. Based on the
transfer function residues method, Yang and Feliachi [15] suggested a method to classify
oscillation modes as either local or inter-area.

Klein et al. [9] has investigated the usefulness of the three techniques described

above. They concluded that eigenvectors, PFs, and residues can be misleading when the



system has identical or very close eigenvalues. In such cases, the eigenvectors are not
unique and lose their physical meaning. Frequency response can be used to distinguish
this situation from the resonance phenomenon.

Another method of optimal PSS siting was proposed by Lu et al. [16], which takes
into account the effect of the B matrix. Feliachi [17] has developed his method based on a
quadratic performance measure, which is a function of the 4, B, and C matrices, and the
left and right eigenvectors. Another novel technique for selection of PSS locations has
been presented by Zhou et al [18,19]. Based on the right and left eigenvectors, the
sensitivity of PSS effect (SPE) is defined and used to select the best PSS locations. It is
worth noting that this method considers the effect of control, i.e. closed loop effect.

1.1.1.3 PSS Tuning Techniques

The subject of selecting PSS parameters has attracted the attention of many researchers
[20-65]. A wide spectrum of PSS tuning approaches has been proposed. These
approaches have included pole placement [20-30], damping torque concepts [6,31,32], Ho,
and LQG/LTR [33-35], nonlinear and variable structure [36-38], and the different
optimization and artificial intelligence techniques [39-64]. Some of the proposed PSSs are
analog and others are digital. Self-tuning PSSs have been proposed along with fixed-
parameter PSSs. The conventional and widely used PSS structure is the lead-lag
compensator. However, state-feedback and PID controllers have been also suggested.

In 1981, Fleming et al. [20] provided a tuning procedure based on pole placement,
enabling the selection of PSS parameters such that prespesified improvements in the
damping ratios of the poorly damped modes are realized approximately. Abe and Doi [21]

have developed another procedure by combining the frequency response and the pole



placement method. Gooi et al. [22] described an iterative pole placement technique,
based on the synchronous and damping torques. The drawback of this technique is the
need for truth table and signal flow graph building. This drawback has been avoided in
[23] while achieving a similar objectiVe by using linear algebra. Lim and Elangovan [24]
have proposed another method based on the complex frequency domain and with a design
objective similar to that of [22] and [23]. The method presented in [24] does not need any
truth table or signal flow graph construction. Moreover, this method can be used to
compute the damping and synchronizing coefficients of any generator and, with slight
modifications, the iterative method can also be used to determine only those eigenvalues
in the dynamic stability range [24]. An approach based on decentralized model control
(DMC) theory has been proposed for the simultaneous selection of PSS parameters in a
multimachine power system [25]. Chen and Hsu [26] presented another pole-placement
algorithm for the design of decentralized output feedback PSSs suitable for large-scale
power systems. Another pole-placement method has been developed by Yu and Li [27].
The method involves pole-zero cancellation, which makes it only effective for one
operating point. Chandra et al. [28] has developed a self-tuning control technique that was
robust for many operating conditions. Some authors have proposed the use of PID PSSs
in placing the poles [29,30].

One of the interesting approaches in PSS parameter selection is based on damping
torque concepts, originally developed by Larsen and Swann [6] for the simple single-
machine infinite-bus system. Gibbard [31,32] has extended this approach to the more

realistic multimachine system.



To overcome the problem of PSSs robustness, Hs, control design technique, which
produces a controller satisfactory for a range of operating conditions, has been proposed.
Although H,, controllers can guarantee robustness, they have several demerits. Optimal
H., controllers are of the same order as the plant. Hence, when H,, is applied to a large
power system, a good quality reduced model of the system is a necessity. Also, Ha,
controllers achieve their goal by affecting the observability of the open loop poles, and do
not affect the damping factor of these poles, which is undesirable in excitation control. In
addition, weighting functions need to be selected with care [33,34]. Another approach to
overcome the problem of robustness was proposed by some researchers through the
utilization of LQG/LTR [35].

Some researchers developed nonlinear and variable structure controllers for the
purpose of overcoming the problem of robustness [36-38]. Although the nonlinear
stabilizers proposed are fixed-parameter, they are robust since they are independent of the
operation conditions of the system.

Since the late 1980’s and the early 1990’s, the use of optimization techniques in
solving the problem of selecting the optimum PSS parameters has been extensively
investigated [39-64]. These optimization techniques include gradient-based techniques,
linear programming, quadratic programming, and the heuristic methods such as genetic
algorithm (GA) [43,45-47], simulated annealing (SA) [48], particle swarm (PSO) [51],
Tabu search (TS) [52,53], and evoluti.onary programming (EP) [54]. In order to be able to
use any of the optimization techniques, the problem of selecting the most appropriate PSS

parameters need to be formulated as an optimization problem. Therefore, an objective



function to be minimized, or maximized, needs to be defined and equality and inequality
constraints should also be determined.

Heuristic optimization techniques have been recently implemented to select the
optimum PSS parameters. These population-based algorithms are derivative-free and
hence, they can deal with non-differentiable problems. Also, they are more robust in term
of the dependence of the final solution to initial guess. Furthermore, there is less
opportunity for these algorithms to be trapped in local minima.

Starting from 1997, pioneering work has been accomplished by Abdel-Magid et al.
[43-46] to formulate the problem of tuning the PSS parameters into an optimization
problem to be solved using GA. The objective function has been selected as to shift all the
dominant eigenvalues at different loading conditions and system configurations
simultaneously to within a pre-specified region in the s-plane. This region has been
defined by a predetermined value of the damping ratio, a predetermined value of the
damping factor, or both. The PSS parameter space was defined as inequality constraints.
Eigenvalue analysis and nonlinear time-domain simulation results proved the
effectiveness of the proposed PSSs to damp out local and inter-area modes over a wide
range of loading conditions and system configurations.

Although the application of GA to synthesize the PSS parameters yielded promising
results, recent research has identified some deficiencies in GA performance. The
deficiency appeared in applying GA to highly epistatic objective functions, in which the
parameters to be optimized are much correlated. Also, the mutation and crossover may be
time consuming processes and they may cause the new generation to lose advantages

obtained in the last generation. As a result, different optimization algorithms, such as
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simulated annealing [48], particle swarm [51], tabu search [52,53], and evolutionary
programming [54], have been also explored.

To overcome the difficulties associated with the design of robust stabilizers that
results in optimal performance with fhe widely varying operating conditions and system
disturbances, adaptive PSSs have been proposed [28,30,55-65]. These adaptive PSS
design techniques are based on neural networks [55,56], fuzzy logic [57], neuro-fuzzy
technique [58-62], genetic-based fuzzy technique [63,64], and genetic-based rule-based
technique [65].

1.1.2 FACTS Devices

Despite the interesting properties provided by PSSs to enhance power system damping,
they have adverse effect on system voltage profile, they may result in leading power
factor operation, and they may not be able to maintain system stability, especially
following a large fault occurring close to the generator terminal [66]. Because of the
revolutionary advances in high power electronic device technologies, Flexible AC
Transmission Systems (FACTS) devices have been economically proved to be promising
candidates for wide application for the purpose of power system stability enhancement.

In 1988, Hingorani [67-71] have initiated the concept of FACTS devices and their
application for the following purposes: control of power routing, loading of transmission
lines near their steady-state, short-time and dynamic limits, reducing generation reserve
margins, and finally, limiting the impact of multiple faults and, hence, containing
cascaded outages. This can be performed through the use of thyristor-controlled phase
shifters (TCPSs) which control the phase angle, thyristor-controlled series capacitors

(TCSCs) which control the line inipedance, static VAR compensators(SVCs) which
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controls the bus voltage, unified power flow controllers (UPFCs), and other thyristor-
controlled devices such as static compensators (STATCOMs), thyristor-controlled
dynamic brake, etc. [67-71]

1.1.2.1 _Thyristor-Controlled Phase Shifters (TCPS)

Researchers have developed different TCPS schemes in the literature [72-74]. Iravani and
Maratukulam [72] described ten different topologies for realization of TCPSs. Iravani et
al. [73] have further explored four of those TCPS schemes by applying them in four
different systems. Ise et al. [74] compared between two different TCPS schemes.

Compared with other FACTS devices, little attention have been paid to TCPS
modeling and control. Based on the equal area criterion, Edris [75] developed a simple
control scheme which was conceptualized to extend the capability of the generator to
produce sufficient decelerating energy to counterbalance the accelerating energy gained
during faults. The TCPS control problem has also been investigated using linear control
techniques [73,76]. Iravani et al. 73] developed two control schemes, one for Type-B and
Type-C and the other for Type-D and Type-D2. A similar scheme was used in [76] to
study the stabilizing effect of TCPSs on inter-area modes of oscillations.

In [77] Abido used simulated annealing (SA) algorithm to determine the optimum
settings of TCPS lead-lag controller parameters. The proposed objective function was to
maximize the damping ratio of the electromechanical modes. In addition, nonlinear TCPS
control schemes have been investigatéd [78-80].

Because of its difficulties, a little research has been devoted to the problem of
modeling of a TCPS applied for a multimachine system [81,82]. The TCPS was modeled

in [81] as node power injections whose effects appear as additional bus power injections
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at internal buses of the generator. Another mathematical model was reported by Ngan
[82] for a Type-B TCPS. The model included the leakage reactance of both the boosting
and excitation transformer. The model considered the TCPS as a branch of constant
impedance with current injected at its two terminals.

1.1.2.2 Thyristor-Controlled Series Capacitor

A lot of research efforts have been devoted to the control of TCSC. Chen et al. designed a
state feedback TCSC controller based on the pole placement technique [83,84]. In
addition, they proposed a procedure for determining the optimum location for installing a
TCSC in a power system using residue analysis. Also, they developed a technique for
coordinated TCSCs. Chen et al. showed that in addition to the better damping effect, the
TCSC control causes much less voltage variation at the machine terminal than the PSS
control. To overcome the problems associated with the state feedback controller proposed
in [83,84], Chen et al. [85] proposed TCSC controllers based on output feedback. A new
method based on mode controllability was developed to identify the best TCSC location.
Moreover, the analysis of mode observability was used to select the effective output
feedback signals local to the TCSC locations. Linear programming has been utilized to
find the optimum feedback gains of tﬁe coordinated TCSCs.

In [86], a pair of remote voltages was synthesized using the voltages and currents
measured at the terminals of a TCSC and the Thevenin impedances. Then, the synthesized
angle signal was computed as the difference between the phase angles of the two
synthesized voltages. This angle was employed for TCSC controller input. In contrast to
[86], de Mello [87] used the rate of change of through power in a TCSC as the feedback

signal to the controller. de Mello based his control scheme on the concept of the natural
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damping effect of dynamic reactances exhibiting characteristics similar to those in a
rotating machine. Recently, Fan and Feliachi [88] identified the most effective signal in
damping interarea oscillations for a wide range of operating conditions using transfer
function residues.

In 1997, a time optimal control strategy was developed by Chang and Chow [89,90]
for the TCSC control for damping interarea modes in interconnected power systems. A
performance index of time was minimized to reach the goal of minimum time control.

Robust control approaches have also been explored. Therefore, H, controllers have
been proposed [91,92]. A comparison between H, and LQR controllers to improve
damping of a multimachine system was established in [91]. It was concluded that Ho
provided better stability but it needs larger compensation. Line sensitivity coefficients
were utilized to obtain the best TCSC sites.

Nonlinear control schemes have been also employed to the design of TCSC
controllers. Wang et al. [93] presented a variable structure controller for the TCSC of a
SMIB system. Lour and Hsu [94] designed an output feedback VSC utilizing real and
reactive power signals, which are local signals. A TCSC controller based on bilinear self-
tuning feedback of generator armature current or generator speed measurements has been
considered in [95].

Lour and Hsu demonstrated an adaptive TCSC controller based on fuzzy logic control
scheme on a SMIB system to improve system damping. The coordination of the proposed
FL TCSC controller with a PSS was also investigated [96]. Artificial neural networks are

another form of the proposed self-tuning TCSC controllers in the literature [97,98].
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Recently, heuristic optimization techniques have been implemented to search for the
optimum TCSC based stabilizer parameters for the purpose of enhancing SMIB system
stability [99,100]. Abido employed genetic algorithm [99] and simulated annealing [100]
to tune a conventional two-stage lead-lag controller for a TCSC.

1.1.2.3 Static VAR Compensator

The primary objective of using static VAR compensators (SVCs) is to control the bus
voltage magnitude affected by the ever changing load variations and system operating
conditions. It has been found that SVCs can be effective in damping power system
oscillations if controlled by a supplementary feedback signal, different from voltage
magnitude, is applied. Extensive analysis of the effect of applying SVCs to damp local as
well as interarea modes of oscillations has been reported in the literature.

In his analysis of the application of SVCs for stabilizing power systems, Hammad
[101] proved that a bus voltage magnitude controlled SVC does not contribute
significantly to system damping. A considerable damping effect can be achieved when an
SVC is controlled by some auxiliary signals.

Through damping torque analysis, Padiyar and Varma [102] compared the
effectiveness of different local signals on enhancing power transfer capability of long
transmission lines. Based on the equal-area criterion, Zhou [103] developed a theory to
analyze power system damping enhancement by SVC application. It was found that the
system P-§ characteristics can be altered by changing the SVC reactive power output.
Zhou proved that system damping can be improved significantly if an SVC is controlled
such that its output is proportional to machine speed deviation, which confirmed with

Hammad findings. In addition, Zhou agreed with Hammad on the effectiveness of the



15

SVC discontinuous control. Zhou also proved that the best SVC location for damping
oscillations of a one-machine or a two-area system is the electrical center point of the
transmission line [103].

Olivera [104] comprehensively studied the effect of SVC control on improving power
system damping characteristics through damping and synchronizing torque coefficients.
Wang and Swift [105] used a similar approach to that of [104] to investigate the SVC
damping control of a SMIB system on the basis of Phillips-Heffron model. It was shown
that the SVC damping control provides the power system with negative damping when it
operates at a lower load condition than the dead point, the point at which SVC control
produces zero damping effect.

Various control schemes have been proposed in the literature for SVC damping
control. Lee and Liu [106] applied an eigenstructure assignment technique to design an
SVC damping control using a PI controller. Robust control designs, based on H. and
structured singular value, have been presented, too. Wang and Tsai [107] designed an He
SVC controller based on a reduced-order system model. Parniani and Iravani [108]
developed another optimal robust controller for damping system oscillations using SVC.
To avoid pole-zero cancellation accompanying basic H, optimization, a structured
singular value design was employed. Unlike H,, and structured singular value controllers
which do not provide much control over the closed loop pole locations, quantitative
feedback theory (QFT) which was adopted by Rao and Sen [109] permits the use of fixed-
parameter controller to place all plant poles within a specified region on the s-plane for a
wide range of operating conditions. Dash and Sahoo [110] considered the design of a

variable structure SVC stabilizer using a sliding mode control technique.
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To enhance the robustness of the SVC controllers, different adaptive control scheme
have been introduced. Hsu and Cheng [111] made use of the widely used fixed-parameter
PI controller, whose parameters were obtained by pole assignment, and extended it by
model reference adaptive control (MRAC). Dash et al. [112] designed an SVC stabilizer
incorporating both fuzzy logic control with variable structure control strategy. ElSaady et
al. [113] used model reference control system with the fuzzy adaptive mechanism to
design an SVC stabilizer of a SMIB power system. Chang and Qizhi [114] used
Lyapunov functions to design a FLC for implementing bang-bang control on SVCs,
aiming to damp system-wide power oscillations for robust performance.

Changaroon et al. [115] proposed a NN control scheme consisting of a neuro-
identifier and a neuro-controller which have been developed based on a functional link
network (FLN) model. Recently, Hongesombut et al. [116] employed a radial basis
function network (RBFN) to design an adaptive SVC stabilizer for a SMIB system.

The approach of converting thé problem of tuning an SVC stabilizer into an
optimization problem has been also suggested. Lerch and Povh [117] selected to
minimize the deviation in tie-line real power flow by means of bang-bang SVC control.
Ju et al. [118] highlighted the problem of finding the optimum stabilizer settings for an
SVC of the thyristor controlled reactor/thyristor switched capacitor (TCR/TSC) type,
which incorporate both continuous and discrete control. GA was applied to minimize the
norm of the voltage deviation from the steady state value. Recently, Hasanovic and
Feliachi [119] adopted GA to simultaneously tune a multiple power system damping
controllers of the conventional lead-lag scheme in different operating conditions to

guarantee the robustness of the proposed design.
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1.1.2.4 Unified Power Flow Controller
A unified power flow controller (UPFC) is the most promising device in the FACTS
concept. It has the ability to adjust the three control parameters, i.e. the bus voltage,
transmission line reactance, and phase angle between two buses, either simultaneously or
independently. A UPFC performs this through the control of the in-phase voltage,
quadrature voltage, and shunt comﬁensation. Till now, not much research has been
devoted to the analysis and control of UPFCs.

Makombe and Jenkins [120] experimentally proved that a UPFC can control the three
control parameters either individually or in appropriate combinations at its series-
connected output while maintaining reactive power support at its shunt-connected input.
Through the use of a SMIB system, Limyingcharoen et al. [121] investigated the
mechanism of the three control methods of a UPFC in enhancing power system damping.
It was shown that a significant reduction in the transient swing can be obtained with any
of the three methods by using a simple proportional feedback of machine rotor angle
deviation.

High frequency power fluctuations, more than 100 Hz, induced by a UPFC have been
investigated in [122].

Several trials have been reported in the literature to model a UPFC for steady-state
and transient studies. Under the assumption that the power system is symmetrical and
operates under three-phase balanced conditions, Nabavi-Niaki and Iravani [123]
developed a steady-state model, a small-signal linearized dynamic model, and a state-
space large-signal model of a UPFC. Wang developed two UPFC models [124,125]

which have been linearized and incorporated into the Phillips-Heffron model. It was
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observed that, unless the UPFC is equipped with a damping controller, the voltage control
of the DC link capacitor may interact negatively with PSSs installed in the power system
[125]. A power frequency model for the UPFC with its dc link capacitor dynamics
included was suggested and a UPFC-network interface was developed in [126]. A current
injected UPFC model for improving power system dynamic performance was developed
by Meng and So [127]. A UPFC was represented by an equivalent circuit with a shunt
current source and a series voltage source. The proposed model features the symmetry
property of the Yy,s matrix. Schoder et al. [128] developed a UPFC model that can be
suited for Power System Toolbox (PST) in MATLAB.

It is generally accepted that the addition of a supplementary controller to the UPFC
device can significantly enhance power system damping [126]. Hence, a number of
control schemes have been suggested to perform the oscillation damping task. Huang et
al. [126] attempted to design a conventional fixed-parameter lead-lag controller for a
UPFC installed in the tie-line of a two-area system to damp the interarea mode of
oscillation. Mok et al. [129] considered the design of an adaptive fuzzy logic controller
for the same purpose. GA was applied to optimize the performance of the FL controller
through fine tuning of the scaling factors. Mishra et al. [129] and Schoder et al. [130]
developed a Takagi-Sugeno (TS) type FL controller for a UPFC to damp both local and
interarea modes of oscillation for a multimachine system. Dash et al. [131] suggested the
use of a RBF NN for a UPFC to enhance system damping performance.

Robust control schemes, such as Hy [132,133] and singular value analysis [134], have
also been explored. A multi-input-mﬁlti—output (MIMO) PI controller has been proposed

in [135,136]. It has been illustrated that if more than one UPFC controller, such as a
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power flow controller, an ac voltage controller, and a dc voltage controller, were designed
separately, the dynamic interactions among the various control channels are not
considered. Recently, an integrated linear and nonlinear control of a UPFC for stability

enhancement of a multimachine system was developed [137].
1.1.3 Coordination between PSS- and FACS-based Controllers

Due to their interesting characteristics, PSS- and FACTS-based controllers may be
incorporated simultaneously in the power system to improve its transient performance.
However, the dynamic interaction among these controllers needs to be considered in the
controller design stage, as one controller may adversely affect the performance of the
others.

For a two-area power system, Noroozian and Andersson [138] theoretically
demonstrated the effectiveness of the SVC, TCSC and TCPS on damping inter-area
oscillation under different loading conditions and load models. It was observed that the
damping effect of a TCSC is very robust with respect to load characteristics, that of a
SVC are very dependent on load characteristics, and the dependence of load models on
damping performance of a TCPS lies in between the two other devices. By means of Hopf
Bifurcations (HB), Mithulananthan et al. [139] dealt with the performance and
interactions of PSS, SVC and TCSC. Simulation results illustrated that the most effective
damping was observed with a PSS.

In 1996, Pourbeik and Gibbard [140] proposed a technique for calculating the
damping and synchronizing torque coefficients induced on generators by FACTS
controllers in multimachine power systems based on modal analysis, providing an insight

into the damping effect of FACTS controllers. Gibbard et al. [141] further investigated
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the interactions between and the effectiveness of PSSs and FACTS- based controllers in
multimachine systems based on the analysis of both the perturbations in induced torque
coefficients and the shifts in rotor modes resulting from increments in stabilizer gains.

Wang and Swift [142,143] developed a novel unified Phillips-Heffron model for a
power system equipped with a SVC, a TCSC and a TCPS. Damping torque coefficient
analysis has been performed, based on the proposed model, to study the effect of FACTS
controllers damping for different loading conditions. Similar conclusions to those
presented in [138] were drawn.

A little work has been devoted in the literature to study the coordination control of
excitation and FACTS stabilizers. A coordinated optimal controller for the excitation
system and a SVC located on the generator bus of a SMIB system was presented in [144].
Rahim and Nassimi [145] presented optimum control strategies for both the SVC and
exciter. It was found that for a synchronous generator remotely located from the load
center, most of the damping is provided by SVC control.

Nonlinear control theory has been recently employed to design a coordinated
excitation and TCPS controller [146], and a coordinated excitation and UPFC controller
[147,148] to improve oscillation damping of multimachine systems.

To overcome the drawback of being a centralized scheme, Lee et al. [149] developed
an observer-based decentralized optimal control design of a PSS and a TCSC applied to a
multimachine system. A similar approach has been utilized by Li et al. [150,151] to
design a coordinated optimal controller to implement multiple TCSCs in a muitimachine
system. A major disadvantage of the proposed schemes in [149-151] is the need of

observers.
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To ensure the robustness of the control scheme, self-tuning controllers have been
proposed. Cheng and Hsu [152] applied a PSS and a SVC to a multimachine system to be
able to both provide system damping and regulate system voltage. The PSS employed
was a PI fixed-parameter controller tuned per one robust operating condition, while the
SVC controller was a PID self-tuning controller tuned using RLS identification method.
Coordinated self-tuning fuzzy logic control for switched series capacitor modules and
PSS to enhance transient stability of multimachine system was proposed by Hiyama
[153].

Based on the unified Phillips-Heffron, Wang presented a method for the coordination

of fixed-parameter robust damping PSS and FACTS-based lead-lag controllers in a
multimachine system [154].
H, control scheme has also been ‘employed to tune decentralized SVC and TCSC
controllers using a model-matching robustness formulation [155]. Moreover Sanchez-
Gasca [156] presented a coordinated controller for a TCSC and a TCPS using projective
control scheme. So and Yu implemented a similar approach to obtain a coordinated
control of a TCSC and a SVC [157]. Pourbeik and Gibbard [158] presented a two-stage
method for the simultaneous coordination of PSSs and FACTS-based lead-lag controllers
in multimachine power systems by using the concept of induced damping and
synchronizing torque coefficients.

Fang and Ngan [159] converted the problem of simultaneously selecting the controller
settings of a PSS and a MIMO controller of a UPFC into an optimization problem. The
approach was to identify the eigenvalue of the largest real part and then minimize it as a

nonlinear optimization problem to be solved by a gradient descent technique. In order to
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ensure the robustness of the control system, different operating conditions were
simultaneously considered in the parameter optimization process. A similar approach was
employed by Ramirez et al. [160] to design a PSS, TCSC and UPFC lead-lag controllers.
Lie et al. [161] considered the same approach to find the optimum settings of coordinated
PSS, SVC and TCSC lead-lag controllers to enhance multimachine power system

transients.

1.2 Thesis Objectives

The objective of this thesis is to investigate the effectiveness of the coordinated design of
power system stabilizers and FACTS-base stabilizers to improve power system transient
stability. The FACTS devices that are explored are the first generation (G1) FACTS
devices, namely the SVC, TCSC, and TCPS, as well as the UPFC. All the simulations are
carried out using MATLAB and SIMULINK packages. The procedure that is taken to
satisfy the objective is as follows:

1) For a SMIB system equipped with a PSS and the three G1 FACTS devices, singular
value decomposition (SVD) analysis is employed as a controllability measure of the
different control signals on the syStem electromechanical (EM) mode.

2) The problem of designing the PSS and G1 FACTS devices individually is solved via
converting it into an optimization problem. Particle swarm optimization (PSO)
technique is employed to find the optimum controller parameter settings at a selected
operating condition for a given objective function so as to enhance power system

damping.
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Eigenvalue analysis and damping torque coefficient analysis are carried out to assess
the effectiveness of the proposed controllers on enhancing the EM mode stability.
Coordinated design of the different stabilizers is carried out by finding the best
parameter settings for more than one stabilizer at a given operating condition
simultaneously.

The proposed design is tested by exposing the power system to severe disturbances at
different loading levels. At this stage, nonlinear time-domain simulation is performed.
To ensure the robustness of the stabilizers, steps (2)-(5) are repeated to select the
optimum settings of the stabilizers considering a wide range of operating conditions.
Steps (1)-(6) are repeated to explore the effectiveness of the UPFC and its four control
signals on enhancing the damping of the EM mode. The coordination between the
PSS and UPFC based on one operating point and multiple operating points is also
investigated.

The proposed technique is extended to the more practical multimachine power

system.

1.3 Thesis Organization

This thesis is organized as follows:

Chapter 2 gives a brief introduction of the different FACTS devices and how they

modulate power flow. Chapter 3 describes the three models used throughout the

simulation process. These models include: a SMIB system model equipped with the G1

FACTS devices, a SMIB system model equipped with a UPFC, and a multimachine

power system equipped with SVCs.



24

The particle swarm optimization technique is addressed in Chapter 4 and the problem
formulation is outlined in Chapter 5. The proposed approach to solve the problem is
considered in Chapter 6 which gives a description of the singular value decomposition
(SVD) technique, damping torque coefficient calculations, and the implementation of the
design process.

Chapters 7, 8, and 9 cover the optimization results obtained for the SMIB system with
Gl FACTS devices, SMIB system with UPFC, and multimachine power system,
respectively.

The thesis is finalized by drawing some conclusions and outlining the work to be

carried out in the future.



CHAPTER 2

FACTS DEVICES

2.1 Introduction

2.1.1 Thyristor-Controlled Phase Shifters (TCPS)

The basic function of a TCPS is to control transmission line power flow through the
modulation of the phase angle difference between the two sides of the transmission line
voltage. The phase shift is accomplished by adding or subtracting a variable voltage
component that is in quadrature with the phase voltage of the line. This quadrature
voltage component is obtained from a transformer connected between the other two

phases. The structure of a TCPS is shown in Figure 2.1.
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(36363 ¢

“T vy
gﬁ‘?% rEk

Figure 2.1: Schematic diagram of TCPS

2.1.2 Thyristor-Controlled Series Capacitor (TCSC)

The basic function of a TCSC is to control transmission line power flow through the
modulation of the transmission line reactance. This is accomplished by introducing a
variable negative impedance, or capacitance, in series with the line’s natural positive

impedance. The structure of a TCSC is shown in Figure 2.2.

Firing
Angle
Control

XL

| £
I\
Xc

Figure 2.2: Schematic diagram of TCSC
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2.1.3 Static VAR Compensator (SVC)

The main function of a SVC, which is a shunt device, is to keep steady-state and dynamic
voltages within acceptable limits. It is not intended to modulate line power flow. The
SVC uses thyristor valves to rapidly add or remove shunt connected reactors and/or

capacitors. The structure of a fixed capacitor/thyristor-controlled reactor (FC/TCR) type

SVC is shown in Figure 2.3.

1

> Firing
Angle
Control
Xe ~

Figure 2.3: Schematic diagram of SVC

2.14 Unified Power Flow Controller (UPFC)

A unified power flow controller (UPFC) is the most versatile device in the FACTS
concept. It has the ability to adjust the three control parameters, i.. the bus voltage,

transmission line reactance, and phase angle between two buses, either simultaneously or
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independently. A UPFC performs this through the control of the in-phase voltage,
quadrature voltage, and shunt compensation.

The UPFC consists of a shunt-connected excitation transformer (ET), a series
connected boosting transformer (BT), two three-phase GTO based voltage source
converters (VSCs), and a common DC link capacitors, see Figure 2.4. The four input
control signals to the UPFC are mg, mp, dg, and dp,

The series converter is controlled to inject a voltage, Vp,, in series with the line. The
magnitude of Vp can be varied from 0 to Vp,ma and the angle can be varied independently
from 0 to 360°.

The main function of the shunt converter is to supply the real-power demand to the
series converter. It also plays the role of regulating the terminal voltage of the

interconnected bus by controlling the reactive power supply/demand to that bus.

Vs Ve Vs
I B XB

y

TVSCE VSC-B BT ’
Ig

XE

lETI——
I N

mg 55 mp 53

Figure 2.4: Schematic diagram of UPFC
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2.2 Power Flow Modulation Using Facts Devices

Ignoring the line resistance, the real power flow in a transmission line of reactance X}, as

shown in Figure 2.5, is given by:

vy, .
P=—sin(3,) @.1)

¥

where V,£6, and V,£3, are the end bus voltages, and d; = J:-9;

) - 2

i J J

Figure 2.5: Transmission line without FACTS devices
2.2.1 Thyristor-Controlled Phase Shifters (TCPS)

The real power flow through a transmission line equipped with a TCPS, see Figure 2.6, is

obtained by:

vy,
P= e sin(d, — @) (2.2)

i
where @ is the phase shift in the voltage phase angle resulting from the TCPS.
Hence, the real power flow through the transmission line can be modulated by controlling

the angle ©.
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Figure 2.6: Transmission line with a TCPS
2.2.2 Thyristor-Controlled Series Capacitor (TCSC)

The real power flow through a transmission line equipped with a TCSC, Figure 2.7, is

obtained by:

P g J,) (2.3)
= ————SIM O, .
X,(1-k) v

where k represents the TCSC compensation level and is given by

X
f = cs5c 2.4
X, @4

i
The equivalent reactance of the TCSC, Xcsc, is given by

XX, ;
XCSC = —‘XT_—XE%O{")"SIH(5U-) (25)

and

V4
S 2r-2a+ sin(2e)

X,;ml2<a<nm (2.6)

where a is the thyristor firing angle.
Hence, the real power flow through the transmission line can be adjusted by controlling

the compensation level £.
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VZ6,

Figure 2.7: Transmission line with a TCSC

223 Static VAR Compensator (SVC)

The real power flow through a transmission line with a SVC located at the middle of the

line, Figure 2.8 is described by:

P= 2K"K”Lsin(5im)
X,

¥

Q2.7)

where ;=00 Since the SVC is located at the electrical midpoint of the line, §;n~0,/2

and V,~V;. therefore, the real power can be obtained by:

vy,
P=2 e sin(d; /2)

J

The equivalent susceptance of the SVC, Bgyc, is given by

1
B =———B (a
N Xr L( )

C
and

27 - 2a +sinQa) |

B (a)= > cml2fasln
L

where « is the thyristor firing angle.

2.8)

2.9)

(2.10)
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V,Z96, /2

Figure 2.8: Transmission line with a SVC
2.2.4 Unified Power Flow Controller (UPFC)

A UPFC regulates the line real power flow through voltage magnitude and phase
regulation. Figure 2.9 shows the different power flow control functions performed by a
UPFC. Figure 2.9(a) shows the addition of the general voltage phasor Vp, to the bus
voltage V;. It is worth noticing that the phase of V3, can range from 0° to 360°. A UPFC
can perform voltage regulation via the addition of an in-phase voltage V5=Vy, see Figure
2.9(b). Voltage regulation and series reactance compensation is carried out through the
addition of Vg=Vy+V),, where Vj is .in phase with the bus voltage V; and V, is out-of-
phase with the line current by 90°, see Figure 2.9(c). Figure 2.9(d) illustrates the process
of phase-shifting. In here, the voltage phasor to be added Vz=Vy+V,, where V) is in phase
with the bus voltage and ¥, shifts the resulting voltage phasor Vp+Vp by an angle ¢.

[163]
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(@ (b) © (d)

Figure 2.9: A phasor diagram showing the modulation of real power flow through bus

voltage magnitude and phase regulation.



CHAPTER 3

POWER SYSTEM MODEL

3.1 Single-Machine Infinite-Bus System with G1 FACTS Devices

A single-machine-infinite-bus (SMIB) system is shown in Figure 3.1. The generator is
equipped with a PSS and the FACTS devices included are a SVC, a TCSC and a TCPS.
The local load of the generator terminal is a constant impedance load represented by

Y, =g+jb, and the impedance of the transmission line is 2Z where Z=R+j.X.

3.1.1 SMIB System Nonlinear Model

3.1.1.1 Generator Model
The generator is represented by the 3" order model consisting of the swing equation and

the generator internal voltage equation. The swing equation can be written as
o=aw,(w-1) 3.1

& =(P,—P —D(@-1)/M (3.2)

The internal voltage, E, | is given by

E,=(Ey~(xg=%,"Yg ~E)/ T, (3.3)

The real power output of the generator is described as

34
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Vm Vb

\4 ; v, v
|z |z |
TCSC TCPS - '
s i ) in |
I Isyc
( 43 ] ( SV

‘)
I

Figure 3.1: Single machine infinite bus system (SMIB) with G1 FACTS devices

P =v,i,+v,, (3.4)

3.1.1.2 Excitation system and PSS

The excitation system can be represented by the IEEE type-ST1 system shown in Figure

3.2, and is described by

Ey=K Ve —vtups)—Ey)/T, (3.5
v=;+v,)" (3.6)
v, =X, 3.7
v, =E, —x,i, (3.8)

A conventional lead-lag PSS is installed in the feedback loop to generate a supplementary

stabilizing signal uys, see Figure 3.2. The PSS input is the change in the machine speed.
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min
E P

sT, (1+sT, ((1+5T, | | 4w
K —
1+sT, \1+sT, \1+5T,

min
u Dss

Figure 3.2: IEEE type-ST1 excitation system with PSS
3.1.1.3 FACTS-based stabilizers
Shown in Figure 3.3 is a SVC with a lead-lag supplementary controller. The susceptance

of the SVC, Bgyc, is given by

B = (K, (B —tge) = Bsye)/T, (3.9)
where B{Z. is the SVC reference susceptance.

Figure 3.4 shows a TCSC equipped with a lead-lag controller. The TCSC reactance is

expressed as

Xopese = (Ks(X%C —Upese )~ Xpese ) T (3.10)

Similarly, Figure 3.5 shows a TCPS equipped with a lead-lag stabilizer. The TCPS

phase angle is expressed as

*

D reps = (K ((D;ec,{Ps - yTCPS)_(I)TCPS )/ T, 3.11)
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max
B NZ%

KS v
14T, /

min
BS vC

of
B;VC
Bgyc

v

sT, (14T, J 1+sT; ) | 4o
K P
1+sT, \1+sT, \1+sT,

min
Ugpe

Figure 3.3: SVC with lead-lag controller

max
Xrese
// » XrCsc

min
X TCSC

sT, {1457, | 1+sT; Aw
K Pl
1+sT,\1+sT, \1+5T,

min
Urcse

Figure 3.4: TCSC with lead-lag controller
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max
o TCSP

L / » Bsic
1457, /

min
(D TCPS

sT, (1+sT, [ 1+5T, ) | 40
K —
1+sT,\1+sT, \1+57,

min
Urcps

Figure 3.5: TCPS with lead-lag controller

3.1.2 SMIB System Linearized Model

The power system model described in the previous section is nonlinear. For controller
design purposes, it is usually more convenient to work with a linear model.
The d and g components of the machine current i and terminal voltage v, see Figure 3.1,

can be expressed as:
i=i,+ji, (3.12)
v=v,+jv, (3.13)
The voltage v; can be expressed as
V, =V — jXpegcl (3.14)

The d and q components of v, can be written as

Vg =X, (3.15)
v, =E, —x,i, (3.16)

where



xq.v = xq + X TCSC

Xy = Xy + Xpese
The voltage v can be expressed as

y =

o |

kZ

TCPS

x|

The d and g components of v' are

.1

v, = 7 (v cos D +v, sin D)

v, = %(vsq cos @ —v_, sin ®)

the load current is
i =vY,
where Y} is defined as
Y, =G+ jB
The current iy can be decomposed to
i, =Gv, —Bv;
i, = Gv; +Bv,
The line current i; is written as
i =i—i,
The d and g components of i; are
by =i~y
by =1, =l

The midpoint voltage vy, is

(3.17)

(3.18)

(3.19)

(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)

(3.26)

(3.27)

(3.28)
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v, =V —iZ
The voltage v, is decomposed to
v, =CV, —sz; —Ri, + Xi,
Vg =CoVy +Cv, — Xiy — Ri,
where
C,=1+RG-XB
C,=RB+XG
The SVC current is written as
Isye = VaXsyc
The line current iy is given as
Iy = —lgc
The infinite bus voltage is
v, =V, —iyZ
The d and g components of v, are
Vg =V, SN0 =v,, —Ri,, + Xi,
Vyy =V, €086 =V, — Xiy —Ri,
Substituting (3.15)-(3.35) into (3.37) and (3.38) and rearranging yields
Cyi, +C, =v,siné +C,E,
Cyiy +Cei, =v, 0086 —GE,
Solving (3.39) and (3.40) for i; and i; and linearizing gives

CyAi; +CAi, =[v,c086 C, C, C; C;]AX,

(3.29)

(3.30)

(3.31)

(3.32)

(3.33)

(3.34)

(3.35)

(3.36)

(3.37)

(3.38)

(3.39)

(3.40)

(3.41)

40
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CsAiy +CeAi, =[-v,siné -C, C, C, C,]AX, (3.42)
where

AX,=[A6 AE, ABye AXpge ADp] (3.43)
Solving (3.41) and (3.42) for 4i; and 4i, results in

Ai,=[Cs C, Cy C, Cu]AX, (3.44)

A, =[Cy Cy Cy Cp Cyu)AX, (3.45)
The constants C;-Csy are functions of Z, Yy, x, Xg 1do, g0, E'qo,BSVCg, Xresco, and Drepsp.
Also, linearizing v, and v, yields

Av, = x A, (3.46)

Av, = AE, - x,Ai, | (3.47)

Using (3.44)-(3.47) to linearize P,, E 'q, and v gives

AR =[K, K, K, K, K,|AX, (3.48)
(K, +ST))AE, =AE, —[K, 0 K, K, Kg|AX, (3.49)
Av=[K; K, K; K, Ko]AX, (3.50)

where the constants K;-K¢, Kpp, Kpx, Koo, Kgp, Koxs Kqo, Ko, Kox, and K, are functions of
Ci-Ca.

In matrix form, the linearized power system model can be expressed as
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- .. o 377 0 01l
A\ | K DK 1A
Ao M M M Ao
- |7 K, __K'_3 1 +
AE, T T, T, | AE,
AE.fd _ KAKs 0 _ KAKé __1— AEfd
S R 3.51
K 0 0 0o (3.51)
0 _KpB _K,,X _qu, Upgs
M M M || Ap
SvC
0 __IEZJ;"_ _KqX _qu)
7;0 1;0 I;o A Xrese
__Igf_‘i_ _KAKvB _KAKvX _KAde) _A(DTCPS_
Yy T, T, T, |
or
AX = AAX + BAU (3.51)
where
' T
AX=[AS Ao AE, AE, | (3.52)
T
AU =[upg; ABgye  AXpege AD s ] (3.53)

Figure 3.6 shows a block diagram representing the linearized power system model

described by the above equations.
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K [¢
11 Ao 377 AS
D+sM )
ABsyc, AXrcsc, or ADrcps
K Ks [* ™ Ks
A A\ X A
K, Kq K,

AE;, | K, +sT, + AEg

" K¢

Figure 3.6: Linearized power system model equipped with a SVC, TCSC, and TCPS

3.2 Single-Machine Infinite-Bus System with UPFC

A single machine infinite bus (SMIB) system equipped with a UPFC is shown in Figure

3.7. The generator is equipped with a PSS.
3.2.1 SMIB System Nonlinear Model

By applying Park’s transformation and neglecting the resistance and transients of the ET

and BT transformers, the UPFC can be modeled as {123-125]:



my COSOLV,,

[VEtd:| _ I: 0 _xE:HiiEd ] + 2 (3.54)
Veg | 1%z 0 || ig mysind,v,, '
2
[ m, cosd,v,,
I:vBtd] ={ 0 _xB][in}+ 2 (3.55)
vth Xp 0 qu “ sin 5Bvdc
2

de de Bg

v;c = iZE [cosdy sind,] ;Ed}+323 [cos 8, siné‘B][;Bd] (3.56)
L e

The non-linear model of the SMIB system of Figure 3.7 is:

5 = w,(@-1) (3.57)
®=(P,-P.—D(@-1))/M (3.58)
é; =(Ey —(x,—%,)i; —E) /T, (3.59)
Ey=(K (V. —v+ips)~Eg)IT, (3.60)

where P,, v, vy, and v, are represented by (3.4), (3.6)-(3.8), respectively, and
1y =igy +ip (3.61)
i, =ig, +ig, (3.62)
Also, from Figure 3.7 we have
V= Xl + Vg, (3.63)
Vg, = Vg + jXgyig +V, (3.64)
From (3.63) we have

v+ Jv, =x,(ig, +ig, )+ JIE, —x;(gy +ip,)]

e , (3.65)
= jX,g(igy +igg +J lggtJ qu) tVga t Ve,
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Ve T JVey = Ve + Ve + JXpyips — Xpyip, +V,8I00 + jv, cOSS

From (3.54), (3.55), (3.65), and (3.66) the following can be obtained

where

Irq

lEq =

Ipg =

qu

xqz

X, )
=— +——(v,sind +

X m,sind,v
+-% (v, cos § +—E—B )
X5 2

Xgp B - mg Sino,v, Xy,
q
Xaz 2x,5

my; COS OV, X5, _

X my COS O,V
E :
—= (v, sin § + L ——2-4)

2x5 X,z 2
X m.sind.v, x X m,sind,v
E ! E E"dcVdE dt B B dc
———Eq+ > —— (v,cosd + ——E24)
X5 Xax Xaz

My, COSOpVy X, My COSOZV,, )

2x,5 X,z 2

=(x, + x5 +xp)(Xp +xg )+ xp(x, +x)

Xg, =Xp+Xpy +X, + X

X, =X, + Xz +Xg

X,k

=X, + X

Xgg =Xy + x5 +x5)(xp + X )+ X (X +2,)

_ ’
Xpg =Xg+Xgy +X,; +Xz

.
Xy = X4 +xtE +xE

. r
Xig =Xy + X

Xgg = Xp+Xpy

(3.66)

(3.67)

(3.68)

(3.69)

(3.70)

(3.71)
(3.72)
(3.73)
(3.74)
(3.75)
(3.76)
(3.77)
(3.78)

(3.79)
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Figure 3.7: Single-machine-infinite-bus system (SMIB) with a UPFC
The conventional lead-lag PSS is installed in the feedback loop to generate a
supplementary stabilizing signal u,,,, see Figure 3.2.

The UPFC damping controllers are of the structure shown in Figure 3.8, where u can
be mg, g, mp, or Op.

In order to maintain the power balance between the series and shunt converters, a DC
voltage regulator must be incorporated. The DC voltage is controlled through modulating
the phase angle of the ET voltage, dz. Therefore, the Jr damping controller to be
considered is that shown in Figure 3.9, where the DC voltage regulator is a PI-controller.

umax

vt
™~
=

Uref

14T,

+

min

=

4o sT, [1+sT, ( 1+sT;
—Pp K
1+sT, \1+sT, \1+5T,

Figure 3.8: UPFC with lead-lag controller
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Vpe 55

vnd? &L K, Or
+ s 1+s Ts

4o X sT, [1+sT, | 1457,
14T, \1+sT, \1+5T,

Figure 3.9: UPFC with lead-lag controller and DC voltage regulator

3.2.2 SMIB System Linearized Model

The power system model described in the previous section is nonlinear. For controller
design purposes, it is usually more convenient to work with a linear model.

Linearizing (3.67) and (3.69) yield

Ai,=[B, B, B, B, B; By B]AX, (3.80)

Ainz[Bs B, B, B, B, B B14]AXu (3.81)
where

AX,=[AS AE, Av, Am; AS; Am, AS,] (3.82)

Hence, the linearized form of (3.61) is

Ai,=[Bs Bg B, By By, B, B,|AX, (3.83)
Similarly, linearizing (3.68) and (3.70) give

Aiy, =[B, B, B, By By B, By|AX, (3.84)

Aig,=[By By, By B, By, B, B;]AX, (3.85)
And

Ai, =[Bs6 B, By By, B, By B42]AX,, (3.86)
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From (3.7), (3.8), (3.83), and (3.86)
Av,=[B; B, B, Bs B, B; B,|AX, (3.87)
Av,=[B, By, By, By, By By Bg|AX, (3.88)

The constants B;-Bsg are functions of x.z, xp, X5 x5, Cac, X4, Xg ido, 190, Vaco, E'qo,mEo, OE0,

mpy, and Jpgy.

Using (3.80)-(3.88), P., E ,, v, and v, can be linearized to
AR =K, K, K, K, K, K, K,|AX, (3.89)

T
AE, =};(AEfd—[K4 K, K, K, K, K, K,]AX,) (3.90)

Av= [KS K6 de Kve dee Kvb deb]AXu (391)

A, =[K, Ky -K, K, K

ce cde

K, K.,]AX, (3.92)

Where the constants KI'K9: Kpd: er’ Kpde; Kpb, Kpdb’ qu: qu, que; qu, qub: de; Kve: dee’
Ko, Koap, Kee, Kege, Ko, and K g are functions of B;-Bss.

In state-space representation, the power system can be modeled as

AX = AAX + BAU (3.93)

where

AX=[AS Ao AE, AE, Av,] (3.94)

AU=[Au,, Am; AS, Am, A8] (3.95)



[0 o, 0 0 0 ]
K D K  _Ku
M M M M
A _ _& _ K3 1 _ qu
]:i,o ]:;o IZo ]’Zo
KAKS 0 KAK6 _l _ KAde
T, T, T, T,
| K, o0 K, 0 -K, |
0 0 0 0 0
0 _er _Kpﬁe ___I_(_p_b_ Kprfb
M M M M
B _ 0 ge Kqﬁe _&IL _ Kqé‘b
__I_<A — KAKve KAKvﬁe - KAKvb _ KAKwa
TA TA TA TA TA
L O Kce Kcﬁe ch Kcﬁb
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(3.96)

(3.97)

The linearized dynamic model of the SMIB system with a UPFC is shown in Figure 3.10.

In addition to the PSS input, upss, only one UPFC input is considered in this figure.
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Figure 3.10: Linearized power system model equipped with a UPFC

(only one UPFC input is shown)
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3.3 Multimachine Power System

In this section, the SMIB system model represented by Figure 3.6 is extended to describe
an n-machine m-bus multimachine power system. Due to the interaction between the
machines in multimachine system, the K;-Ks are matrices rather than scalars, and the
machine parameters, such as K4 and T, are vectors.

3.3.1 Multimachine Power System Nonlinear Model

The multimachine nonlinear model can be described by the following set of differential

equations, in all that follows i=1, 2, ..., n:

01 = wy(@,-1) (3.98)

o, = (P, —P,~D(&,~1)/ M, (3.99)

E;i =(E g — (x4 — x;ii gy — E:;i) I T (3.100)

E gy =(KA1‘(Vrefi—vi+uPSSi)_Efdi)/TAi (3.101)
where

By = Vyly + Vo, (3.102)

Vi = Xl Vg = By = Xy (3.103)

v, = (v +v,)" (3.104)
Also,

I=YvV (3.105)

where
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N ()
I, =@, +jipe ? (3.106)
NV O
Vi=(,+jv,)e (3.107)
Y, =y, (3.108)

It is worth emphasizing that the capitalized variables I (n x 1), V(nx 1), and Y (n x n)

represent complex quantities.

Using (3.105)-(3.108) as well as (3.103) and (3.104), iy; and i,; can be expressed as

= Zy,, [xyiy 5 = %ig)Sy] (3.109)
iy = D Yl%0 8, + By — %4 )Cy] (3.110)
j=t
where
C, =cos(B,;+5,-9)) (3.111)
S; =sin(f; +6,-5)) (3.112)

3.3.2 Multimachine System Linearized Model

Linearizing (3.109) yields

L,Ai, = PAS +Q,AE, + M Ai, (3.113)
where
Py ==y, [x,i,8; +(Ey —x,i,)C,),  j#i (3.114)
Py==) Py (3.115)
j=1

J#i

Oy =—¥iSy» J=L2,..,m (3.116)



My = y%,Cys j=L2,..m
Ly ==Y%yS;, J=#i

Ldij =1- yiix:IiSii
Similarly, linearizing (3.110) yields
LAi, = PAS+Q,AE, +M Ai,

where

By = yylxyi,C; —(By —%4iy)Sy),  j#i

By = _é Fy

JEi

quj zyijC;_'j9 Jj=12,...n

M =-y;x;C,, j=12,...,n
Ly ==yy%ySy> J#i
L, =1-yx,S,

Solving (3.113) and (3.120) simultaneously give
Ai, = F,A5 +Y,AE,
Ai, =F,AS+YAE,
where
F,=[L,—M,L;M,T" [P, +M]P]
Y, =[L,~M,L;M, [0, +M,L;Q,]

F, =L¢_11[BI +MdF;1]
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(3.117)
(3.118)

(3.119)

(3.120)

(3.121)

(3.122)

(3.123)
(3.124)
(3.125)

(3.126)

(3.127)

(3.128)

(3.129)
(3.130)

(3.131)
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Y, =L;[Q,+M,Y,] (3.132)

Solving (3.102)-(3.104), linearizing, and substituting for 4iy; and 4i, from (3.127) and

(3.128) results in

AP, = K\AS +K,AE, (3.133)
where

K, =DF;+QF, (3.134)

K,=I,+DY,+07, (3.135)

K,=D,F,;+QF, (3.136)

Also, linearizing (3.100) and substituting for 4iy; and 4i,; from (3.127) and (3.128) yields
[ +sT)o +(x, —%,)Y,JAE, = AE,, —(x, — %, )F,A8 (3.137)

For the ith machine, it can be written

[ +5T;0,Kx, JAE, = K, [AE, —;éj—AEq, —ngAaj] (3.138)
Iei
where
Ky =[xy =) Y15 j %1 (3.139)
K, =[1+(x, —x,)Y,T" (3.140)
Ky =y =% Fy,  J#i (3.141)
K, =0, —x,)F, (3.142)

Moreover, linearizing (3.103) and (3.104) and solving for Av
Av=KAS+KAE, (3.143)

where
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K;=Dyx,F,-Qx,F, (3.144)
K¢=DxY -0x,Y,+0, (3.145)
D, =v;'v (3.146)
Q, =V (3.147)

It should be noticed that vy and vy are diagonal matrices of the respective initial
conditions.

Figure 3.11 shows a block diagram of the ith machine in a multimachine power system.

49; K [
™ K |
AE,; Ao, 46;
7 1 AT D N
D, +sM, s

Koii
h
AE, K,, AEy;
I+s Ta;oiKsii )
K 1 AEq,-'
K,
45, taE,
»  Ksii

Figure 3.11: Linearized model of the ith machine in multimachine power system
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333 Multimachine Power System Nonlinear Model with SVCs

In the previous multimachine model, the Y-matrix is assumed to be constant. If a FACTS-
device is to be added to the system, this assumption is no longer valid. The Y-matrix will
be a function of the FACTS device control signal. To incorporate the effects of adding r
SVCs into the Y-matrix, for example, the following steps need to be considered:

1. The system m x m Y-matrix is rearranged as follows

Y., Y, Y,
Y=Y, ¥, Y, (3.148)
YP" YP’ YPP

where p = m-(n+r), Y, is an n x n sub-matrix, Y,, is an »n x r sub-matrix, and so
on.
It is worth noticing that all the sub-matrices are constant except Y,,. For example,

forr =2,

Y” — [Yrru - jBSVCl Yrrl.2 :| (3. 149)
Y Y, 2 = JBgcs

2. The resulting Y-matrix is reduced to

Y
Y, = [Y”” ”R} (3.150)
YRN YRR

where Yyy is an # x n sub-matrix, Yng is an 7 x r sub-matrix, and so on. And,

Yo =Y, -1, Y%, (3.151)
Y=Y, -1, Y7, (3.152)
Yoo =Y, -Y Y Y, (3.152)
Yoo =Y, =YYV, (3.153)



Again, all the sub-matrices here are constant except Yzz.

3. Ysis further reduced to

Y= YNN —YNRYR_I;YRN
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(3.154)

It should be observed that equations (3.98)-(3.113) are still valid except that the Y-matrix

is that shown in (3.154).

334 Multimachine System Linearized Model with SVCs

Without loss of generality, in the derivation it will be assumed that only one SVC is

added to the system. If more than one SVC is to be connected, a linear addition of their

effect is valid in the linearized model. Hence, Y can be re-written as

1
Y=Y, —-——Y,
Y Y, - jBye ©

m

where Y,, is the SVC bus self-admittance
Yw=Ynn Yxy=YnrYrw, and 1/(Y,jBsyc)=Ygr.

Define

Y, = ywej”W,YXY = yxyejﬂ"y,R =Y, — jBgy. |,0 = angle(Y,, — jBg,),
a, =Re(Y, — jBg),and b, =Im(Y, — jBg,)

Consequently, iz and i,; can be expressed as

1 n
Zywu[qulqlcwy xdjldj) wu Ezl:yxyu[xq/lqlcxyu (E xabldj) xyy]
J=

L] L . 1 I
l = Zywy[xq} Ly wij +(Eq1' _xtﬁldj)cwy']'—izlyxyy[xq/lq/‘gxyy +(E xdjldj) xyu]
j=

where

C,; =cos(B,; +6,-9)

S,y =sin(B,; +6,-8)

(3.155)

(3.156)

(3.157)

(3.158)

(3.159)

(3.160)
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C,; =cos(B,,; +6,-6,-0) (3.161)

S,y =sin(B,, +6,-8,-6) (3.162)
Linearizing (3.157) yields

L,Aiy = P,AS +Q,AE, + M ,Ai, + N,ABg,. (3.163)

where

. y i)
Py ==y,,[x,i, wy+(E — %41, )C, 1+ 2 [x g

wij

+(E, —x,4i,)C,., 1 j#i (3.164)

oy

Fy = -Z Fy (3.165)
=1

J#i

Qi = yw,,Sw,,+yz” Syis  J=12,.,n (3.166)
Vi .
My =Y,;%,Ch = R xq,nyy., j=12,...,n (3.167)
Y i .
L= ywyxd,Sw,,+—k’?—’xd,Sxy,,, j#i (3.168)
y i ' . .
L =1- yw,,xd,Sw,,+—;‘;;’—x¢Sw, j#i (3.169)

N, 3[(b BSVC)C9+amS9]Z Yo% Coy = (E, —x4i,)8,;]
j=1

1 ) (3.170)
+ —R—3[—(bm -Bg,)S, +a,C, ]; Y il Xt Sop + (B =% )]
=sin(#),C, = cos(0),S,; =sin(B,,,; +5,-6,),C,; =cos(f,,; +9; -0, (3.171)
Similarly, linearizing (3.158) yields
L,Ai, = PAS+Q,AE, +M Ai, + N, ABg, (3.172)

where



v, Yy
Pqij =ywy[qulqicwu (Eqi_xab'ltﬂ)swij] xy} [x g nyj (E xdj’ab)

Fyi = Z w

j¢l

yx.WJ

quj=ywiijy R nyy, j=L2,..,n

M, =-y,%,C LYoy 1 =1,2,...,1
wij v dj~ wij R @i~ xyij 2 J= ey,

L, =-y,x,S +yxy”xS Jj#i

9y wij g wij R xyij 2

y ii
Ly =1=,,%,8,; +~2>=x,S

i wii R qt Xyii

Xyl I8

1
N, ="F[_(b —By)S, +a,C, ]Zyxyj[quq/ oij (E xdfldl) 011]

1 .
_ F[(bm -By,.)C, +a,S, ]; Vil Xt Sop + (B = %451 )C 5

Solving (3.163) and (3.172) simultaneously give
Ai, = F,AS +Y,AE, +U ,ABg,.
Ai, =F A5 +Y,AE, +U,ABg,

where
F, =[L,-M,LM,T"[F,+MUL/P]
Y, =[L, —M,L/M, T [Q, +M,L]O,]
U, =[L,-M,L;}M, T[N, +M,L}N,]

F,=L}[P,+M,F,]

J#i
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(3.173)

(3.174)

(3.175)

(3.176)

(3.177)

(3.178)

(3.179)

(3.180)

(3.181)

(3.182)
(3.183)
(3.184)

(3.185)
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Y, =L[Q,+M,Y,] (3.186)
U,=L/[N,+M,U,] (3.187)

Solving (3.102)-(3.104), linearizing, and substituting for 4iy; and 4i,; from (3.180) and

(3.181) results in

AP = K1A5+K2AE; +K ,ABg, (3.188)
where

K, =DF, +Q/F, (3.189)

K,=I,+DY,+07Y, (3.190)

K, =DU,+0U, (3.191)

Also, linearizing (3.100) and substituting for iy and 4i,; from (3.180) and (3.181) yields
(1 +5T; +(x, -x)Y, ]AEq =AE; —(x;— X)FA8 —(x; = x,)U, ABgyc (3.192)

For the ith machine, it can be written

[1+5T, K5, JAE,, = Ky, [AE, —;é}—AEq, —Z:;KwAé‘j ~ K 5ABg] (3.193)
s

where
Ky =y = %)Y 1 J #i (3.194)
Ky, =[1+(x; —x,) YT (3.195)
Ky =y —%)Fy,  j#i (3.196)
K, =(x, —x,)F, (3.197)
K5 =Gy —%)U, (3.198)

Moreover, linearizing (3.103) and (3.104) and solving for Av
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Av=KAS +KAE, + K ;ABg,. (3.199)
where

K, =DxF,-0x,F, (3.200)

K=DxY,-0x,Y,+0, (3.201)

K,=DxU,-0xU, (3.202)

D, =v;'v,, (3.203)

0, = V5 Vyo (3.204)

Figure 3.12 shows a block diagram of the ith machine in a multimachine power system

equipped with a G1 FACTS device.
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K [
ACO,‘ Aé,
T Y I
D, +sM, s
ABsyc, 4Xrcsc, or ADrcps

K,

AEqi’ Ky

1 + STa"oiK3ii

i Kyii <_i_’ Ksi

Ko

A@I

in Kvi
A0;
Ksi [
AEm | K, S PE—V
) 1+sT,,
A
K6i]' —
1 AEy
K;;
1 ag,

Figure 3.12: Linearized model of the ith machine in multimachine power system with a

G1 FACTS device



CHAPTER 4

PARTICLE SWARM OPTIMIZER

A novel population based optimization approach, called Particle Swarm Optimization
(PSO) approach, was introduced first in [49].  This new approach features many
advantages; it is simple, fast and can be coded in few lines. Also, its storage requirement
is minimal.

Moreover, this approach is advantageous over evolutionary algorithms in more than
one way. First, PSO has memory. That is, every particle remembers its best solution
(local best) as well as the group best solution (global best). Another advantage of PSO is
that the initial population of the PSO is maintained, and so there is no need for applying
operators to the population, a process which is time- and memory-storage-consuming. In
addition, PSO is based on “constructive cooperation” between particles, in contrast with
the other artificial algorithms which are based on “the survival of the fittest.”[50]

PSO starts with a population of random solutions. Each particle keeps track of its
coordinates in hyperspace which are associated with the fittest solution it has achieved so
far. The value of the fitness (pbes?) is stored. Another best value is also tracked, which

is the global best value. The global version of the PSO keeps track of the overall best
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value, and its location, obtained thus far by any particle in the population, which is called
(gbest).

PSO consists of, at each step, changing the velocity of each particle toward its pbest and
gbest. Acceleration is weighted by a random term, with separate random numbers being
generated for acceleration toward pbest and gbest.

Several modifications have been proposed in the literature to improve the PSO
algorithm speed and convergence toward the global minimum. One of the most efficient
PSO versions uses a time decreasing inertia weight, which leads to a reduction in the
number of iterations. The performance of this modified algorithm depends on the
method of tuning the inertia weight. The most straightforward way to adjust the inertia
weight is to force it to linearly decrease with the number of iterations.

As an alternative to inertia weight technique, constriction factors have been proposed
[162]. Constriction-factor-based PSO has been proved to be superior upon inertia-
weight-based PSO in terms of the number of iterations to reach the best solution.

PSO starts with a population of random solutions “particles” in a D-dimension space.
The i" particle is represented by X;=(xi1, Xiz, ..., Xip). Each particle keeps track of its
coordinates in hyperspace which are associated with the fittest solution it has achieved so
far. The value of the fitness for particle i (pbest) is also stored as P;i=(p;;, pi2, ..., pip).
The global version of the PSO keeps track of the overall best value (gbest), and its
location, obtained thus far by any particle in the population.

PSO consists of, at each step, changing the velocity of each particle toward its pbest
and gbest according to equation (3.205). The velocity of particle i is represented as

Vi=(vi1, Vi2, ..., vip).  Acceleration is weighted by a random term, with separate random
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numbers being generated for acceleration toward pbest and gbest. The position of the i

particle is then updated according to equation (3.206).

Vid = W¥vig + cr*rand() *(pi-xia) + c2*Rand( ) *(pga-xig) (3.205)
Xid = Xid T Vid (3.206)
where, Ppia = pbest
and DPgd = gbest
A simplified method of incorporating a constriction factor is represented in equation
(3.207), where K is a function of ¢; and ¢; as illustrated by equation (3.208). Eberhart
and Shi [162] experimented the performance of PSO using an inertia weight as compared
with PSO performance using a constriction factor.  They concluded that the best
approach is to use a constriction factor while limiting the maximum velocity V. to the
dynamic range of the variable X, on each dimension. They showed that this approach
provides performance superior to any other published resuits.
Via = K*[vig + cr*rand( ) *(pia-xig) + c2*Rand( )*(pga-xia)] (3.207)

K = kk/|2-9-( 9"2-4 0)"0.5|; kk=2and p = ¢; + c2, 9 > 4 (3.208)
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4.1 Steps of the PSO Algorithm

Figure 4.1 shows a flow chart of the PSO algorithm. It is described as follows:

Step 1: Define the problem space and set the boundaries, i.e. equality and inequality
constraints.

Step 2: Initialize an array of particles with random positions and their associated
velocities inside the problem space.

Step 3: Check if the current position is inside the problem space or not. If not, adjust the
positions so as to be inside the problem space.

Step 4: Evaluate the fitness value of each particle.

Step 5: Compare the current fitness value with the particles’ previous best value
(pbest[]). If the current fitness value is better, then assign the current fitness
value to pbest[] and assign the current coordinates to pbestx/[] [d] coordinates.

Step 6: Determine the current global minimum among particle’s best position.

Step 7: If the current global minimum is better than gbest, then assign the current global
minimum to gbest[] and assign the current coordinates to gbestx/]/[d]
coordinates.

Step 8: Change the velocities according to (3.205).

Step 9: Move each particle to the new position according to (3.206) and return to Step 3.

Step 10: Repeat Step 3- Step 9 until a stopping criteria is satisfied.



Start

Set equality and inequality
constraints

y

Are constraints
satisfied

Start
Subroutine

YES

Evaluate fitness function (f) for
each particle

y
Is (f < pbest) YES Set pbest = f

NO
A

Evaluate best fitness function
() among all the particles [

< Is (ff < gbest) YES | Set ghest = ff

NO

A

A

Is stopping criteria YES

satisfied /

NO

> Terminate

Change v

Change x

Figure 4.1: Flow chart of PSO algorithm
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CHAPTER 5

PROBLEM FORMULATION

5.1 System Models and Stabilizer Structures

In this thesis, the synchronous generator and the exciter are described by the 4™ order
model outlined in chapter 3, which is widely accepted for analyzing power system

dynamics. The model is summarized here as

5 =a,(0-1) (5.1)
®=(P,~P~D(@-1))/M (5.2)
E',', =(E, —(x,—x"ig —E)/T, (5.3)
E =K,V —v+iips)—E)/ T, (5.4)

V= (vj +v§ )2

Vg = X0, (5.5)

v, =E, —x,i,

P =v,i, +v,i, (5.6)
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In the case of a SMIB system with a UPFC, the UPFC is modeled as

my; OSSOV,

Vea | _ 0 —xp || g N 2
VEtq xg 0 ]|ty My, Sin 85V,

2

my COS OV,

Vi | _ 0 —xp || s + 2
Vay x; 0 || i, mgsindyv,,

2

. i
Ve =—%—[0056'E sind, ]| |+ 3
4C 'z de

L

A multimachine power system is modeled as
5 i =0, (o, 1)
@, =(P,—P,~D,(@,~1)/ M,
E, =By~ (a0~ E,) I T,y

E 4 =K,V =V, +ufss:)_Efdi)/]:4i

where
B =viy+ Vyibyi
Vai = xqiiqi s Vg = E;i - xrlliidi
Vi = (Vji + V:i)m

Also,

where

[cos &,
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(5.7)

(5.8)

(5.9)

(5.10)

(5.11)

(5.12)

(5.13)

(5.14)

(5.15)

(5.16)

(5.17)
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6D
I, =(,+ji))e (5.18)
N G
Vi=(@,+jv)e *? (5.19)
”
Y, =y, (5.20)

It is worth emphasizing that if a FACTS device is incorporated in the multimachine
system, the Y-matrix is no longer constant; it is a function of the FACTS device control
signal.

The PSS and FACTS-based stabilizer will be the very widely used lead-lag controller,

whose transfer function is

u=K sT, (14sT, | 1+sT; Ao
V+sT, \1+sT, \1+sT,

where

u and Aw stabilizer output and input
K Stabilizer gain

T Washout time constant

T, T», T3, and Ty Stabilizer time constant

In this controller structure, T, is usually predetermined. The controller parameters to be

specified, then, are K, T}, T3, T3, and Ty.
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5.2  Objective Functions

To select the best stabilizer parameters that enhance most the power system transient
performance, two eigenvalue-based objective functions are considered:

Jr=min{{;: (i is a vector of the damping ratios corresponding to all the complex

eigenvalues of the system at the ith loading condition}

J,=max{o;: o; is a vector of the damping factors corresponding to all the

complex eigenvalues of the system at the ith loading condition}

The objective function J; identifies the minimum value of the damping ratios among
all the system complex modes of all loading conditions considered in the design process.
Hence, the goal is to Maximize J; to reduce the system response overshoot and enhance
the system damping characteristics.

However, the objective function' J; identifies the maximum value of the damping
factors, i.e. the real parts of the eigenvalues, among all the system complex modes of all
loading conditions considered in the design process. Hence, the goal is to Minimize J; to
shift the poorly damped eigenvalues to the left in the s-plane improving the system

response settling time and enhancing the system relative stability.

5.3 Optimization Problem

The design problem can be formulated as follows
Optimize J

Subject to
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Kimin S K,' < Kimax
min max
Lo < T, <T;
min max
];i S ];i S ];i
min max
L ST, <T;
min max
I:I-i “<“ T"l»i S T:li
where i is number of stabilizers considered and J can be either J; or J,.

The proposed approach will employ particle swarm optimizer (PSO) to search for the

optimum parameter settings of the given stabilizers.



CHAPTER 6

PROPOSED APPROACH

6.1 Controllability Measure

To measure the controllability of the EM mode by a given input (control signal), the
singular value decomposition (SVD) is employed. Mathematically, if G is an mxn
complex matrix, then there exist unitary matrices W and ¥ with dimensions of mxm and

nxn, respectively, such that

G=wzv? (6.1)
where
¥ 0
r=|""! 6.2
[0 0} (6.2)
2 =diag(oy, ..., 6,) (6.3)

with ¢,>...> 6,20 where r = min{m,n} and o, ..., o, are the singular values of G.

The minimum singular value g, represents the distance of the matrix G from all the
matrices with a rank of »-1. This property can be used to quantify modal controllability
[164,165]. The matrix B can be written as B=[b; b, b; by bs] where b; is a column vector
corresponding to the ith input. The minimum singular value, 6,,,, of the matrix [Al-4 b;]

indicates the capability of the ith input to control the mode associated with the eigenvalue
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A. Actually, the higher the gy, the higher the controllability of this mode by the input
considered. As such, the controllability of the EM mode can be examined with all inputs

in order to identify the most effective one to control the mode.

6.2 Damping Torque Coefficient Analysis

To assess the effectiveness of the proposed stabilizers, the damping torque coefficient

(DTC) is calculated. For a SMIB system, the torque can be decomposed to
AT, ()=K,,A5()+K,A0() (6.4)

where K, and K, are the synchronizing and damping torque coefficients, respectively. It
is worth mentioning that K, is a damping measure of the electromechanical mode of
oscillations. To calculate Ky, and Ky, the error between the actual torque deviation and
that obtained by summing both components can be defined as [166]

E(t) = AT() -[K,,,AS() + K ,A0(8)] (6.5)

Then, Ky, and K; are computed to minimize the sum of the squared errors over the

simulation period &, as
N N
Y E* =Y [AT,(1) - (K,,Ad +K,A0)T (6.6)

where £, = Nx T, and T, is the sampling period. Hence, these coefficients should satisfy

9 S p—0and-2-Y F* =0 ©.7)
oK,

oK,

This results in

N

D [AT,AS] =Ksyni[A§]2 +Kdi[Aa)A6] (6.8)
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N N
Y [ATA0]=K, Y [AwT +Ksy”i[AwA§] (6.9)

Solving (6.8) and (6.9), Kyn and K4 can be calculated.

6.3 Implementation

In SMIB simulation implementation, the proposed objective functions are optimized
individually. For each objective function, the optimization is carried out twice: first at one
loading condition and then at a wid¢ range of operating conditions. In each case, both
individual stabilizer design and coordinated stabilizer design are covered. The
implementation plans are shown in Figure 6.1 and Figure 6.2 for a SMIB system with G1
FACTS devices and a SMIB system with a UPFC, respectively.

A similar implementation plan is followed for the multimachine power system, see
Figure 6.3. The only exception is that only one objective function is considered there; J;.

In all cases, the design process starts with linearizing the system model at each
loading condition of the specified range and identifying the complex modes. Then, the
objective function is evaluated and PSO is applied to search for the optimal settings of the

proposed stabilizer(s) parameters.
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Multiple-Point
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Figure 6.1: Approach implementation plan for a SMIB system with G1 FACTS devices
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Figure 6.2: Approach implementation plan for a SMIB system with a UPFC
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CHAPTER 7

OPTIMIZATION RESULTS:

FIRST GENERATION FACTS DEVICES

7.1 Electromechanical Mode Controllability Measure

SVD is employed to measure the controllability of the electromechanical (EM) mode
from each input signal of PSS, SVC-Based stabilizer, TCSC-based stabilizer, and TCPS-
based stabilizer. The minimum singular value, Omin, is estimated over a wide range of
operating conditions. For SVD analysis, P, ranges from 0.05 to 1.4 pu and Q= [-0.4, O,
0.4]. At each loading condition, the system model is linearized, the EM mode is
identified, and the SVD-based controllability measure is implemented.

For comparison purposes, the minimum singular values for all inputs at Q.= - 0.4, 0.0
and 0.4 pu are shown in Figures 7.1-7.3, respectively. From these figures, the following

can be noticed:
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The capabilities of the PSS, SVC, and TCSC to control the EM mode are
directly proportional to system loading. However, the TCPS capability of
controlling the EM mode is less dependent on loading.

The controllability of TCPS is generally higher than those of the other
stabilizers, especially for low and moderate loading.

At very low loading, PSS, SVC, and TCSC suffer from poor controllability.
The TCSC enjoys the strongest potential to control the EM mode at high
loading conditions.

The EM mode is least controllable through SVC for the different loading

conditions
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Figure 7.1: Minimum singular value with all controllers at Q =-0.4 pu
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7.2 Optimization Results for PSS, SVC, TCSC, and TCPS

This chapter presents the optimization results of the two objective functions: Jj,
maximizing the minimum damping ratio, and J,, minimizing the maximum damping
factor. Both the single-point and multiple-point tuning processes for individual and
coordinated designs are considered. The system data is given in Appendix A.
To assess the effectiveness of the proposed controllers, four different loading

conditions are considered for eigenvalue analysis. These conditions and disturbances are:

1. Nominal loading (P., Q¢)=(1.0,0.015) pu.

2. Light loading (P., Q¢)=(0.3,0.015) pu.

3. Heavy loading (P., Q.)=(1.1,0.40) pu.

4. Leading power factor (Pf) loading (Pe, Q.)=(0.7,-0.3) pu.

Moreover, the nominal and light loading conditions with 6-cycle three-phase fault

disturbances are considered for nonlinear time-domain simulations

7.2.1 Single-Point Tuning

In this section, the stabilizers are tuned with only the nominal loading condition, (Pe,

Q)=(1.0,0.015) pu, taken into account.
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7.2.1.1 Individual Design with J;

The PSS, SVC-, TCSC-, and TCPS-based controllers are designed individually
considering the nominal loading condition.

Stabilizer Design: PSO is used to search for the optimum parameter settings of each

controller that maximizes the minimum damping ratio of all the system complex
eigenvalues. The final settings of the optimized parameters for the proposed stabilizers
are given in Table 7.1.

Eigenvalue Analysis: The system eigenvalues without and with the proposed
stabilizers at the four operating points, nominal, light, heavy, and leading Pf, are given in
Tables 7.2-7.5, respectively. The bold rows of these tables represent the EM mode
eigenvalue and its damping ratio. It is evident that the proposed stabilizers greatly
improve the system stability. It is also clear that the PSS, SVC and TCSC have relatively
poor capabilities to enhance the EM mode damping when the system operates at light

loading.

Table 7.1: Optimal parameter settings with J;, single-point tuning, individual design

PSS SVC TCSC TCPS
K 21.686 300.00 10.8202 9.2238
T 44314 5.0000 4.0061 3.5957
T, 0.0100 - 09705 0.9165 1.8213
T3 0.1197 0.0875 3.7632 4.1550

Ty 3.3441 1.0345 2.0083 0.9359
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Table 7.2: System eigenvalues of nominal loading conditions with J; settings, single-point

tuning, individual design
No Control PSS SvC TCSC TCPS
0.5255+6.5919i, -4.7500+ -4.5975+ -3.4807+ -3.3969+
-0.0795 7.3000i, 0.5500 5.9522i, 0.6113 4.1879i, 0.6392 4.1402i, 0.6343

-10.6940+ -4.9000+ -4.8355+ -9.7437+ -9.7506+
5.6612i 7.53001 6.22921 11.7263i 11.8841i

-- -101.02 -20.2238 -13.4470 -1.5399

- -0.2000 -2.5378 -1.5444 -0.5295

- -0.3100 -0.7065 -0.4858 -0.2001
-- -0.2000 -0.2001 -13.5901

Table 7.3: System eigenvalues of light loading conditions with J, settings, single-point

tuning, individual design

No Control PSS SVC TCSC TCPS

0.0382+0.3601i, -1.0300+ -0.6619+ -1.3244+ -8.7181+
-0.0060 6.5700i, 0.1500 6.2863i, 0.1047 6.3945i, 0.2028 9.6344i, 0.6710

-10.2067+ -8.9600+ -9.3694+ -10.2132+ -9.4944+
6.3849i 7.0800i 6.5559i 6.4495i1 5.62041
-- -100.35 -0.2000 -17.1467 -2.5020=+

-- -0.2000 -20.0807 -1.2112 0.3295i

-- -0.3000 -1.3892 -0.4930 -0.5254

-- -- -0.8013 -0.2000 -0.2001

Table 7.4: System eigenvalues of heavy loading conditions with J; settings, single-point

tuning, individual design
No Control PSS SVC TCSC TCPS
0.6384+6.0839i, -2.7900+ -2.7481+ -1.8058+ -3.5888+
-0.1044 6.3500i, 0.4000 7.2347i,0.3551 1.2019i, 0.8325 2.2034i, 0.8522

-10.8069+ -6.9000+ -7.6108+ -10.375+ -10.059+

5.9347i 8.0900i1 6.1032i 10.781i, 0.6934 12.931i
- -100.95 -0.9368+ -8.5424+ -11.8832

-- -0.2000 0.35961 7.0258i -2.2530

-- -0.3100 - -0.2000 -0.4793 -0.5235

- - -19.7426 -0.2001 -0.2001
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Table 7.5: System eigenvalues of leading Pfloading conditions with J; settings, single-

point tuning, individual design

No Control PSS SVC TCSC TCPS

0.2182+6.66561, -4.1400+ -1.9464+ -1.8884+ -3.7864+
-0.0327 7.6000i, 0.4800 4.5953i, 0.3900 5.4270i, 0.3286 4.6012i, 0.6354

-10.387+ -5.5800+ -6.4420+ -9.5683% -9.3666+

5.69701 6.99001 6.93431 10.2131 10.2991
-- -100.89 -20.5568 -17.2876 -13.6501

-- -0.2000 -4.3818 -1.2334 -1.4671

-- -0.3100 -0.6187 -0.4918 -0.5313

-- -- -0.2000 -0.2000 -0.2001

Damping Torque Coefficient Analysis: To quantitatively measure the effectiveness

of the proposed PSS, SVC-, TCSC-, and TCPS-based stabilizers in enhancing the system
damping characteristics, the damping torque coefficient K4 is calculated. The damping
torque coefficient K4 is estimated for each stabilizer over a wide range of loading
conditions. Specifically, K4 is calculated for a range of 45 operating points specified by
P.=[0.05 — 1.45] pu in steps of 0.10 pu and Q.=[-0.40, 0.00, 0.40] pu.
For comparison purposes, K4 for all stabilizers at Q=-0.4, Q=0.0, and Q=0.4 pu are shown
in Figures 7.4, 7.5, and 7.6, respectively. From these figures, it can be observed that:
o At light and moderate loading, the TCPS-based stabilizer outperforms the other
stabilizers while at high loading the TCSC-based stabilizer is the dominant.
e The PSS, SVC, and TCSC suffer from low damping characteristics at light
loading.
e Generally, the SVC-based controller is the least effective in damping system
oscillations.
e The damping torque coefficient of the TCSC-based stabilizer increases almost

linearly with loading level.
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e For low and moderate loading, K4 of the TCPS-based stabilizer is almost constant.
However, it starts decreasing at very high loading.

e The TCSC and TCPS are more effective at lagging power factor conditions,
whereas the PSS is more effective at leading power factor conditions. However,

The SVC performance is almost unaffected by power factor characteristics.
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Figure 7.4: Damping torque coefficient with the proposed controllers at Q = -0.4 pu, J;
settings, single-point tuning, individual design
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Nonlinear Time-Domain Simulations: Figures 7.7, 7.8, 7.9, and 7.10 show the rotor

angle, speed deviation, electrical power, and machine terminal voltage responses,
respectively, for a 6-cycle three-phase fault at the nominal loading conditions. It can be
readily seen that the TCSC and TCPS performs better than PSS in terms of reduction of
overshoot and settling time. This is consistent with the damping torque coefficient
analysis results. On the other hand, the damping effort provided by the SVC is not
sufficient to keep the system stable. Figures 7.11, 7.12, 7.13, and 7.14 show the control
effort provided by the stabilizing signal of PSS, Upss, the susceptance of SVC, Bsvc, the

reactance of TCSC, Xrcsc, and the angle of TCPS, ®cps, respectively.
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Figure 7.9: Electrical power response for 6-cycle fault with nominal loading, J; settings,

single-point tuning, individual design
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7.2.1.2 Individual Design with J2

The PSS, SVC-, TCSC-, and TCPS-based controllers are designed individually

considering the nominal loading condition.

Stabilizer Design: PSO is used to search for the optimum parameter settings of each

controller that minimizes the maximum damping factor of all the system complex
eigenvalues. The final settings of the optimized parameters for the proposed stabilizers
are given in Table 7.6.

Eigenvalue Analysis: The system eigenvalues without and with the proposed
stabilizers at the four loading conditions, nominal, light, heavy, and leading Pf, are given
in Tables 7.7-7.10, respectively. The bold rows of these tables represent the EM mode
eigenvalues and its damping ratio. It is clear that the proposed stabilizers greatly enhance
the system stability. It is also clear that the PSS, SVC and TCSC have relatively poor

capabilities to enhance the EM mode damping when the system operates at light loading.

Table 7.6: Optimal parameter settings with J, single-point tuning, individual design

PSS SvC TCSC TCPS
K 28.0087 300.00 41.0339 50.1000
Ty 0.1204 5.0000 5.0000 5.0000
T2 2.4795 1.0539 2.1675 2.4879
Ts 2.5447 0.0874 5.0000 5.0000

Ty 0.0100 0.9528 2.2661 2.3756
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Table 7.7: System eigenvalues of nominal loading conditions with J, settings, single-point

tuning, individual design

No Control PSS SVC TCSC TCPS
0.5255+6.5919i, -4.8800+ -4.7139+ -9.7221+ -1.1318+
-0.0795 7.3600i, 0.5500 6.0035i, 0.6176 20.206i, 0.4336 0.0071i, 1.0000

-10.6940+ -4.7700+ -4.7174+ -0.2000 -9.7406+

5.6612i 7.5100i 6.16991 -9.4648 21.607i
-- -101.03 -20.223 -9.4285 -9.5423+

-- -0.4000 -2.5441 -1.2783 0.0157i

-- -0.2000 -0.7052 -1.2646 -0.3307

-~ -- -0.2000 -0.3594 -0.2000

Table 7.8: System eigenvalues of light loading conditions with J, settings, single-point

tuning, individual design

No Control PSS SvC TCSC TCPS

0.0382+0.3601i, -1.0294+ -0.6616+ -4.2239+ -0.8131+
-0.0060 6.5799i, 0.1500 6.2866i, 0.1047 6.5313i, 0.5430 0.4975i, 0.8530

-10.2067+ -8.9600+ -9.3697+ -10.0776= -9.4945+

6.3849i 7.08001 6.5542i 6.6947i 19.832i
- -100.35 -20.080 -11.6512 -10.110+

- -0.4000 -1.3933 -0.5998 6.06721

-- -0.2000 -0.7989 -0.3858 -0.3249

-- -20.000 -0.2000 -0.2000 -0.2000

Table 7.9: System eigenvalues of heavy loading conditions with J, settings, single-point

tuning, individual design
No Control PSS ‘ SvC TCSC TCPS
0.6384+6.0839i, -2.7903+ -2.7446+ -0.6743+ -0.7594+
-0.1044 6.3723i, 0.4000 7.2369i, 0.3546 0.6639i, 0.7126 0.5634i, 0.8031

-10.8069+ -6.9000+ -7.6138+ -9.9286+ -9.9255+

5.9347i 8.1100i1 6.0957i 21.1931 23.3011
-- -100.95 -0.9377+ -9.8449+ -9.7340+

-- -0.4000 0.35731 6.34991 3.0765i1

-- -0.2000 -0.2000 -0.3441 -0.3220

-- -- -19.7432 -0.2000 -0.2000
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Table 7.10: System eigenvalues of leading Pf loading conditions with J, settings, single-

point tuning, individual design

No Control PSS SVC TCSC TCPS
0.2182+6.6656i, -4.1296+ -1.9478+ -2.7433+ -9.5097+
-0.0327 7.6332i, 0.4800 4.5965i, 0.3902 3.3690i, 0.6314 19.368i, 0.4407

-10.387+ -5.5900+ -6.4373% -9.4010+ -9.6428+

5.69701 7.00001 6.9273i1 16.23581 2.2443i

-- -1.9000 -20.5555 -15.9395 -1.7100

-- -0.4000 -4.3917 -0.6316 -0.8111

-- -0.2000 -0.6179 -0.3800 -0.3337

-- -- -0.2000 -0.2000 -0.2000

Damping Torque Coefficient Analysis: To quantitatively measure the effectiveness

of the proposed PSS, SVC-, TCSC-, and TCPS-based stabilizers in improving the system
damping characteristics, the damping torque coefficient K4 is estimated. The damping
torque coefficient is calculated for each stabilizer over a wide range of loading conditions.
Specifically, Kq is calculated for a range of 45 operating points specified by Pe=[0.05 —
1.45] pu in steps of 0.10 pu and Q,=[-0.40, 0.00, 0.40] pu.

For comparison purposes, damping torque coefficient for all stabilizers at Q=-0.4,
Q=0.0, and Q=0.4 pu are shown in Figures 7.15, 7.16, and 7.17, respectively. From these
figures, the following conclusions can be drawn:

e In general, the TCPS-based stabilizer outperforms the other stabilizers. An
exception appears with the heavy loading at unity power factor, where the TCSC-
based stabilizer becomes more effective.

e The PSS, SVC, and TCSC suffer from low damping characteristics at light

loading.
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* Generally, the SVC-based controller is the least effective in damping system
oscillations.

e The damping torque coefficients K4 associated with the PSS, SVC-, and TCSC-
based stabilizers increase aimost linearly with loading level. However, the
damping torque coefficient of the TCPS-based stabilizer improves only slightly as
loading level increases.

e The TCSC and TCPS are less effective at leading power factor conditions,
whereas the PSS is more effective at leading power factor conditions. However,

The SVC performance is almost unaffected by power factor characteristics.
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Figure 7.15: Damping torque coefficient with the proposed controllers at Q = -0.4 pu, J,
settings, single-point tuning, individual design
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Nonlinear Time-Domain Simulations: Figures 7.18-7.21 show the rotor angle,

speed deviation, electrical power, and machine terminal voltage responses, respectively,
for a 6-cycle three-phase fault at the nominal loading conditions. Clearly, the TCSC and
TCPS outperform the PSS and SVC in terms of reduction of overshoot and settling time.
This is consistent with the damping torque coefficient analysis results. However, the
damping effort provided by the SVC is not sufficient to keep the system stable. Figures
7.22-7.25 show the control effort provided by the stabilizing signal of PSS, Upss, the
susceptance of SVC, Bgvc, the reactance of TCSC, Xrcsc, and the angle of TCPS, ®rcps,
respectively.

An important point to mention in here is that the system responses associated with the
stabilizers designed based on optimizing J, are generally slower than those associated
with the stabilizers designed based on optimizing J;. The point behind this is that
minimizing the damping factor does not guarantee improving the settling time of system

response. However, maximizing the damping ratio guarantees improving the settling time.
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7.2.1.3 Coordinated Design with J2

The controllability measure analysis based on the singular value decomposition and the
damping torque coefficient analyses indicate that the PSS and SVC-based stabilizer do
not perform well individually. These two stabilizers have poor capabilities in controlling
the EM mode, especially at low loading conditions. The same conclusion can be drawn
from nonlinear time-domain simulations illustrated previously. In this section, a
coordinated design of PSS and SVC-based stabilizer is considered at the nominal loading
condition with J.

Stabilizer Design: PSO is used to simultaneously search for the optimum parameter
settings of both controllers that minimize the maximum damping factor of all the system
complex eigenvalues at nominal loading condition. The final settings of the optimized
parameters for the proposed stabilizers are given in Table 7.11.

Eigenvalue Analysis: The system eigenvalues without and with the proposed PSS
and SVC-based controllers when applied individually and through coordinated design at
the four loading conditions, nominal, light, heavy, and leading Pf, are given in Tables
7.12-7.15, respectively. The bold rows of these tables represent the EM mode eigenvalue
and its damping ratio. It is evident that, using the proposed coordinated stabilizers design,
the damping factor of the EM mode eigenvalue is greatly shifted to the left of the s-plane.

Hence, it can be concluded that this well enhances the system stability.
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Table 7.11: Optimal parameter settings with J;, single-point tuning, coordinated design

Individual Coordinated
PSS SVC PSS SvC
K 28.0087 300.00 58.843 251.77
T, 0.1204 5.0000 2.7219 4,5530
T, 2.4795 1.0539 2.6619 1.9899
T; 2.5447 0.0874 4,9355 5.0000
Ty 0.0100 0.9528 1.5738 1.4737

Table 7.12: System eigenvalues of nominal loading conditions with J, settings, single-

point tuning, coordinated design

No Control PSS SVC PSS & SVC
0.5255+6.5919i, -4.8800+ -4.7139+ -7.6143+
-0.0795 7.3600i, 0.5500 6.0035i, 0.6176  31.224i, 0.2369
-10.6940+ -4.7700+ -4.7174+ -21.3625
5.6612i 7.51001 6.16991 -1.5361
-- -101.03 -20.223 -1.4023
- -0.4000 -2.5441 -1.0797
-- -0.2000 -0.7052 -1.0065
-- -- -0.2000 -0.5401
-- -- -- -0.3733
-- -- -- -0.2002
-- -- -~ -0.2000

Table 7.13: System eigenvalues of light loading conditions with J, settings, single-point

tuning, coordinated design

No Control PSS SvC PSS & SVC
0.0382+0.3601i, -1.0294+ -0.6616= -2.5985+
-0.0060 6.5799i, 0.1500 6.2866i, 0.1047 2.8011i, 0.6801
-10.2067+ -8.9600+ -9.3697+ -6.9145+16.6801
6.3849i 7.0800i 6.5542i -0.6903=+ 0.0775i
-- -100.35 -20.080 -21.2253
-- -0.4000 -1.3933 -0.2001
-- -0.2000 -0.7989 -0.5226
-- -- -0.2000 -0.3746

-0.2000
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Table 7.14: System eigenvalues of heavy loading conditions with J, settings, single-point

tuning, coordinated design

No Control PSS SVC PSS & SVC
0.6384+6.0839i, -2.7903+ -2.7446=+ -0.4313+
-0.1044 6.3723i, 0.4000 7.2369i, 0.3546  0.6933i, 0.5282
-10.8069+ -6.9000+ -7.6138+ -8.1291+ 33.440i
5.9347i 8.11001 6.09571 -18.4242
-- -100.95 -0.9377+ -5.4793
- -0.4000 0.35731 -0.6601
-- -0.2000 -0.2000 -0.2002
-- -- -19.7432 -0.4716
- -- -- -0.3728
-- -- -- -0.2000

Table 7.15: System eigenvalues of leading Pf loading conditions with J, settings, single-

point tuning, coordinated design

No Control PSS SVC PSS & SVC
0.2182+6.66561, -4.1296+ -1.9478+ -1.2732+
-0.0327 7.6332i, 0.4800 4.5965i, 0.3902  2.5337i, 0.4490
-10.387+ -5.5900+ -6.4373+ -0.5448+ 0.21561
5.69701 7.00001 6.92731 -6.8033+ 25.0451
-- -1.9000 -20.5555 -24.3116
-- -0.4000 -4.3917 -0.6012
-- -0.2000 -0.6179 -0.3737
- -- -0.2000 -0.2002

- - - -0.2000
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Damping Torque Coefficient Analysis: To quantitatively measure the effectiveness

of the proposed PSS-SVC coordinated design in improving the system damping
characteristics and compare it with both individual designs, the damping torque
coefficient K4 is estimated. Kgq is calculated for a range of 45 operating points specified
by P.=[0.05 — 1.45] pu in steps of 0.10 pu and Q.=[-0.40, 0.00, 0.40] pu.

For comparison purposes, the damping torque coefficient for the coordinated PSS-
SVC stabilizer design and both individual designs at Q=-0.4, Q=0.0, and Q=0.4 pu are
shown in Figures 7.26-7.28, respectively. These figures demonstrate tﬁe highly effective
coordinated design, as compared with PSS and SVC individual designs, over the different

loading conditions.
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Figure 7.26: Damping torque coefficient with coordinated PSS & SVC-based stabilizer at
Q =-0.4 pu, J, settings, single-point tuning
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Nonlinear Time-Domain Simulations: The nonlinear time-domain simulations are

carried out at the nominal and light loading conditions specified previously. The rotor
angle, speed deviation, electrical power, and machine terminal voltage responses for a 6-
cycle three-phase fault at the nominal loading conditions are shown in Figures 7.29-7.32,
respectively. Figure 7.33 and Figure 7.34 show the control effort provided by the
stabilizing signal of PSS, Upss, and the susceptance of SVC, Bgsvc, when applied
individually and through coordinated design. A slight improvement can be observed in
this case.

In a similar manner, the simulation results with a 6-cycle three-phase fault at light
loading condition are shown in Figures 7.35-7.38. The control signals of the two
stabilizers are given in Figure 7.39 and Figure 7.40. The simulation results obtained
clearly indicate that the proposed coordinated PSS-SVC design outperforms both the
individual designs in terms of first swing stability, overshoot, and settling time. These
results confirm the conclusions drawn for damping torque coefficient analysis results.
This solves the problem of low effectiveness of the individual designs at light loading

level.
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7.2.2 Multiple-Point Tuning
In this situation, the objective is to design robust stabilizers to ensure their effectiveness
over a wide range of operating conditions. The design process takes into account several
loading conditions including nominal, light, heavy, and leading Pf conditions. These
loading conditions are considered without and with system parameter uncertainties, such
as machine inertia, line impedance, and field time constant. The total number of 16
operating conditions is considered during the design process as given in Table 7.16.
Tables 7.17 and 7.18 list the open-loop eigenvalues and corresponding damping ratios
associated with the EM modes of all the 16 points considered in the robust design

process, respectively. It is evident that all these modes are unstable.

Table 7.16: Loading conditions and parameter uncertainties considered in the design stage

Loading Pe, Qe) pu Parameter Uncertainties
Condition
Nominal (1.0, 0.015) No parameter uncertainties
Light (0.3, 0.100) 30% increase of line reactance X
Heavy (1.1, 0.100) 25% decrease of machine inertiaM
Leading Pf (0.7, -0.30) 30% decrease of field time constant T 4,

Table 7.17: Open-loop eigenvalues associated with the EM modes of all the 16 points

considered in the robust design process

No parameter 30% increase of 25% decrease of 30% decrease

uncertainties line reactance X machine inertia of field time

M constant T 'd.,
Nominal  0.5255+6.59201 0.5871+6.0962i  0.6125+7.5151i  0.5140+6.7592i
Light 0.0382+6.36021  0.0434+5.89241  0.0457+7.33651  0.0350+6.37251
Heavy 0.6384+6.08401 0.7067+5.32301  0.7580+6.9144i  0.6011+6.27661
Leading Pf 0.2182+6.66571  0.2522+6.32651  0.2538+7.65351  0.2131+6.7376i1
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Table 7.18: Damping ratios of the open-loop eigenvalues associated with the EM modes

of all the points considered in the robust design process

No parameter 30% increase of 25% decrease of 30% decrease

uncertainties line reactance X machine inertia of field time

. M constant T 'do
Nominal -0.0795 -0.0959 -0.0812 -0.0758
Light -0.0060 -0.0074 -0.0062 -0.0055
Heavy -0.1044 -0.1316 -0.1090 -0.0953
Leading Pf -0.0327 -0.0398 -0.0331 -0.0316

Table 7.19: Optimal parameter settings with J;, multiple-point tuning, individual design

PSS SVC TCSC TCPS
K 19.582 300.00 9.7630 54.613
T 4.3897 4.5732 3.4177 1.7740
T, 0.0100 2.2747 0.8224 0.5512
T3 0.1601 0.0100 3.2050 1.3387
Ty 1.8253 0.2338 0.8392 2.8446

7.2.2.1 Individual Design with J;
The PSS, SVC-, TCSC-, and TCPS-based controllers are designed individually

considering all the operating points mentioned above.

Stabilizer Design: PSO is used to optimize the parameters of each controller that

maximize the minimum damping ratio of all the complex eigenvalues associated with the
16 operating points. The final settings of the optimized parameters for the proposed
stabilizers are given in Table 7.19.

Eigenvalue Analysis: The system eigenvalues without and with the proposed

stabilizers at the four operating points, nominal, light, heavy, and leading Pf, are given in
Tables 7.20-7.23, respectively. The bold rows of these tables represent the EM mode
eigenvalue and its damping ratio. It is evident that the proposed stabilizers greatly

improve the system stability at all the ‘points considered.
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Table 7.20: System eigenvalues of nominal loading conditions with J; settings, multiple-

point tuning, individual design

No Control PSS SvC TCSC TCPS

0.5255+6.5919i, -3.2124+ -1.4523+ -1.2994+ -3.4310+
-0.0795 3.4158i, 0.6900 3.5268i, 0.3808 2.1131i, 0.5238 4.2613i, 0.6271

-10.6940+ -5.8100+ -18.674+ -10.209+ -9.6650+

5.6612i 14.8000i 1.2999i 17.194i 11.983i
-- -102.23 -2.1862+ -11.0406 -13.5594

- -0.2000 10.26641 -7.8146 -2.4027

-- -0.6200 -0.4290 -0.8735 -0.3428

-- -- -0.1999 -0.2001 -0.2062

Table 7.21: System eigenvalues of light loading conditions with J; settings, multiple-point

tuning, individual design
No Control PSS , SvC TCSC TCPS
0.0382+0.3601i, -2.0575+ -1.0287+ 2.7088+ 29511+
-0.0060 5.9049i, 0.3300 6.3396i, 0.1602 5.7479i, 0.4263 1.2231i, 0.9238

-10.2067+ -7.7100+ -6.0001+ -10.206+ -8.6153+
6.3849i 9.14001 4.6408i 6.5901i 9.7524i
- -100.77 -19.7821 -13.803 -9.5109+

- -0.2000 -10.7784 -2.1523 5.6480i

- -0.5700 -0.4358 -0.9596 -0.3404

-- - -0.1999 -0.2000 -0.2078

Table 7.22: System eigenvalues of heavy loading conditions with J; settings, multiple-

point tuning, individual design

No Control PSS SvC TCSC TCPS
0.6384+6.0839i, -2.9002+ -2.3894+ -0.7226+ -3.4061+
-0.1044 3.4982i, 0.6400 2.8871i, 0.6376 1.7171i, 0.3879 2.5350i, 0.8022

-10.807+ -6.1900+ -1.7019+ -10.512+ -9.9693
5.9347i 14.1400i 9.9908i 17.7741 +13.045i1

-- -102.08 -20.939 -9.7260+ -11.844

-- -0.2000 -15.4751 6.3736i1 -3.5602

-- -0.6200 -0.4570 -0.8229 -0.3390

- -- -0.2003 -0.2002 -0.2089
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Table 7.23: System eigenvalues of leading Pf loading conditions with J; settings,

multiple-point tuning, individual design

No Control PSS SvC TCSC TCPS
0.2182+6.6656i, -3.3123+ -0.8192+ -1.8696+ -3.8252+
-0.0327 3.5537i, 0.6800 3.9456i, 0.2033 3.8811i, 0.4340 4.7060i, 0.6307

-10.387+ -5.8500+ -18.345+ -9.8230+ -9.2850+

5.6970i 14.11001 2.47001 14.0451 10.3751

- -101.96 -3.1560+ -16.2547 -13.609

-- -0.2000 9.60101 -2.1598 -2.3237

-- -0.6100 -0.4140 -0.9448 -0.3438

-- -- -0.1995 -0.2001 -0.2054

Damping Torque Coefficient Analysis: The damping torque coefficient Ky is
calculated for the proposed robust stabilizers to quantitatively measure their effectiveness
in enhancing the system damping characteristics. The damping torque coefficient is
calculated for a range of 45 operating points specified by P~[0.05 — 1.45] pu in steps of
0.10 pu and Q.=[-0.40, 0.00, 0.40] pu.

For comparison purposes, damping torque coefficient for all stabilizers at Q=-0.4,
Q=0.0, and Q=0.4 pu are shown in Figures 7.41-7.43, respectively. These figures
illustrate that:

e The TCPS-based stabilizer outperforms the other stabilizers at light loading
conditions. In contrast, The TCSC is the winner at nominal and heavy loading
conditions.

e Among all the stabilizers, the SVC gives the least support to system stability
enhancement.

e The PSS, SVC, and TCSC suffer from low damping characteristics at light

loading.
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¢ The damping torque coefficients K4 associated with the PSS, SVC-, and TCSC-
based stabilizers are directly proportional to system loading. However, the
damping torque coefficient of SVC diminishes at heavy loading,

e For low and moderate loading, K4 of the TCPS-based stabilizer is almost constant.
However, it starts decreasing at very high loading.

e The TCSC and TCPS are most effective at lagging power factor conditions,
whereas the PSS is most effective at leading power factor conditions. On the other

hand, The SVC has its best performance at unity power factor.
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Nonlinear Time-Domain Simulations:  Figures 7.44-7.47 show the system responses
for a 6-cycle three-phase fault at the nominal loading conditions. Figures 7.48-7.51 show
the control effort provided by the stabilizing signal of PSS, Upss, the susceptance of SVC,
Bsvc, the reactance of TCSC, Xrcsc, and the angle of TCPS, ®rcps, respectively. Clearly,
the TCSC and TCPS outperform the PSS and SVC in terms of reduction of overshoot and
settling time. Moreover, The TCSC is relatively more effective than the TCPS. This is
consistent with damping torque coefficient analysis results. However, the damping effort

provided by the SVC is not sufficient to keep the system stable.
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7.2.2.2 Individual Design with J,

The PSS, SVC-, TCSC-, and TCPS-based controllers are designed individually
considering all the operating points mentioned above.

Stabilizer Design: PSO is used to optimize the parameters of each controller that
minimizes the maximum damping factors of all the complex eigenvalues associated with
the 16 operating points. The final settings of the optimized parameters for the proposed
stabilizers are given in Table 7.24.

Eigenvalue Analysis: The system eigenvalues without and with the proposed
stabilizers at the four operating points, nominal, light, heavy, and leading Pf, are given in
Tables 7.25-7.28, respectively. The bold rows of these tables represent the EM mode
eigenvalue and its damping ratio. It is evident that the proposed stabilizers greatly

improve the system stability at all the points considered.

Table 7.24: Optimal parameter settings with J,, multiple-point tuning, individual design

PSS SVC TCSC TCPS
K 44.529 300.00 100.00 100.00
T 5.0000 0.0128 5.0000 5.0000
T, 2.1339 0.7570 3.2870 3.3272
Ts 0.1059 5.0000 5.0000 5.0000

Ty 0.0100 0.8098 3.2870 3.3218
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Table 7.25: System eigenvalues of nominal loading conditions with J, settings, multiple-

point tuning, individual design

No Control PSS SvC TCSC TCPS
0.5255+6.5919i, -3.8149+ -1.3939 + -9.6288+ -9.6635+
-0.0795 17.948i, 0.2100 2.3477i, 0.5105 21.374i, 0.4107 22.375i, 0.3965

-10.6940+ -103.11 -1.5139+ -9.5067+ -9.5670 +

5.6612i -7.7100 10.1161 1.04061 0.7422i

- -1.7000 -18.836 -1.9503 -1.7503

-- -0.6600 -17.425 -0.4632 -0.4694

-- -0.2000 -0.8160 -0.2610 -0.2578

-- -- -0.2000 -0.2000 -0.2000

Table 7.26: System eigenvalues of light loading conditions with J, settings, multiple-point

tuning, individual design
No Control PSS SVC TCSC TCPS
0.0382+0.3601i, -4.6400 -1.0287 + -4.9258 = -9.4317+
-0.0060 4.020i, 0.7600 6.7605i, 0.1504 6.8650i, 0.5830 20.578i, 0.4167
-10.2067+ -4.9600+ -8.8244 + -9.9694 + -10.1130 +

6.3849i 10.7900i - 3.5213i 6.7280i 6.07451

- -101.09 -19.838 ~10.5163 -0.2000

- -0.5100 -2.3944 -0.3650 -1.0243

- -0.2000 -0.9540 -0.2738 -0.5703

-- - -0.2000 -0.2000 -0.2547

Table 7.27: System eigenvalues of heavy loading conditions with J, settings, multiple-

point tuning, individual design

No Control PSS SVC TCSC TCPS

0.6384+6.0839i, -4.0774 £+ -0.9824 + -0.6539 + -0.7540 +
-0.1044 17.167i, 0.2300 9.8959i, 0.0988 0.2696i, 0.9245 0.0486i, 0.9979

-10.8069+ -102.90 -1.2193 = -9.8154+ -9.8379 =

5.9347i -7.4200 0.6424i 22.5010i 24.129i
-- -1.6600 -0.2000 -9.8766 + -9.7508 +

-- -0.6800 -20.6823 6.3352i 3.13631

-- -0.2000 -14.5161 -0.2537 -0.2531

- - -3.2911 -0.2000 -0.2000
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Table 7.28: System eigenvalues of leading Pf loading conditions with J; settings,

multiple-point tuning, individual design

No Control PSS SvC TCSC TCPS

0.2182+6.6656i, -3.9652+ -0.8200 + -2.9140 + -9.4451 +
-0.0327 17.081i, 0.2300 2.9853i, 0.2649 3.2103i, 0.6721 20.071i, 0.4258

-10.387+ -102.73 ©-17.814 -9.3213 + -9.6669 +

5.6970i -7.5600 1.6968i 17.111i 2.3724i

- -1.9700 -2.4604 + -15.8263 -2.0114

-- -0.6200 9.3915i -0.3777 -0.4439

-- -0.2000 -0.7040 -0.2708 -0.2595

-- -- -0.2000 -0.2000 -0.2000

Damping Torque Coefficient Analysis: The damping torque coefficient K4 is
calculated for the proposed robust stabilizers to measure their effectiveness in enhancing
the system damping characteristics. The damping torque coefficient is calculated for a
range of 45 operating points specified by P.=[0.05 — 1.45] pu in steps of 0.10 pu and
Q.=[-0.40, 0.00, 0.40] pu.

For comparison purposes, damping torque coefficient for all stabilizers at Q=-0.4,
Q=0.0, and Q=0.4 pu are shown in Figures 7.52-7.54, respectively. From these figures,
the following conclusions can be drawn:

e In general, the TCPS-based stabilizer outperforms the other stabilizers. An
exception appears with the heavy loading at unity and leading power factors,
where the TCSC-based stabilizer becomes more effective.

e The PSS, SVC, and TCSC suffer from low damping characteristics at light
loading. Special attention must be drawn to the TCSC at very low loading
conditions with leading power factor.

e Generally, the SVC-based controller is the least effective in damping system

oscillations.



128

o The damping torque coefficients K4 associated with the PSS, SVC-, and TCSC-
based stabilizers increase almost linearly with loading level. However, it starts
diminishing at heavy loading in the case of PSS and SVC. On the other hand, the
damping torque coefficient of the TCPS-based stabilizer improves only slightly as

loading level increases.
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Figure 7.52: Damping torque coefficient with the proposed controllers at Q = -0.4 pu, J>
settings, multiple-point tuning, individual design
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Nonlinear Time-Domain Simulations: Figures 7.55-7.62 show system responses
and control efforts for a 6-cycle three-phase fault at the nominal loading conditions.
Clearly, the TCSC and TCPS outperform the PSS and SVC in terms of reduction of
overshoot and settling time. This agrees with the results obtained from damping torque
coefficient analysis. However, the damping effort provided by the SVC is not sufficient to

keep the system stable.
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multiple-point tuning, individual design
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Figure 7.58: Terminal voltage response for 6-cycle fault with nominal loading, J, settings,
multiple-point tuning, individual design
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7.2.2.3 Coordinated Design with J;

The controllability measure analysis based on the singular value decomposition and the
damping torque coefficient analyses indicate that the PSS and TCSC-based stabilizer do
not perform well individually. These two stabilizers have poor capabilities in controlling
the EM mode at light loading. The same conclusion can be drawn from nonlinear time-
domain simulations illustrated previously. In this section, the coordinated design of PSS
and TCSC-based stabilizer is carried out considering all the 16 operating points
mentioned earlier.

Stabilizer Design; PSO is used to simultaneously search for the optimum parameter

settings of both controllers that maximizes the minimum damping ratios of all the system
complex eigenvalues at all the 16 operating points. The final settings of the optimized
parameters for the proposed stabilizers are given in Table 7.29.

Eigenvalue Analysis: The system eigenvalues without and with the proposed PSS
and TCSC-based controllers when applied individually and through coordinated design at
the four loading conditions, nominal, light, heavy, and leading Pf, are given in Tables
7.30-7.33, respectively. The bold rows of these tables represent the EM mode eigenvalue

and its damping ratio.

Table 7.29: Optimal parameter settings with J;, multiple-point tuning, coordinated design

Individual Coordinated
PSS TCSC PSS TCSC
K 19.582 9.7630 57.509 58.015
T 4.3897 . 34177 1.7179 1.1088
T, 0.0100 0.8224 0.9825 0.0813
T; 0.1601 3.2050 1.4656 0.9778

T, 1.8253 0.8392 2.2942 3.4338
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Table 7.30: System eigenvalues of nominal loading conditions with J; settings,

multiple-point tuning, coordinated design

No Control PSS TCSC PSS & TCSC
0.5255+6.5919i, -3.2124+ -1.2994+ ~6.0024+
-0.0795 3.4158i, 0.6900 2.1131i, 0.5238 6.4575i, 0.6808

-10.6940+ -5.8100+ -10.209+ -14.1627+

5.6612i 14.80001 17.1941 20.627i

-- -102.23 -11.0406 -9.1850

- -0.2000 -7.8146 -2.9508

-- -0.6200 -0.8735 -1.2001

-- -- -0.2001 -0.2000

-- - -- -0.2322

-- -- -- -0.2631

-- -- -- -0.4209

Table 7.31: System eigenvalues of light loading conditions with J; settings, multiple-point

tuning, coordinated design

No Control PSS TCSC PSS & TCSC
0.0382+0.36011i, -2.0575+ 2.7088+ -3.2414+
-0.0060 5.9049i, 0.3300 5.7479i, 0.4263 6.6229i, 0.4396
-10.2067+ -7.7100+ -10.206+ -16.436+ 9.37731
6.3849i1 9.14001 6.5901i -6.6224+ 5.1904i
-- -100.77 -13.803 -1.0600
-- -0.2000 -2.1523 -0.2846
-- -0.5700 -0.9596 -0.2000
- - -0.2000 -0.2082

- - -- -0.4305
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Table 7.32: System eigenvalues of heavy loading conditions with J; settings, multiple-

point tuning, coordinated design

No Control PSS TCSC PSS & TCSC
0.6384+6.0839i,  -2.9002+ -0.7226% -3.1696
-0.1044 3.4982i, 0.6400 1.7171i,0.3879  1.5142i, 0.9023
-10.807+ -6.1900+ -10.512+ -14.718+
5.9347 14.1400i 17.774i 22.154i
- -102.08 -9.7260+ -8.3436+
- -0.2000 6.3736i 8.0176i
- -0.6200 -0.8229 -0.2453+
- - -0.2002 0.0253i
~ - - -1.2084
- - - -0.2000
- - - -0.4209

Table 7.33: System eigenvalues of leading Pf loading conditions with J; settings,

multiple-point tuning, coordinated design

No Control PSS TCSC PSS & TCSC
0.2182+6.6656i, -3.3123+ -1.8696+ -4.1387+
-0.0327 3.5537i, 0.6800 3.8811i, 0.4340  7.6969i, 0.4736
-10.387% -5.8500+ -9.8230+ -13.685+15.6841
5.69701 14.11001 14.0451 -14.0020
-- -101.96 -16.2547 -2.8427
-- -0.2000 -2.1598 -1.1693
-- -0.6100 -0.9448 -0.2807
-- -- -0.2001 -0.2000
-- -- - -0.2175

- - -- -0.4221
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Damping Torque Coefficient Analysis:  To measure the effectiveness of the proposed
PSS-TCSC coordinated design in improving the system damping characteristics and
compare it with both individual designs, the damping torque coefficient K4 is estimated.
Ky is calculated for a range of 45 operating points specified by P¢=[0.05 — 1.45] pu in
steps of 0.10 pu and Q.=[-0.40, 0.00, 0.40] pu.

For comparison purposes, the damping torque coefficient for the coordinated PSS-
TCSC stabilizer design and the both individual designs at Q=-0.4, Q=0.0, and Q=0.4 pu
are shown in Figures 7.63-7.65, respectively. These figures point out the effectiveness of
the coordinated design, as compared with the PSS and TCSC individual designs, over the

different loading conditions.
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Figure 7.63: Damping torque coefficient with coordinated PSS & TCSC-based controller
at Q=-0.4 pu, J; settings, multiple-point tuning
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Nonlinear Time-Domain Simulations:  The rotor angle, speed deviation, electrical

power, and machine terminal Voltage responses for a 6-cycle three-phase fault at the
nominal loading conditions are shown in Figures 7.66-7.69, respectively. Figure 7.70 and
Figure 7.71 show the control effort provided by the stabilizing signal of PSS, Upsgs, the
reactance of TCSC, Xrcsc, when applied individually and through coordinated design.

In a similar manner, the simulation results with a 6-cycle three-phase fault at light
loading condition are shown in Figures 7.72-7.75. The control signals of the two
stabilizers are given in Figure 7.76 and Figure 7.77. The simulation results obtained
indicate that the proposed coordinated PSS-TCSC design is more effective than both the

individual designs.
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Figure 7.68: Electrical power response for 6-cycle fault with nominal loading, J; settings,
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Figure 7.70: PSS stabilizing signal for 6-cycle fault with nominal loading, J; settings,

multiple-point tuning, coordinated design
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Figure 7.74: Electrical power response for 6-cycle fault with light loading, J; settings,
multiple-point tuning, coordinated design
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Figure 7.75: Terminal voltage response for 6-cycle fault with light loading, J; settings,
multiple-point tuning, coordinated design
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CHAPTER 8

OPTIMIZATION RESULTS:

UNIFIED POWER FLOW CONTROLLER

8.1 Electromechanical Mode Controllability Measure

SVD is employed to measure the controllability of the electromechanical (EM) mode
from the PSS input signal and the four UPFC control signals: mg, 8g, mg, and 8g. The
minimum singular value, oy, is estimated over a wide range of operating conditions. For
SVD analysis, P ranges from 0.05 to 1.4 pu and Q.= [-0.4, 0, 0.4]. At each loading
condition, the system model is linearized, the EM mode is identified, and the SVD-based
controllability measure is implemented.

For comparison purposes, the minimum singular values for all inputs at Q.= - 0.4, 0.0
and 0.4 pu are shown in Figures 8.1-8.3, respectively. From these figures, the following

can be noticed:
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e The capabilities of the PSS, mg, mp, and g to control the EM mode are
directly proportional to system loading. However, the &g capability of
controlling the EM mode is less dependent on loading.

e The controllability of dg is generally higher than those of the other stabilizers,
especially for low and moderate loading.

o At very low loading, all the stabilizers, except the mp-based stabilizer at
nominal loading and the dg-based stabilizer, suffer from poor controllability.

e Both the mg- and dp-based stabilizers have very low control effect on the EM

mode
SvD
0.08 T T o
.-'"“"‘
0.07+1 ‘,\"‘ -— PSS

P, (pu)

Figure 8.1: Minimum singular value with all controllers at Q =-0.4 pu
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8.2 Optimization Results for PSS and the UPFC-Based Stabilizers

This chapter presents the optimization results of the two objective functions: Jj,
maximizing the minimum damping ratio, and J,, minimizing the maximum damping
factor. Both the single-point and multiple-point tuning processes for individual and
coordinated designs are considered. The system data is given in Appendix B.
To assess the effectiveness of the proposed controllers, four different loading

conditions are considered for eigenvalue analysis. These conditions and disturbances are:

5. Nominal loading (P, Q¢)=(1.0,0.015) pu.

6. Light loading (P, Q.)=(0.3,0.015) pu.

7. Heavy loading (Pe, Q¢)=(1.1,0.40) pu.

8. Leading power factor (Pf) loading (P., Qc)=(0.7,-0.3) pu.

Moreover, the nominal and light loading conditions with 6-cycle three-phase fault

disturbances are considered for nonlinear time-domain simulations

8.2.1 Single-Point Tuning

In this section, the stabilizers are tunéd with only the nominal loading condition, (P,
Q:)=(1.0,0.015) pu, taken into account.

8.2.1.1 Individual Design with J;
The PSS, mg-, 8g-, mp-, and dg-based stabilizers are designed individually considering the

nominal loading condition.
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Stabilizer Design: PSO is used to search for the optimum parameter settings of each
controller that maximizes the minimum damping ratio of all the system complex
eigenvalues. The final settings of the optimized parameters for the proposed stabilizers
are given in Table 8.1.

Eigenvalue Analysis: The system eigenvalues without and with the proposed
stabilizers at the four operating points, nominal, light, heavy, and leading Pf, are given in
Tables 8.2-8.5, respectively. The bold rows of these tables represent the EM mode
eigenvalue and its damping ratio. These tables clearly demonstrate the effectiveness of
the dg- and mp-based stabilizers in enhancing system stability. In addition, It can be
observed that, in most cases, the EM mode is either unstable or poorly damped when
driven by mg- or 8g-based stabilizers. This conclusion is in line with those already drawn

from SVD analysis.

Table 8.1: Optimal parameter settings with J;, single-point tuning, individual design

PSS mg 6]3 mpg 63
K 16.9203 -22.706 -100.00 29.062 -42.210
Ty 4.5673 0.2489 0.0637 2.8973 5.0000
T2 2.0440 0.0100 1.2846 0.9339 3.9351
T3 0.0835 3.2277 5.0000 0.1039 3.3874

T, 0.0100 2.0000 1.2242 0.0100 0.1405
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Table 8.2: System eigenvalues of nominal loading conditions with J; settings,

single-point tuning, individual design

No Control PSS mg O mg OB
1.5033= -4.7000+ -1.7000+ -4.5833+ -4.1000=+ -1.3543+
5.3328i, 6.8700i, 7.6200i, 5.3983i, 6.0700i, 6.0382i,
-0.2713 0.5600 0.2200 0.6472 0.5600 0.2189

-11.4584+ -4.8700+ -1.7300+ -4.7536+ -4.2000+ -1.3999+
6.85961 7.0400i 8.0000i 5.5795i, 6.24001 6.25431
-15.5063 -101.12 -108.67 -15.5062 -93.980 -20.8418+
-5.1052 -15.340 -25.090 -5.1355 -28.950 8.0590i
-- -4.8700 -14.760 -2.2236 -15.530 -15.3214
- -0.5500 -5.1300 -0.5777 -5.1300 -5.1253
- -- -0.5100 -20.000 -1.4000 -0.2542

Table 8.3: System eigenvalues of light loading conditions with J; settings, single-point

tuning, individual design

No Control PSS mg OF mg OB
1.3952+ 0.2800%= 0.9000+ -3.1531+ -3.2300+ 1.3102+
5.0825i, 5.500i, 5.3700i, 5.8779i, 6.4500i, 5.1241i,
-0.2647 -0.0500 -0.1700 0.4727 0.4500 -0.2477

-11.3641+ -9.8300+ -8.1500+ -6.1133+ -5.0400+ -10.1481+
6.1234i, 6.3400i 7.9800i 3.4308i 4.8700i 3.8787i
-14.7072 -100.38 -101.83 -14.7071 -94.860 -18.7125
-5.8534 -14.760 -23.370 -6.0338 -28.180 -14.2614

- -6.2400 -15.080 -2.2360 -14.710 -11.2363
-- -0.5100 -5.7100 -0.5841 -5.8400 -5.7296
- - -0.5000 -20.000 -1.4500 -0.2541
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Table 8.4: System eigenvalues of heavy loading conditions with J; settings, single-point

tuning, individual design
No Control PSS mg O mgp OB
1.4138+ -2.6900+ 0.0600+ -4.0817+ -4.6500+ -1.7635+
5.0066i, 4.2600i, 7.03004i, 8.2789i, 2.5400i, 5.4534i,
-0.2718 0.5300 -0.0100 0.4422 0.8800 0.3077

-11.4375% -5.2400+ -2.3900+ -1.8270+ -3.5800+ -21.307+

6.1904i 8.64001 8.0000i 1.7074i 8.2600i 7.2425i
-15.2584 -101.04 -111.43 -15.258 -93.880 -0.4741+

-5.2121 -15.510 -23.140 -8.6979 -29.570 6.31751

- -8.0500 -16.310 -5.7725 -15.280 -15.559

- -0.5400 -4.9600 -0.5672 -4.6700 -4.9864

-- - -0.5100 -20.000 -1.7100 -0.2542

Table 8.5: System eigenvalues of leading Pf loading conditions with J; settings, single-

point tuning, individual design

No Control PSS mg Op mg OB
1.4502+ -7.9800+ -0.8200+ -1.9680+ -1.2100+ -0.2416=
5.3584i, 7.2500i, 6.3300i, 5.4901i 5.7900i 5.5654i,
-0.2612 0.7400 0.1300 0.3374 0.2000 0.0434

-11.3963+ -2.2200+ -4.6800+ -7.5894+ -7.3600+ -3.4502+
7.09201 7.12001 9.0000i 6.42381 6.78001 6.5772i
-15.4566 -100.98 -103.76 -15.456 -95.430 -19.907+
-5.1711 -15.090 -26.720 -5.1500 -26.760 7.9932i
-- -3.9800 -13.610 -1.8127 -15.640 -15.1470
-- -0.5500 -5.4200 -0.5816 -5.3600 -5.2924
-- - -0.5100 -20.000 -1.2600 -0.2542
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Damping Torque Coefficient Analysis: To quantitatively measure the effectiveness
of the proposed PSS and the four UPFC-based stabilizers in enhancing the system
damping characteristics, the damping torque coefficient K4 is calculated. The damping
torque coefficient K4 is estimated for each stabilizer over a wide range of loading
conditions. Specifically, K4 is calculated for a range of 45 operating points specified by
P=[0.05 — 1.45] pu in steps of 0.10 pu and Q.=[-0.40, 0.00, 0.40] pu.
For comparison purposes, K4 for all stabilizers at Q=-0.4, Q=0.0, and Q=0.4 pu are
shown in Figures 8.4, 8.5, and 8.6, respectively. These figures demonstrate the following:
e At low and moderate loading, the dg-based stabilizer outperforms the other
stabilizers. However, at nominal and high loading the PSS becomes more
effective.
e Generally, the damping torques supplied by mg and dp are either negative or very
low positive quantities.
e The PSS and mg suffer from negative damping characteristics at light loading.
e The damping torque coefficients of the mp-based stabilizer at nominal loading and
dp-based stabilizer are almost unaffected by loading level.
e The damping torque coefficients K4 associated with the PSS and mg-based
stabilizers are directly proportional to system loading.
e The PSS is more effective at leading power factor conditions, whereas the dg and

mp are least effective at this power factor conditions.
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Nonlinear Time-Domain Simulations: Figures 8.7, 8.8, 8.9, 8.10, and 8.11 show the
rotor angle, speed deviation, electrical power, machine terminal voltage, and UPFC
capacitor DC voltage responses, respectively, for a 6-cycle three-phase fault at the
nominal loading conditions. The system responses due to the mg- and dp-based stabilizers
are not shown because they result in unstable responses. It can be readily seen that the
PSS and &g are more effective than the mp in terms of reduction of overshoot and settling
time. This is consistent with damping torque coefficient analysis results. Figures 8.12,
8.13, and 8.14 show the control effort provided by the stabilizing signal of the PSS, the

excitation phase angle modulation, g, and the boosting magnitude modulation, msg,

respectively.



157

1.4 1 T T T T

1.3

1.2

1.1

Delta (rad)

0.9

0.7

1 [
[] )
[ | I
1 I
1 i
] ]
[ ]
0.8} v -
| I )
1 1
| 3
15
17

0-6 1 H 1 | 1
0 2

Time (sec)
Figure 8.7: Rotor angle response for 6-cycle fault with nominal loading, J; settings,
single-point tuning, individual design
x10° w

T T T T T

\ — PSS
H -=. delta_
H
[ ]

- M

N W A

B i

]
1
1
1
!
~

Omega (rad/sec)

-6 i 1 1 1 1
0 1 2 3 4 5 6

Time (sec)

Figure 8.8: Speed response for 6-cycle fault with nominal loading, J; settings, single-point
tuning, individual design



158

Pe
1.4 L T T ¥ T
- PSS
-, delta
13} m E |
=== B
3 4 5 6

Time (sec)
Figure 8.9: Electrical power response for 6-cycle fault with nominal loading, J; settings,
single-point tuning, individual design
vt
1.12 . - . r T

—_— PSS
11 == deltag ||

- M

1.08

-

Q

o]
T

Vit (pu)
o
o

=y

(=]

N
T

0.98

T
1

b

0.96
0

Time (sec)

Figure 8.10: Terminal voltage response for 6-cycle fault with nominal loading, J; settings,
single-point tuning, individual design



159

2.025 . ‘ T T .

2.02

T

2.015

2.01

Vdc (pu)

2.005

1.995

1.99
0

Time (sec)

Figure 8.11: DC voltage response for 6-cycle fault with nominal loading, J; settings,
single-point tuning, individual design

Upss
0.2 T t T T T

D
“a
T
]

015 1 1 1 I
0 1 2 3 4 5 6

Time (sec)

Figure 8.12: PSS stabilizing signal for 6-cycle fault with nominal loading, J; settings,
single-point tuning, individual design




160

1.08

1.06

T
T
1

-

1.04

1.02+

delt.‘:nE (pu)
l._.-.......-.-.-......._.-.-

(o VO SO W - - -

0.98

0.96

0.94
0

-
N
w
E-N
(8]
(o]

Time (sec)

Figure 8.13: 6g response for 6-cycle fault with nominal loading, J; settings, single-point
tuning, individual design

B
0-7 T T H T T
06¢F -
(]
H
05} n -
1
1y
L
= 04} f ) .
g TOR I
n TR
E o3} i v g i
e i )
Y P
1 P
I H i Y ]
0.2 11 v 3
P i \
i ) \
1 i \
0.1 [V oo e o o o ¥ : : |‘ """‘h-_--------- ------- L
3 ! % 7
1 ! \ 2
0 1 lt -ll 1 " 1 1 i
0 1 2 3 4 5 6
Time (sec)

Figure 8.14: mp response 6-cycle fault with nominal loading, J; settings, single-point
tuning, individual design



161

8.2.1.2 Individual Design with J2

The PSS, mg-, 0g-, mg-, and 8p-based stabilizers are designed individually considering the

nominal loading condition.

Stabilizer Design: PSO is used to search for the optimum parameter settings of each

controller that minimizes the maximum damping factor of all the system complex
eigenvalues at nominal loading condition. The final settings of the optimized parameters
for the proposed stabilizers are given in Table 8.6.

Eigenvalue Analysis: The system eigenvalues without and with the proposed
stabilizers at the four operating points, nominal, light, heavy, and leading Pf, are given in
Tables 8.7-8.10, respectively. The bold rows of these tables represent the EM mode
eigenvalue and its damping ratio. These tables clearly demonstrate the effectiveness of
the 0p- and mp-based stabilizers in enhancing system stability. Again, It can be observed
that, in most cases, the EM mode is either unstable or poorly damped when driven by mg-
or dp-based stabilizers. This conclusion is in line with those already drawn from SVD

analysis.

Table 8.6: Optimal parameter settings with J,, single-point tuning, individual design

PSS Mg op mg ()
K 29.2620 -29.8340 -100.00 100.00 -72.891
Ty 2.9290 0.2573 5.0000 0.1154 2.0223
T, 1.1934 2.4670 . 1.0884 0.0100 0.1342
T; 0.1379 2.9524 0.0634 2.1825 2.9499

T, 0.0100 0.0100 1.4439 2.3575 2.4243
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Table 8.7: System eigenvalues of nominal loading conditions with J; settings,

single-point tuning, individual design

No Control PSS mg Op mg o
1.5033+ -15.0200, -1.6900+ -4.6726+ -4.1500+ -1.3943+
5.3328i, 1.0000 7.6200i, 5.0244i 6.0600i, 6.0239i,
-0.2713 -5.4400+ 0.2200 0.6810 0.5600 0.2255

-11.4584+ 0.18161 -1.7000+ -4.6271+ -4.1600+ -20.9691+
6.8596i1 -103.53 8.0400i 5.8807i 7.2000i 8.1471i
-15.5063 -4.7200 -108.73 -15.5062 -93.020 -1.3992+
-5.1052 -2.7000 -25.110 -5.1378 -30.230 6.3632i

- -24.600 -14.7600 -2.3247 -15.530 -15.3230
- -2.0300 -5.1300 -0.5649 -5.1200 -5.1246
-- -0.2000 -0.4100 -20.0000 -0.4200 -0.4126
-- -- -0.2000 -0.2000 -0.2100 -0.2002

Table 8.8: System eigenvalues of light loading conditions with J; settings, single-point

tuning, individual design

No Control PSS mg O mg OB
1.3952 + -1.1000+ 0.9000+ -6.0387+ -3.2400+ 1.3095+
5.0825i, - 4.6700i, 5.3700i, 3.3148i, 6.8800i, 5.1260i,
0.2647 0.2300 -0.1700 0.8766 0.4300 -0.2475
-11.3641 + -7.9700+ -8.1400= -3.1753+ -5.0500+ -9.8576+
6.1234i 10.2600i 8.0000i 5.8872i 5.5100i 4.0356i
-14.7072 -101.25 -101.85 -14.7071 -94.060 -18.6090
-5.8534 -14.9400 -23.390 -6.0537 -29.320 -14.0635
- -6.0700 -15.080 -2.3500 -14.710 -12.4361
- -0.9300 -5.7100 -0.5708 -5.8500 -5.7451
- -0.2000 -0.4100 -0.2000 -0.4200 -0.4125
-- - -0.2000 -20.0000 -0.2100 -0.2000
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Table 8.9: System eigenvalues of heavy loading conditions with J; settings, single-point

tuning, individual design
No Control PSS mg OF mg op
1.4138+ -1.7100+ 0.0800= -1.8131+ -4.6200+ -1.7987+
5.00066i, 2.0000i, 7.0500i, 1.7468i, 3.7500i, 5.4812i,
-0.2718 0.6500 -0.0100 0.7201 0.7800 0.3118
-11.437+ -5.6300+ -2.3800+ -4.0711% -3.5700+ -21.442+
6.1904i 17.6700i 8.0100i 8.2859i 8.6800i 7.3091i
-15.2584 -103.29 -111.51 -15.2583 -92.900 -0.4684+
-5.2121 -15.9000 -23.150 -8.7998 -30.890 6.37251
-- -6.2600 -16.320 -5.7472 -15.290 -15.5567
-- -1.2300 -4.9500 -0.5556 -5.0700 -4.9940
-- -0.2000 -0.4100 -0.2000 -0.4100 -0.4126
-- -- -0.2000 -20.0000 -0.2200 -0.2002

Table 8.10: System eigenvalues of leading Pf loading conditions with J; settings, single-

point tuning, individual design

No Control PSS mg Op mg OB
1.4138+ -1.7100+ 0.0800+ -1.8131+ -4.6200+ -1.7987+
5.00664i, 2.0000i, 7.0500i, 1.7468i, 3.7500i, 5.4812i,
-0.2718 0.6500 -0.0100 0.7201 0.7800 0.3118

-11.437+ -5.6300+ -2.3800+ -4.0711+ -3.5700+ -21.442+
6.19041 17.67001 8.01001 8.2859i 8.6800i 7.30911
-15.2584 -103.29 -111.51 -15.2583 -92.900 -0.4684+
-5.2121 -15.9000 -23.150 -8.7998 -30.890 6.3725i
-- -6.2600 -16.320 -5.7472 -15.290 -15.5567
-- -1.2300 -4.9500 -0.5556 -5.0700 -4.9940
-- -0.2000 -0.4100 -0.2000 -0.4100 -0.4126
- -- -0.2000 -20.0000 -0.2200 -0.2002
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Damping Torque Coefficient Analysis:  To measure the effectiveness of the proposed

PSS and the four UPFC-based stabilizers in improving the system damping

characteristics, the damping torque coefficient Kq is calculated. The damping torque

coefficient Kq is estimated for each stabilizer over a wide range of loading conditions.

Specifically, Kq is calculated for a range of 45 operating points specified by P.=[0.05 —

1.45] pu in steps of 0.10 pu and Q.=[-0.40, 0.00, 0.40] pu.

For comparison purposes, K4 for all stabilizers at Q=-0.4, Q=0.0, and Q=0.4 pu are

shown in Figures 8.15-8.17, respectively. These figures illustrate the following:

The PSS is the most effective stabilizer at all loading conditions except at low
loading.

At low loading, the dg-based stabilizer becomes more effective.

In general, the damping torques supplied by mg and dg are either negative or very
low positive quantities.

The PSS and mg suffer from negative damping characteristics at light loading.

The damping torque coefficients of the mg-based stabilizer at nominal loading and
Op-based stabilizer are almost unaffected by loading level.

The damping torque coefficients K4 associated with the PSS and mg-based
stabilizers are directly proportional to system loading.

The PSS is more effective at leading power factor conditions, whereas the dg and

mg are least effective at this power factor conditions.
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Nonlinear Time-Domain Simulations: Figures 8.18-8.22 show the system

responses, respectively, due to a 6-cycle three-phase fault at the nominal loading
conditions. The system responses due to the mg- and dp-based stabilizers are not shown
because they result in unstable responses in almost all cases. It can be readily seen that the
PSS is the most effective stabilizer. This agrees with damping torque coefficient analysis
results. Figures 8.23-8.25 show the control effort provided by the stabilizing signal of the
PSS, the excitation phase angle modulation, &g, and the boosting magnitude modulation,

mg, respectively.
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Figure 8.18: Rotor angle response for 6-cycle fault with nominal loading, J, settings,
single-point tuning, individual design
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8.2.1.3 Coordinated Design with J;

The controllability measure analysis based on the singular value decomposition and the
damping torque coefficient analyses indicate that the PSS and mg-based stabilizer do not
perform well individually. These two stabilizers have poor capabilities in controlling the
EM mode at low loading. The same conclusion can be drawn from nonlinear time-domain
simulations illustrated previously. In this section, the coordinated design of PSS and mg-
based stabilizer is considered at the nominal loading condition.

Stabilizer Design: PSO is used to simultaneously search for the optimum parameter

settings of both controllers that maximize the minimum damping ratio of all the system
complex eigenvalues at nominal loading. The final settings of the optimized parameters
for the proposed stabilizers are given in Table 8.11.

Eigenvalue Analysis: The system eigenvalues without and with the proposed PSS
and mp-based controllers when applied individually and through coordinated design at the
four loading conditions, nominal, light, heavy, and leading Pf, are given in Tables 8.12-
8.15, respectively. The bold rows of these tables represent the EM mode eigenvalue and
its damping ratio. It is evident that, using the proposed coordinated stabilizers design, the
damping ratio of the EM mode eigenvalue is greatly enhanced. Hence, it can be
concluded that this well improves the system stability.

Table 8.11: Optimal parameter settings with J;, single-point tuning, coordinated design

Individual Coordinated
PSS mg PSS mpg
K 16.9203 29.062 40.336 72.954
T, 4.5673 2.8973 1.5852 0.1163
T, 2.0440 0.9339 2.0945 0.0100
Ts 0.0835 0.1039 4.7773 0.1130

T, 0.0100 0.0100 5.0000 0.0100
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Table 8.12: System eigenvalues of nominal loading conditions with J; settings, single-

point tuning, coordinated design

No Control PSS mg PSS & mg
1.5033+ 5.33284i, -4.7000+ 6.8700i, -4.1000+ 6.0700i, -7.1317+ 6.8248i,
-0.2713 0.5600 0.5600 0.7200
-11.4584+ 6.8596i -4.8700+ 7.0400i -4.2000+ 6.2400i1 -7.2300+ 6.8000i
-15.5063 -101.12 -93.980 -101.83+ 69.950i

-5.1052 -15.340 -28.950 -15.290
-- -4.8700 -15.530 -8.4600
-- -0.5500 -5.1300 -4.4100
- - -1.4000 -0.4500
-- -- -- -0.2100
- - -- -0.2100

Table 8.13: System eigenvalues of light loading conditions with J; settings, single-point

tuning, coordinated design

No Control PSS mg PSS & mg

1.3952+ 5.0825i, 0.2800+ 5.500i, -3.2300+ 6.4500i, -2.0487+ 4.4154i,

-0.2647 -0.0500 0.4500 0.4200
-11.3641+£6.1234i, -9.8300+ 6.34001 -5.0400+ 4.8700i -10.050=x 9.8000i
-14.7072 -100.38 -94.860 -101.72+ 65.1001

-5.8534 -14.760 -28.180 -14.820

-- -6.2400 -14.710 -11.340

-- -0.5100 -5.8400 -6.6900

-- -- -1.4500 -0.4700

- -- -- -0.2100

- - -- -0.2100
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Table 8.14: System eigenvalues of heavy loading conditions with J; settings, single-point

tuning, coordinated design

No Control PSS mg PSS & mp

1.4138+ 5.0066i, -2.6900=+ 4.2600i, -4.6500+ 2.5400i, -3.1196+ 2.1014i,

-0.2718 0.5300 0.8800 0.8300
-11.4375+ 6.1904i -5.2400+ 8.6400i -3.5800+ 8.2600i -101.96+ 70.270i
-15.2584 -101.04 -93.880 -10.980+ 6.1500i1
-5.2121 -15.510 -29.570 -6.4300+ 9.39001

-- -8.0500 -15.280 -15.540

-- -0.5400 -4.6700 -0.4500

- -- -1.7100 -0.2100

- - -- -0.2100

Table 8.15: System eigenvalues of leading Pf loading conditions with J, settings, single-

point tuning, coordinated design

No Control PSS mg PSS & mg
1.4502+ 5.3584i, -7.9800+ 7.2500i, -1.2100+ 5.7900i -2.8332+ 6.5861i
-0.2612 0.7400 0.2000 0.4000

-11.3963+ 7.0920i -2.2200+ 7.1200i -7.3600+ 6.78001 -101.53+ 61.920i
-15.4566 -100.98 -95.430 -14.380+ 0.65001
-5.1711 -15.090 -26.760 -9.6600+ 7.7900i
-- -3.9800 -15.640 -0.2100+ 0.0100i
-- -0.5500 -5.3600 -3.7200

- - -1.2600 -0.4500
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Damping Torque Coefficient AnalySis: To quantitatively measure the effectiveness
of the proposed PSS-mp coordinated design in improving the system damping
characteristics and compare it with both individual designs, the damping torque
coefficient Ky is estimated. K is calculated for a range of 45 operating points specified
by P.=[0.05 — 1.45] pu in steps of 0.10 pu and Q=[-0.40, 0.00, 0.40] pu.

For comparison purposes, the damping torque coefficient for the coordinated PSS-mg
stabilizer design and the both individual designs at Q=-0.4, Q=0.0, and Q=0.4 pu are
shown in Figures 8.26-8.28, respectively. These figures address the highly effective
coordinated design, as compared with PSS and mg individual designs, over the different

loading conditions.
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Figure 8.26: Damping torque coefficient with coordinated PSS & mg-based controller at
Q =-0.4 pu, J; settings, single-point tuning
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Nonlinear Time-Domain Simulations: ~ The rotor angle, speed deviation, electrical

power, and machine terminal voltage responses for a 6-cycle three-phase fault at the
nominal loading conditions are shown in Figures 8.29-8.33, respectively. Figure 8.34 and
Figure 8.35 show the control effort provided by the stabilizing signal of PSS and mg
when applied individually and through coordinated design. The improvement on the
system responses when using the coordinated design over the mp responses is evident.

Similarly, the simulation results with a 6-cycle three-phase fault at light loading
condition are shown in Figures 8.36-8.40. The control signals of the two stabilizers are
given in Figure 8.41 and Figure 8.42. The simulation results obtained clearly indicate that
the proposed coordinated PSS-mpg design outperforms both the individual designs in terms
of first swing stability, overshoot, and settling time. These results confirm the conclusions
drawn for damping torque coefficient analysis results. This solves the problem of low
effectiveness of the individual designs at light loading level.

From these results, it can be readily seen that the coordinated PSS-mp design solves
two problems: the poor effectiveness of the PSS at light loading, and the relatively long

settling time and high overshoot of the mg-based stabilizer responses.
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single-point tuning, coordinated design
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Figure 8.41: PSS stabilizing signal for 6-cycle fault with light loading, J; settings, single-
point tuning, coordinated design
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8.2.2 Multiple-Point Tuning

In this situation, the objective is to design robust stabilizers to ensure their effectiveness
over a wide range of operating conditions. The design process takes into account several
loading conditions including nominal, light, heavy, and leading Pf conditions. These
conditions are considered without and with system parameter uncertainties, such as
machine inertia, line impedance, and field time constant. The total number of 16
operating conditions is considered during the design process as given in Table 8.16

Tables 8.17 and 8.18 list the open-loop eigenvalues and corresponding damping ratios
associated with the EM modes of all the 16 operating points considered in the robust
design process, respectively. It is evident that all these modes are unstable.

8.2.2.1 Individual Design with J;

The PSS, mg-, 8g-, mp-, and dp-based stabilizers are designed individually considering all
the operating points mentioned above.
Stabilizer Design: PSO is used to optimize the parameters of each controller that
maximizes the minimum damping ratio of all the complex eigenvalues associated with the
16 operating points simultaneously. The final settings of the optimized parameters for the
proposed stabilizers are given in Table 8.19. It is worth mentioning that the optimization
of the mg- and dg-based stabilizers parameter settings gives rise to unstable EM modes.
That is, these two stabilizers cannot simultaneously stabilize the EM mode for all the 16
operating conditions. Hence, these stabilizers and their results are excluded from the

analysis hereafter.
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Table 8.16: Loading conditions and parameter uncertainties considered in the design stage

Loading Pe Qo) pu Parameter Uncertainties
Condition
Nominal (1.0, 0.015) No parameter uncertainties
Light (0.3, 0.100) 30% increase of line reactance Xgy
Heavy (1.1, 0.100) 25% decrease of machine inertia M
Leading Pf (0.7, -0.30) 30% decrease of field time constant T g,

Table 8.17: Open-loop eigenvalues associated with the EM modes of all the 16 points

considered in the robust design process

No parameter 30% increase of 25% decrease of 30% decrease
uncertainties  line reactance X machine inertia of field time
M constant T 4,

Nominal  1.5033+5.33281  1.4191+4.99001  1.8047+5.94081 1.5034+5.40251
Light 1.3952+5.08251  1.3254+4.74141  1.673045.66761 1.3951+£5.0913i
Heavy 1.4138+5.00661  1.2553+4.52951  1.7027£5.57751  1.4038+5.08461

Leading Pf  1.4502+5.3584i  1.4092+5.08881  1.7461+5.97741  1.4498+5.3952i

Table 8.18: Damping ratios of the open-loop eigenvalues associated with the EM modes

of all the points considered in the robust design process

No parameter 30% increase of 25% decrease of 30% decrease

uncertainties line reactance machine inertia of field time

Xgv M constant T 4,
Nominal -0.2713 -0.2735 -0.2907 -0.2681
Light -0.2647 -0.2692 -0.2831 -0.2643
Heavy -0.2718 -0.2671 -0.2920 -0.2661
Leading Pf -0.2612 -0.2669 -0.2804 -0.2595

Table 8.19: Optimal parameter settings with J;, multiple-point tuning, individual design

PSS O mp
K 42.262 -100.00 19.017
Ty 0.1093 0.0868 5.0000
T, 1.4177 1.2140 0.8077
Ts 2.6284 5.0000 0.1458

Ty 0.0100 1.1200 0.0100
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Eigenvalue Analysis: The system eigenvalues without and with the proposed
stabilizers at the four operating points, nominal, light, heavy, and leading Pf, are given in
Tables 8.20-8.23, respectively. The bold rows of these tables represent the EM mode

eigenvalue and its damping ratio.

Table 8.20: System eigenvalues of nominal loading conditions with J; settings, multiple-

point tuning, individual design

No Control PSS OF mg

1.5033 +5.3328i, -5.4300+0.9900i, -6.5930 +10.068i, -2.0800 + 2.8100i,

-0.2713 0.9800 0.6027 0.5900
-11.4584 £ 6.85961 -4.6600+ 16.77001 -2.2173 +£2.9354i -5.0400 £ 11.35001

-15.5063 -103.02 -3.3733 -87.400

-5.1052 -15.090 -15.508 -37.280

-- -1.7600 -5.1306 -15.530

-- -1.1700 -0.6059 -5.1200

-- -0.2100 -20.0000 -2.2000

-- -- -0.2000 -0.2000

Table 8.21: System eigenvalues of light loading conditions with J; settings, multiple-point

tuning, individual design
No Control PSS O mg

1.3952 £5.0825i, -1.4900£5.0500i, -2.2726 +2.7631i, -2.0300 + 2.5400i,

-0.2647 0.2800 0.6352 0.6200
-11.364 £ 6.12341  -7.5300+8.8600i  -6.4003 + 8.80561 -4.9200 = 10.7900i

-14.707 -101.06 -14.7077 -89.440

-5.8534 -14.890 -5.9360 -35.390

-- -6.4400 -3.6128 -14.710

-- -0.7600 -0.6126 -5.8500

-- -0.2000 -20.000 -2.4400

- -- -0.2000 -0.2000
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Table 8.22: System eigenvalues of heavy loading conditions with J; settings, multiple-

point tuning, individual design

No Control PSS O mg

1.4138 £5.0066i, -2.0900 +1.6600i, -1.2901 +1.9892i, -1.5600 + 1.8600i,

-0.2718 0.7800 0.5441 0.6400
-11.437 £6.19041 -4.8600+16.3200i -5.9589+0.55261 -4.6100 =+ 11.700i

-15.258 -102.81 -5.9418 +£10.5574i -87.140

-5.2121 -15.830 -15.2592 -38.150

-- -7.7200 -0.5939 -15.290

- -0.9600 -0.2000 -5.0600

- -0.2100 -20.0000 -3.7600

-- - -- -0.2000

Table 8.23: System eigenvalues of leading Pf loading conditions with J; settings,

multiple-point tuning, individual design

No Control PSS op mg

1.4502 £5.3584i, -5.8600 +2.9600i, -2.0346 +3.9874i, -1.7400 +4.0600i,

-0.2612 0.8900 0.4545 0.3900
-11.396 £ 7.0920i -4.8600% 15.430i -7.2838 +9.38551  -5.8800 + 10.020i

-15.457 -102.66 -15.4652 -90.720

-5.1711 -14.420 -5.1518 -33.140

- -1.4900 -2.3723 -15.690

-- -1.2200 -0.6105 -5.2800

-- -0.2100 -0.2000 -1.6700

-- -- -20.0000 -0.2000

Damping Torque Coefficient Analysis: The damping torque coefficient K4 is
calculated for the proposed robust stabilizers to measure their effectiveness in enhancing
the system damping characteristics. The damping torque coefficient is calculated for a
range of 45 operating points specified by P¢=[0.05 — 1.45] pu in steps of 0.10 pu and
Q=[-0.40, 0.00, 0.40] pu.

For comparison purposes, Kq4 for all stabilizers at Q=-0.4, Q=0.0, and Q=0.4 pu are

shown in Figures 8.154-8.156, respectively. These figures illustrate the following:
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o The PSS is the most effective stabilizer at all loading conditions except at low
loading.

e At low loading and unity power factor, the mp-based stabilizer becomes more
effective. Otherwise, the 8g-based stabilizer is the winner.

e The PSS and mg suffer from negative damping characteristics at light loading.

e The damping torque coefficients of the mg-based stabilizer at nominal loading and
dg-based stabilizer are almost unaffected by loading level.

o The damping torque coefficients K4 associated with the PSS and mg-based
stabilizers are increasing almost linearly with system loading.

e The PSS is more effective at leading power factor conditions, whereas the g and

mp are least effective at this power factor conditions.
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Figure 8.43: Damping torque coefficient with the proposed stabilizers at Q =-0.4 pu, J;
settings, multiple-point tuning, individual design
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Nonlinear Time-Domain Simulations:  Figures 8.43-8.47 show the system
responses, respectively, due to a 6-cycle three-phase fault at the nominal loading
conditions. It can be readily seen that the PSS is the most effective stabilizer. This agrees
with the damping torque coefficient analysis results. Figures 8.48-8.52 show the control
effort provided by the stabilizing signal of the PSS, the excitation phase angle

modulation, 3k, and the boosting magnitude modulation, mg, respectively.
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Figure 8.46: Rotor angle response for 6-cycle fault with nominal loading, J; settings,
multiple-point tuning, individual design
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Figure 8.47: Speed response for 6-cycle fault with nominal loading, J; settings, multiple-
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8.2.2.2 Individual Design with J2

The PSS, 8g-, mp-based stabilizers are designed individually considering all the operating
points mentioned above.

Stabilizer Design: PSO is used to optimize the parameters of each controller that

minimize the maximum damping factor of all the complex eigenvalues associated with
the 16 operating points simultaneously. The final settings of the optimized parameters for
the proposed stabilizers are given in Table 8.24.

Eigenvalue Analysis: The system eigenvalues without and with the proposed
stabilizers at the four operating points, nominal, light, heavy, and leading Pf, are given in
Tables 8.25-8.28, respectively. The bold rows of these tables represent the EM mode

eigenvalue and its damping ratio.

Table 8.24: Optimal parameter settings with J,, multiple-point tuning, individual

design
PSS 6]; mg
K 95.580 -100.00 96.862
T 4.3413 5.0000 4.9980
T 0.0100 1.0379 2.5728
T; 0.0761 0.0643 0.1203

Ty 3.5155 1.5452 0.0100
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Table 8.25: System eigenvalues of nominal loading conditions with J, settings, multiple-

point tuning, individual design

No Control PSS Og mg
1.5033 + 5.3328i, -1.2000, 1.0000  -5.8331 +5.8251i, -3.9100+ 12.720i,

-0.2713 -2.5800 = 17.550i 0.7076 0.2900
-11.4584 + 6.85961 -103.02 -3.5239 + 5.3275i -82.530
-15.5063 -15.250 -15.5062 -41.500
-5.1052 -10.420 -5.1307 -15.530

-- -5.3800 -2.2327 -5.4900

-- -0.3500 -0.5487 -4.7900

-- -0.2100 -0.2000 -2.7600

- - -20.0000 -0.4900

-- - -- -0.2000

Table 8.26: System eigenvalues of light loading conditions with J, settings, multiple-point

tuning, individual design

No Control PSS Sk mg

1.3952 £ 5.0825i, - -3.9100 £+ 3.6200i, -6.3690 +3.9101i, -38.6900, 1.0000
0.2647 0.7300 0.8522 -3.7100 £ 12.1901
-11.3641 £6.12341  -3.8400+9.02001  -2.9370+5.65411  -5.8100 % 0.14001

-14.7072 -101.06 -14.7071 -85.640

-5.8534 -14.790 -5.9913 -14.710

- -9.1300 -2.2444 -2.2900

-- -0.3000 -0.5541 -0.5100

- -0.2000 -20.000 -0.2000

- - -0.2000 -
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Table 8.27: System eigenvalues of heavy loading conditions with J settings, multiple-

point tuning, individual design

No Control PSS Ok mg

1.4138 = 5.0066i, -1.8900, 1.0000 -1.9204 +£1.7604i, -3.5600+ 13.120i,

-0.2718 -2.8000 + 17.0701 0.7372 0.2600

-11.4375 +£6.19041 -102.82 -4.1470 + 8.1099i -1.4500

-15.2584 -15.640 -15.258 -82.100

-5.2121 -11.770 -8.3276 -42.600

- -2.7200 -5.8671 -15.290

- -0.3400 -0.5407 -6.1700

-- -0.2100 -0.2000 -5.6200

-- -- -20.000 -0.5700

- -- - -0.2000

Table 8.28: System eigenvalues of leading Pf loading conditions with J, settings,

multiple-point tuning, individual design

No Control PSS o mg

1.4502 £5.3584i, - -8.1200 £ 1.9900i, -1.8267 +£5.4732i, -3.5300 +2.6100i,

0.2612 0.97 0.3166 0.8000
-11.3963 £ 7.0920i -2.7200+16.2801 -7.7343 £6.52141  -4.3500 + 11.140i

-15.4566 -102.66 -15.4564 -87.520

-5.1711 -14.920 -5.1516 -35.860

- -1.1800 -1.8490 -15.700

- -0.3500 -0.5516 -5.6200

-- -0.2100 -0.2000 -0.4500

-- - -20.000 -0.2000

Damping Torque Coefficient Analysis: The damping torque coefficient Ky is

calculated for the proposed robust stabilizers to measure their effectiveness in enhancing
the system damping characteristics. The damping torque coefficient is calculated for a
range of 45 operating points specified by P.=[0.05 — 1.45] pu in steps of 0.10 pu and

Qi=[-0.40, 0.00, 0.40] pu.
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For comparison purposes, Kq for all stabilizers at Q=-0.4, Q=0.0, and Q=0.4 pu are

shown in Figures 8.54-8.56, respectively. From these figures, the following can be

noticed;

At lagging power factor, except for very low loading, and at unity power factor,
the mp-based stabilizer becomes the most effective in damping the EM mode
oscillation .

At leading power factor, 3 is the most effective at light loading, PSS becomes the
best at moderate and nominal loading, and mgp is the strongest at heavy loading.
The PSS and mg suffer from negative damping characteristics at light loading.

The damping torque coefficients of the dg-based stabilizer is almost unaffected by
loading level.

The damping torque coefficients Kq associated with the PSS is increasing almost
linearly with system loading. At heavy loading, however, the damping torque
coefficient starts decreasirig.

The damping torque coefficients K4 associated with the mp is increasing almost
linearly with system loading, except for unity power factor where Ky is almost
unaffected by the loading.

Except for heavy loading, the PSS is more effective at leading power factor
conditions, whereas the 8z and mp are least effective at this power factor

conditions.
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Figure 8.56: Damping torque coefficient with the proposed stabilizers at Q = 0.4 pu, J;
settings, multiple-point tuning, individual design

Nonlinear Time-Domain Simulations: Figures 8.57-8.61 show the system

responses, respectively, due to a 6-cycle three-phase fault at the nominal loading
conditions. It can be readily seen that the PSS is more effective than dg. This agrees with
the damping torque coefficient analysis results. Figures 8.62-8.64 show the control effort
provided by the stabilizing signal of the PSS, the excitation phase angle modulation, g,

and the boosting magnitude modulation, mg, respectively.
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Figure 8.61: DC voltage response for 6-cycle fault with nominal loading, J» settings,
multiple-point tuning, individual design
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8.2.2.3 Coordinated Design with J,

Although the controllability measure analysis based on the singular value decomposition,
the damping torque coefficient analysis, and the nonlinear time-domain simulation show
the relative robustness of the dg-based stabilizer in damping the EM mode oscillation, still
there is room for more improvement through coordination with the mg-based stabilizer. In
this section, the coordinated design of 3g- and mp-based stabilizers is considered at all the
16 operating points described earlier.

Stabilizer Design: PSO is used to simultaneously search for the optimum parameter
settings of both controllers that minimize the maximum damping factor of all the system
complex eigenvalues at all the 16 operating points simultaneously. The final settings of
the optimized parameters for the proposed stabilizers are given in Table 8.29.

Eigenvalue Analysis: The system eigenvalues without and with the proposed &g-
and mg-based controllers when applied individually and through coordinated design at the
four loading conditions; nominal, light, heavy, and leading Pf, are given in Tables 8.30-
8.33, respectively. The bold rows of these tables represent the EM mode eigenvalue and
its damping ratio. It is evident that the damping factor of the EM mode eigenvalue is

greatly enhanced using the proposed coordinated stabilizers design.

Table 8.29: Optimal parameter settings with J, multiple-point tuning, coordinated design

Individual Coordinated
6E mpg 8]‘5 mp
K -100.00 96.862 -66.1817 100
Ty 5.0000 4.9980 1.5345 5.0000
T, 1.0379 2.5728 1.6110 3.0948
Ts 0.0643 0.1203 4.4207 5.0000

T, 1.5452 0.0100 3.9503 3.3213
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Table 8.30: System eigenvalues of nominal loading conditions with J, settings, multiple-

point tuning, coordinated design

No Control Ok mg o & mgp
1.5033+ 5.3328i, -5.8331 £ 5.8251i,  -3.9100+ 12.720i, -10.841=+ 2.8884i,
-0.2713 0.7076 0.2900 0.9663
-11.458+ 6.8596i1 -3.5239 £ 5.32751 -82.530 -11.642+14.3621
-15.506 -15.5062 -41.500 -7.1791+ 10.060i
-5.1052 -5.1307 -15.530 -1.1594
- -2.2327 -5.4900 -0.6470
- -0.5487 -4.7900 -0.5818
- -0.2000 -2.7600 -0.2625
- -20.0000 -0.4900 -0.2518
-- - -0.2000 -0.1997

Table 8.31: System eigenvalues of light loading conditions with J, settings, multiple-point

tuning, coordinated design

No Control OF mp O & mp
1.3952+ 5.0825i, -6.3690 +£3.9101i, -38.6900, 1.0000  -13.421+ 12.312i,
-0.2647 0.8522 -3.7100 + 12.190i 0.7369
-11.364+ 6.12344, -2.9370 £ 5.6541i  -5.8100 % 0.1400i -5.8186+ 11.047i
-14.707 -14.7071 -85.640 -10.472+ 3.9307i

-5.8534 -5.9913 -14.710 -0.9481
- -2.2444 -2.2900 -0.7128
-- -0.5541 -0.5100 -0.6049
-- -20.000 -0.2000 -0.2615
-- -0.2000 -- -0.2520

-0.1997
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Table 8.32: System eigenvalues of heavy loading conditions with J settings, multiple-

point tuning, coordinated design

No Control Og mg O & mp
1.4138+ 5.0066i, -1.9204 + 1.7604i, -3.5600+ 13.120i, -0.6485+ 0.3310i,
-0.2718 ; 0.7372 0.2600 0.8907
-11.4375+6.19041  -4.1470 = 8.1099i -1.4500 -12.174+ 14.267i
-15.258 -15.258 -82.100 -7.2182+ 11.654i
-5.2121 -8.3276 -42.600 -10.507+ 1.6998i

-- -5.8671 -15.290 -0.6165
-- -0.5407 -6.1700 -0.2590
-- -0.2000 -5.6200 -0.2512
-- -20.000 -0.5700 -0.1997
- -- -0.2000

Table 8.33: System eigenvalues of leading Pf loading conditions with J; settings,

multiple-point tuning, coordinated design

No Control OF mg or & mp

1.4502+ 5.3584i, -1.8267 £5.4732i, -3.5300+£2.6100i, -12.325+ 3.7890i,

-0.2612 0.3166 0.8000 0.9559
-11.3963+ 7.09201  -7.7343 + 6.5214i -43500+11.1401  -10.914+ 14.3290i
-15.456 -15.4564 -87.520 -5.8657+ 6.4690i1

-5.1711 -5.1516 -35.860 -2.4041

- -1.8490 -15.700 -0.6239

-- -0.5516 -5.6200 -0.4671

-- -0.2000. -0.4500 -0.2672

-- -20.000 -0.2000 -0.2521

- -0.1997
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Damping Torque Coefficient Analysis: To measure the effectiveness of the proposed

dg-mp coordinated design in improving the system damping characteristics and compare it
with both individual designs, the damping torque coefficient K4 is estimated. Ky is
calculated for a range of 45 operating points specified by P¢=[0.05 — 1.45] pu in steps of
0.10 pu and Q=[-0.40, 0.00, 0.40] pu.

For comparison purposes, the damping torque coefficient for the coordinated dg-mpg
stabilizer design and the both individual designs at Q=-0.4, Q=0.0, and Q=0.4 pu are
shown in Figures 8.65-8.67, respectively. These figures address the highly effective
coordinated design, as compared with 6g and mg individual designs, over the different

loading conditions.
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Figure 8.65: Damping torque coefficient with coordinated dg and mg-based controller at
Q =-0.4 pu, J, settings, multiple-point tuning
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Nonlinear Time-Domain Simulations:  The system responses as well as the control

efforts delivered by the stabilizing signals of g and mp for a 6-cycle three-phase fault at
the nominal loading conditions are shown in Figures 8.68-8.74, respectively. The
improvement on the system responses when using the coordinated design over the two
individual-stabilizer responses is quite evident. This confirms the results obtained from
the K4 analysis results.

Likewise, the simulation results and control efforts with a 6-cycle three-phase fault at
light loading condition are shown in Figures 8.75-8.81. The simulation results obtained
indicate a clear enhancement of the proposed coordinated dg-mp design over both the
individual designs. These results agree with the conclusions drawn for damping torque
coefficient analysis results. This solves the problem of low effectiveness of the mp-based

stabilizer individual designs at light loading level.
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Figure 8.74: mp response 6-cycle fault with nominal loading, J, settings, multiple-point

tuning, coordinated design
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Pe
0.36 . T . . .
- = delta.
0.34} p| -------- mg i
H 3 --- defta; & my
3
0.32} 23 )
13 1
:! “ ,i ‘“". \‘JM
5 03 —-——--Hg \é’,-g-’ﬁ-v--'umwu
& i 1y
: P
o 0.28} il I~ |
o~
026} ig_ .
'
0.241 1 i
0.22 ' L L L .
0 1 2 3 4 5 6
Time (sec)

Figure 8.77: Electrical power response for 6-cycle fault with light loading, J, settings,
multiple-point tuning, coordinated design



vt
1.1 T T T T T
- deltaE
........ Mg
A —— deltaE&mB

1.05 \“""‘

Vt (pu)

-

0 1 2 3
Time (sec)

Figure 8.78: Terminal voltage response for 6-cycle fault with light loading, J, settings,

multiple-point tuning, coordinated design

Vdc
2.008 T . 7 .
- deltaE
........ Mg
2.006 - N
& - deltaE & Mg
2.004 - ;: 7
g‘.
— 13
2 EL NN
~, 2.002} ER I 7
S E R
> =
a1
2 é:" :! .--:".._-.i‘-‘-”ﬂ‘_- PP | P W T Vil 20 oV S e
E: ‘Q:'? ',\" ‘.'\
L S
1.998| A .
1.996 : : - -
0 1 2 3 5 6
Time (sec)

Figure 8.79: DC voltage response for 6-cycle fault with light loading, J, settings,

multiple-point tuning, coordinated design

216



217

deltaE
1.42 . ; . : .
1.41} 5 ]
5
i
]
]
1.4} :'i N -
5 A
= o1
éll 39+ ;-‘."\i \_‘ 9
3 [
o —-—-—J% j \-r--—\.ﬂh- - - -
1.381 1] o .
o
(o
1y
1.37+ y .
136 1 1 [l 1 i
0 1 2 3 4 5 6

Time (sec)

Figure 8.80: dg response for 6-cycle fault with light loading, J, settings, multiple-point
tuning, coordinated design

0.2

T

0.18
016}
014

T

0.12

0.1

mg (pu)

0.08

0.06

0.04} .

’
.....
1.

-wu:guwwul“nuwwuluiﬁu|||||

H o o O, S, 9,0 ) P, v v
= d - -
Fd

||||wa“lﬁwﬁwﬂ'ﬂ-—-ﬂ-lﬂﬂ

0.02r

1
&~|l T e

0

0

-
N
w
KN
n

6
Time (sec)

Figure 8.81: mg response 6-cycle fault with light loading, J, settings, multiple-point
tuning, coordinated design



CHAPTER 9

ROBUST COORDINATED DESIGN OF PSS AND SVC

FOR MULTIMATINE POWER SYSTEM

To validate the effectiveness of the proposed technique in enhancing power system
stability, the tools of this technique are extended to the multimachine case. The system
considered in this study is the three-generator nine-bus system. The system one-line
diagram and the details of the system data are given in Appendix C. It is assumed that
each generator is equipped with a PSS and each load bus can be equipped with an SVC.
This chapter shows the optimization results using J;, i.e. maximizing the minimum
damping ratio. Both the single-point and multiple-point tuning processes for individual

and coordinated designs are considered in designing the PSSs and SVC-based stabilizers.
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9.1 Electromechanical Mode Controllability Measure

SVD is employed to measure the controllability of each of two electromechanical (EM)
modes from each input signal of the three PSSs and the six SVC-based stabilizers. The
minimum singular value, Oy, is estimated over a wide range of operating conditions. For
SVD analysis, the total generated real power that feeds the three loads and the
transmission system losses ranges from 0.16 to 5.6 pu and the loads reactive demand is:
Qa=0.55 pu, Qg=0.35 pu, and Qc=0.25 pu . At each operating point, the system model is
linearized, the EM mode is identified, and the SVD-based controllability measure is

implemented.

The capabilities of the three PSSs and the six SVC-based stabilizers to control the two
EM modes over the specified range of operating conditions are shown in Figures 9.1 and

9.2. It can be observed that:

e Generally, the capabilities of the different control signals in improving the EM

modes damping increases linéarly with system loading.

o All the controllers suffer from low controllability to the EM modes at low
loading.

o The first EM mode can be best damped by an SVC located at bus 7.

e A PSS installed in generator 3 is the most effective controller to enhance the

damping of the second EM mode.

e Ifitis decided to use an SVC to damp the second EM mode, the SVC should be
located at bus 9.
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9.2 Optimization Results for PSS and SVC-based Stabilizers

This chapter presents the optimization results obtained using J;, maximizing the minimum
damping ratio as an objective ﬁ1ncti6n. Both the single-point and multiple-point tuning
processes for individual and coordinated designs are considered. The system data is given
in Appendix C.

To demonstrate the effectiveness of the proposed controllers over a wide range of
operating conditions, four operating‘cases are considered for eigenvalue analysis. The
generator operating cases and the loads at these cases are shown in Tables 9.1 and 9.2,
respectively. For nonlinear time-domain simulation, a three-phase 6-cycle fault

disturbance is applied at bus 7 at the end of line 5-7 with the base case.

Table 9.1: Generator operating conditions

Generator Base Case Case 1 Case 2 Case 3
P Q P Q P Q | Q
Gy 0.72 0.27 2.21 1.09 0.36 0.16 0.33 1.12
G, 1.63 0.07 1.92 0.56 0.80 -0.11 2.00 0.57
Gs 0.85 -0.11 1.28 0.36 0.45 -0.20 1.50 0.38

Table 9.2: System loading conditions

Load Base Case Case 1 Case 2 Case 3
P - Q P Q P Q P Q
A 1.25 0.50 2.00 0.80 0.65 0.55 1.50 0.90
B 0.90 0.30 1.80 0.60 0.45 0.35 1.20 0.80
C 1.00 0.35 1.50 0.60 0.50 0.25 1.00 0.50
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9.2.1 Single-Point Tuning

In this section, the stabilizers are tuned considering only the base case.

9.2.1.1 Individual Design with J;

The PSSs installed at generators 2 and 3, PSS2 and PSS3, and the SVC-based stabilizers
applied to buses 7 and 9, SVC7 and SVC9, are designed individually considering the base
case. The reason behind specifying these four stabilizers is that PSS2 is the most effective
PSS in controlling the first EM mode, PSS3 is the most effective PSS in damping the
second EM mode, SVC7 is the most effective SVC to control the first EM mode, and
SVC9 is the most effective SVC to damp the second EM mode.

Stabilizer Design: PSO is used to search for the optimum parameter settings of each

controller that maximizes the minimum damping ratio of all the system complex
eigenvalues. The final settings of the optimized parameters for the proposed stabilizers
are given in Table 9.3.

Eigenvalue Analysis: The system eigenvalues without and with the proposed
stabilizers at the four operating points, base case, case 1, case 2, and case 3, are given in
Tables 9.4-9.7, respectively. The bold rows of these tables represent the EM modes
eigenvalues and their damping ratios. It can be generally observed that, except for the
base case considered in the design stage, PSS3 and SVC9 can enhance the second EM
mode damping more efficiently that the first EM mode damping. Moreover, SVC7 is
more effective in damping the first EM mode than the second EM mode. This agrees with
the results obtained from SVD results. PSS2 represents a special case as it can improve

the damping of the two EM modes simultaneously.
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Table 9.3: Optimal parameter settings with J;, single-point tuning, individual design

PSS2 PSS3 SvVC7 SVC9
K 1.3894 0.2693 154.3300 296.90
T 1.0000 1.0000 0.4261 0.1138
T, 0.0500 0.0500 0.7054 0.5550
Ts 0.8301 1.0000 0.8726 0.8567
T4 0.5000 0.0500 0.1037 0.6579

Table 9.4: System eigenvalues of Base Case loading conditions with J; settings, single-

point tuning, individual design

No Control PSS2 PSS3 SvVC7 SvCo
-0.3831+ -2.1477+ -0.7796+ -1.7656+ -2.2234+
7.8847i, 0.0485 6.5446i, 0.3118 7.8375i, 0.0990 11.230i, 0.1553 6.8754i, 0.3077
-1.3738+ -5.2482+ -1.5752+ -1.7905+ -3.1636+
11.750i, 0.1161 12.815i, 0.3790 6.7026i, 0.2288 11.382i,0.1554 9.7678i, 0.3081
-9.8638+ -4.6359+ -5.4966+ -17.0048+ -8.4960+
13.664i 14.1561 24.159i 10.143i 15.423i
-9.9194+ -6.2631+ -9.7168+ -10.8253+ -9.5529+
6.4142i 9.2781i 11.897i 11.459i 6.5212i
-12.7012 -8.0773+ -9.8145+ -4.8217+ -1.5704+
-5.5005 2.7218i 6.1370i 4.9040i 4.8442i
-0.2000 -28.5791 -42.4858 -12.6679 -22.4790

-- -1.9282 -4.0262 -5.5863 -10.4909
-- -0.2304 -0.2047 -1.4512 -0.5373
- -0.2000 -0.2000 -0.4217 -1.2839
-- - - -0.2000 -0.2000
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Table 9.5: System eigenvalues of Case 1 loading conditions with J; settings, single-point

tuning, individual design

No Control PSS2 PSS3 SvVC7 SVC9
-0.2247+ -1.6360+ -1.2241+ -1.2001+ -0.7988+
7.8046i, 0.0288 6.4367i, 0.2463  7.8008i, 0.1550 9.3068i, 0.1279 7.1245i, 0.1114
-0.8657+ -2.4498+ -0.5894+ -0.9021+ -2.8182+
11.798i, 0.0732 11.826i, 0.2028 7.2571i, 0.0810 11.843i, 0.0759 10.107i, 0.2686
-9.8476% -5.2923+ -5.3452+ -11.7704% -8.2668+
13.518i 15.74%9i 24.722i 14.5601 15.4331
-10.150+ -7.9049+ -9.5653+ -15.3209+ -9.9370+
6.8751i 8.8998i 11.327i 7.81401 6.91201
-9.5936+ -9.0851+ -10.0653+ -9.7668+ -4.9651+
2.28701 5.1252i 6.72161 2.68681 4.35551
-0.2000 -28.6614 -42.9090 -6.3539+ -21.7584
-~ -0.2474 -4.8684 5.03301 -7.2932
-- -1.9188 -0.2078 -1.4727 -1.4636
-- -0.2000 -0.2000 -0.5236 -0.7987
-- -- -- -0.2000 -0.2000

Table 9.6: System eigenvalues of Case 2 loading conditions with J; settings, single-point

tuning, individual design

No Control PSS2 PSS3 SVC7 SVC9
-0.6770+ -1.8395+ -0.7704+ -2.7045+ -1.8706+
6.5678i,0.1025 5.5145i,0.3164 6.3210i,0.1210 5.4759i, 0.4428 6.2313i, 0.2875
-2.0988+ -3.3784+ -1.4438+ -2.0939+ -5.3919+
9.4216i,0.2174 7.2113i,0.4242 5.9728i,0.2350 9.2988i, 0.2197 8.0321i, 0.5574
-9.7416+ -7.0022+ -6.7942+ -16.4338+ -0.2470+
13.931i 14.4011 22.027i 9.0171i 4.5806i
-9.7880+ -6.6231+ -9.6869+ -9.5302+ -9.1770+
7.07931 11.492i 12.4771 12.0311 14.811i
-8.3262+ -8.3682+ -9.6939+ -6.1679+ -9.7165+
231781 5.8064i 7.05531 9.38851 7.18051
-0.2000 -26.8831 -40.0838 -8.4474+ -8.1302
-- -1.9418 -4.3985 2.1984i -22.1853
-- -0.2156 -0.2024 -1.4406 -1.2726
-- -0.2000 -0.2000 -0.3280 -0.3909
-- -- -- -0.2000 -0.2000
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Table 9.7: System eigenvalues of Case 3 loading conditions with J; settings, single-point

tuning, individual design
No Control PSS2 PSS3 svC7 SVC9
0.1091+ -1.9410+ -0.1652+ -0.9502+ -0.4226+
8.0287i, 6.7925i, 0.2748  7.6286i, 0.0216 10.066i, 0.0940 7.4534i, 0.0566
-0.0136 -2.2727+ -1.3450+ -0.4359+ -3.0540+
-0.5229+ 11.338i, 0.1965 7.7402i,0.1712 12.207i, 0.0357 10.541i, 0.2783
12.035i, 0.0434 -4.8237+ -5.2673+ -16.6711+ -8.3557+
-10.4209+ 14.7641 24.5851 9.64861 15.098i
13.1301 -8.0766+ -9.8907+ -11.3641+ -9.8556+
-10.0239+ 10.077i 11.259i 10.467i 7.07151
7.04071 -9.2900+ -9.9711+ -9.9691+ -5.0693+
-9.8009+ 5.1527i 6.8921i 2.2098i 3.7994i
1.9872i -28.5438 -43.0790 -5.9420+ -21.8865
-0.2000 -1.9317 -4.9548 5.51691 -7.3635
-- -0.2358 -0.2057 -1.4586 -1.4052
- -0.2000 -0.2000 -0.4563 -0.6713
-- - -- -0.2000 -0.2000

Nonlinear Time-Domain Simulations: Figures 9.3-9.6 show the rotor angles, speed

deviations, electrical power outputs, and machine terminal voltages responses,
respectively, for a 6-cycle three-phase fault at bus 7 at the end of line 5-7 at the base case
while using the proposed PSS2. Figure 9.7 show the PSS2 control signal in this case.
Similarly, Figure 9.8-9.12 show those simulation results while using the proposed PSS3,
Figures 9.13-9.17 illustrate the utilization of SVC7, and 9.18-9.22 demonstrate the use of
SVC9. It can be readily seen that PSS2 is the most effective stabilizer in damping the EM
modes oscillations. However, the system oscillations are relatively poorly damped using
PSS3. In addition, SVC7 cannot stabilize the system after applying the disturbance. This

is in general consistency with eigenvalue analysis results.
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Figure 9.9: Speed response for 6-cycle fault with base case, J; settings of PSS3, single-

point tuning, individual design
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Figure 9.10: Electrical power response for 6-cycle fault with base case, J; settings of

PSS3, single-point tuning, individual design
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Figure 9.13: Rotor angle response for 6-cycle fault with base case, J settings of SVC7,
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point tuning, individual design
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Figure 9.17: By, response for 6-cycle fault with base case, J; settings of SVC7, single-
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Figure 9.18: Rotor angle response for 6-cycle fault with base case, J; settings of SVC9,
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Figure 9.19: Speed response for 6-cycle fault with base case, J settings of SV(C9, single-

point tuning, individual design
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9.2.1.2 Coordinated PSS3-SVC7 Design with J;

The controllability measure analysis, based on the singular value decomposition, and the
eigenvalue analysis indicate that the PSS3 and SVC7-based stabilizer do not perform well
individually. This is because SVC7-based stabilizer is the most effective stabilizer in
improving the first EM mode damping and PSS3 is the most effective in damping the
second EM mode. The same conclusion can be drawn from nonlinear time-domain
simulations illustrated in the previous section. In this section, the coordinated design of
PSS3 and SVC7-based stabilizer is considered at the base case condition.

Stabilizer Design: PSO is used to simultaneously search for the optimum parameter
settings of both controllers that maximize the minimum damping ratio of all the system
complex eigenvalues at base case. The final settings of the optimized parameters for the
proposed stabilizers are given in Table 9.8.

Eigenvalue Analysis: The system eigenvalues without and with the proposed
PSS3 and SVC7-based controllers when applied individually and through coordinated
design at the four loading cases are given in Tables 9.9-9.12. The bold rows of these
tables represent the EM modes eigenvalues and their damping ratios. It is evident that,
using the proposed coordinated stabilizers design, the damping ratio of the EM mode
eigenvalue is greatly enhanced. Hence, it can be concluded that this improves the system

stability.
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Table 9.8: Optimal parameter settings with J;, single-point tuning, coordinated PSS3-

SVC7 design
Individual Coordinated

PSS3 SVC7 PSS3 SVC7
K 0.2693 154.330 0.7832 443284
T 1.0000 0.4261 0.7196 0.9374
T, 0.0500 0.7054 0.0500 0.0500
Ts 1.0000 0.8726 0.5494 0.9104
T4 0.0500 0.1037 0.7370 0.6189

Table 9.9: System eigenvalues of Base Case loading conditions with J; settings, single-

point tuning, coordinated PSS3-SVC7 design

No Control PSS3 SVC7 PSS3 & SVC7
-0.3831+ 7.8847i,  -0.7796+ 7.8375i,  -1.7656+ 11.230i,  -3.2940+ 12.268i,
0.0485 0.0990 0.1553 0.2593
-1.3738+ 11.750i,  -1.5752+6.7026i, -1.7905+ 11.382i,  -3.3341+ 12.451j,
0.1161 0.2288 0.1554 0.2586
-9.8638+ 13.664i -5.4966+ 24,1591  -17.0048+ 10.143i  -22.0557+ 13.393i
-9.9194+ 6.41421 -0.7168+ 11.8971  -10.8253+11.4591  -9.7909+ 10.021i

-12.7012 -9.8145+ 6.13701 -4.8217+ 4.90401 -3.3181+ 6.3525i1
-5.5005 -42.4858 -12.6679 -6.8440+ 2.07351

-0.2000 -4.0262 -5.5863 -23.9522
-- -0.2047 -1.4512 -1.5956
-- -0.2000 -0.4217 -1.3565
-- -- -0.2000 -0.2762
-- -- -- -0.2004

-0.2000
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Table 9.10: System eigenvalues of Case 1 loading conditions with J; settings, single-point

tuning, coordinated PSS3-SVC7 design

No Control PSS3 SvC7 PSS3 & SVC7
-0.2247+ 7.8046i, -1.2241+7.8008i, -1.2001+ 9.3068i, -1.9474+ 8.5643i
0.0288 0.1550 0.1279 0.2217
-0.8657+11.798i, -0.5894+ 7.2571i,  -0.9021+ 11.843i, -1.9982+ 12.960i
0.0732 0.0810 0.0759 0.1524
-9.8476+ 13.518i -5.3452+24.722i  -11.7704+ 14.560i  -19.2468+ 13.860i
-10.150+ 6.8751i1 -9.5653+11.327i  -15.3209+ 7.8140i  -12.1214+ 11.456i
-9.5936+£2.2870i  -10.0653+6.7216i  -9.7668+ 2.68681 -5.7982+ 7.4272i
-0.2000 -42.9090 -6.3539+ 5.0330i -7.5540+ 4.47201

-- -4.8684 -1.4727 -23.9465
-- -0.2078 -0.5236 -1.5852
- -0.2000 -0.2000 -0.3163
-- -- -- -1.3564
-- -- -- -0.2002
-- -- -- -0.2000

Table 9.11: System eigenvalues of Case 2 loading conditions with J; settings, single-point

tuning, coordinated PSS3-SVC7 design

No Control PSS3 SVC7 PSS3 & SVC7
-0.6770+ 6.5678i,  -0.7704+ 6.3210i,  -2.7045+ 5.4759i,  -1.6288+5.4901i,
0.1025 0.1210 0.4428 0.2844
-2.0988+9.4216i, -1.4438+5.9728i,  -2.0939+9.2988i,  -3.3524+10.161i,
0.2174 0.2350 0.2197 0.3133
-9.7416x 13.931i -6.7942+22.027i  -16.4338+9.01711  -21.502+ 12.2861
-9.7880+ 7.0793i -9.6869+ 12.4771 -9.5302+ 12.0311 -7.4417+ 13.4691
-8.3262+2.3178i -9.6939+ 7.05531 -6.1679+ 9.3885i1 -9.1652+9.0127i
-0.2000 -40.0838 -8.4474+ 2.1984i -5.9979+ 4.11191

-- -4.3985 -1.4406 -23.0595
-- -0.2024 -0.3280 -1.6007
-- -0.2000 -0.2000 -1.3566
-- -- -- -0.2414
- -- -- -0.2004

-0.2000
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Table 9.12: System eigenvalues of Case 3 loading conditions with J; settings, single-point

tuning, coordinated PSS3-SVC7 design

No Control PSS3 SVC7 PSS3 & SVC7
0.1091+ 8.0287i, -0.1652+ 7.6286i, -0.9502+ 10.066i, -2.4552+ 8.9534i,
-0.0136 0.0216 0.0940 0.2645
-0.5229+ 12.035i, -1.3450+ 7.7402i, -0.4359+12.207i, -1.5272+ 13.472i,
0.0434 0.1712 0.0357 0.1126
-10.4209+ 13.130i  -5.2673+24.5851  -16.6711+£9.64861  -22.1335+ 12.136i
-10.0239+ 7.0407i  -9.8907+11.259i  -11.3641+10.467i  -10.1097+ 9.5557i
-9.8009+ 1.9872i -9.9711+ 6.89211 -9.9691+ 2.2098i -4.7233+ 8.8934i
-0.2000 -43.0790 -5.9420+ 5.51691 -7.6185+ 4.33421

- -4.9548 -1.4586 -24.1192
-- -0.2057 -0.4563 -1.5920
-- -0.2000 -0.2000 -1.3565
-- -- -- -0.2892
-- -- -- -0.2002
-- -- -- -0.2000

Nonlinear Time-Domain Simulations: Figures 9.23-9.28 show the rotor angles,
speed deviations, electrical power outputs, and machine terminal voltages responses, as
well as PSS3 stabilizing signal and SVC7 response, respectively, for a 6-cycle three-
phase fault at bus 7 at the end of line 5-7 at the base case while using the proposed PSS3-
SVC7 coordinated design. These figures should be compared with Figures 9.8-9.12, for
individual PSS3 design, and 9.13-9.17, for individual SVC7 design. The improvement on

the system responses when using the coordinated design is quite evident. This is in

agreement with eigenvalue analysis results.
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Figure 9.23: Rotor angle response for 6-cycle fault with base case, J; settings, single-point

tuning, coordinated PSS3-SVC7 design
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Figure 9.24: Speed response for 6-cycle fault with base case, J settings, single-point
tuning, coordinated PSS3-SVC7 design
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Figure 9.25: Electrical power response for 6-cycle fault with base case, J; settings, single-
point tuning, coordinated PSS3-SVC7 design
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Figure 9.26: Terminal voltage response for 6-cycle fault with base case, J; settings,

single-point tuning, coordinated PSS3-SVC7 design
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Figure 9.27: PSS stabilizing signal for 6-cycle fault with base case, J; settings, single-
point tuning, coordinated PSS3-SVC7 design
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9.2.1.3 Coordinated SVC7-SVC9 Design with J;

As an alternative to using the PSS-SVC7 coordinated design, the SVC7-SVC9
coordinated design is considered. The singular value decomposition analysis as well as
the eigenvalue analysis show that a single SVC-based stabilizer cannot provide sufficient
damping to the two EM modes simultaneously. The same conclusion can be drawn from
nonlinear time-domain simulations illustrated earlier. Hence, there is a need for
coordination. Since SVC7 is superior in damping the first EM mode and SVC9 is the
most effective SVC in damping the second EM mode, the SVC7-SVC9 combination is
selected. In this section, the coordinated design of SVC7- and SVC9-based stabilizers is
considered at the base case condition.

Stabilizer Design: PSO is used to simultaneously search for the optimum parameter
settings of both controllers that maximize the minimum damping ratio of all the system
complex eigenvalues at base case. The final settings of the optimized parameters for the
proposed stabilizers are given in Table 9.13.

Eigenvalue Analysis: The system eigenvalues without and with the proposed
SV(C7- and SVC9-based controllers when applied individually and through coordinated
design at the four loading cases are given in Tables 9.14-9.17. The bold rows of these
tables represent the EM modes eigenvalues and their damping ratios. It is evident that,
except for case 2, the damping ratio of the EM mode eigenvalue is greatly enhanced using

the proposed coordinated stabilizers design.
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Table 9.13: Optimal parameter settings with J, single-point tuning, coordinated SVC7-

SVC9 design
Individual Coordinated
SVC7 SVC9 SVC7 SVC9
K 154.33 296.90 135.75 47.448
T 0.4261 0.1138 0.3463 0.7610
T, 0.7054 0.5550 0.0500 0.6952
T; 0.8726 0.8567 0.6790 0.5087
T, 0.1037 0.6579 0.1803 0.2627

Table 9.14: System eigenvalues of Base Case loading conditions with J; settings, single-

point tuning, coordinated SVC7-SVC9 design

No Control SvVC7 SVCI SVC7 & SVC9
-0.3831+ 7.8847i, -1.7656+ 11.230i,  -2.2234+ 6.8754i,  -2.3884= 5.5705i,
0.0485 0.1553 0.3077 0.3941
-1.3738+ 11.750i,  -1.7905+ 11.382i, -3.1636+9.7678i,  -3.4679+ 8.0984i,
0.1161 0.1554 0.3081 0.3936
-9.8638+ 13.664i  -17.0048+ 10.143i  -8.4960+ 15.423i -22.927+ 20.9911
-9.9194+ 6.41421  -10.8253+11.4591  -9.5529+ 6.5212i  -6.6085+ 15.4580i

-12.7012 -4.8217+ 4.90401 -1.5704+ 4.8442i -9.7724+ 9.13771
-5.5005 -12.6679 -22.4790 -4.4693+ 10.465i1

-0.2000 -5.5863 -10.4909 -23.8499
-- -1.4512 -0.5373 -4.4299
-- -0.4217 -1.2839 -2.8698
-- -0.2000 -0.2000 -1.4322
-- -- -- -0.4257
-- -- -- -0.1986

-0.2000
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Table 9.15: System eigenvalues of Case 1 loading conditions with J; settings, single-point

tuning, coordinated SVC7-SVC9 design

No Control SVC7 SVC9 SVC7 & SVC9
-0.2247+7.8046i, -1.2001+9.3068i, -0.7988+ 7.1245i, -3.1439+ 6.4947i,
0.0288 0.1279 0.1114 0.4357
-0.8657+11.798i, -0.9021+11.843i, -2.8182+10.107i, -4.9361+ 9.1389i,
0.0732 0.0759 0.2686 0.4752
-9.8476+ 13.5181  -11.7704+ 14.5601  -8.2668+ 15.433i -1.5108+ 9.8584i
-10.150+ 6.8751i  -15.3209+ 7.81401  -9.9370+ 6.91201 -19.440+ 25.1851
-9.5936+ 2.2870i -9.7668+ 2.6868i -4.9651+ 4.35551 -12.540+ 11.0281
-0.2000 -6.3539+ 5.0330i -21.7584 -8.1012+ 9.8303i

-- -1.4727 -7.2932 -23.2764
-- -0.5236 -1.4636 -4.5798
-- -0.2000 -0.7987 -3.1854
-- -- -0.2000 -1.4384
- - -- -0.5321
-- -- -- -0.1992
-- - -- -0.2000

Table 9.16: System eigenvalues of Case 2 loading conditions with J; settings, single-point

tuning, coordinated SVC7-SVC9 design

No Control SVC7 SVC9 SVC7 & SVC9
20.6770+ 6.5678i,  -2.7045:5.4759i, -1.8706%6.2313i, -1.4162: 4.9047i,
0.1025 0.4428 0.2875 0.2774
-2.0088+9.4216i,  -2.0939+9.2988i,  -5.3919+8.0321i,  -1.0224: 6.778li,
0.2174 0.2197 0.5574 0.1492
07416+ 13.931i  -16.4338+9.0171i  -0.2470+ 4.5806i  -22.519+ 19.553i
-0.7880+ 7.07931  -9.5302+12.031i  -9.1770+ 14.811i  -7.6599+ 15.583i
8.3262+£2.31781  -6.1679+9.38851  -9.7165+7.18051  -7.5823+9.7727i
-0.2000 -8.4474+ 2.1984i -8.1302 -9.6953+ 8.6014i

- -1.4406 -22.1853 -23.3542
- -0.3280 -1.2726 -4.4144
- -0.2000 -0.3909 -2.9313
- - -0.2000 -1.4316
- - - -0.3329
- - - -0.1985

-0.2000
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Table 9.17: System eigenvalues of Case 3 loading conditions with J; settings, single-point

tuning, coordinated SVC7-SVC9 design

No Control SVC7 SVCI SVC7 & SVC9

0.1091+ 8.0287i, -0.9502+ 10.066i, -0.4226+7.4534i, -2.6498+ 6.1692i,

-0.0136 0.0940 0.0566 0.3947
-0.5229+ 12.035i,  -0.4359+12.207i, -3.0540+ 10.541i, -1.6551+ 10.042i,

0.0434 0.0357 0.2783 0.1626
-10.4209+ 13.130i  -16.6711+£9.64861  -8.3557+ 15.098i -23.577+ 18.5151
-10.0239+ 7.04071  -11.3641+ 104671  -9.8556+ 7.0715i -5.3613+ 15.382i
-9.8009+ 1.9872i -9.9691+ 2.20981 -5.0693+ 3.79941 -9.8923+ 8.7228i
-0.2000 -5.9420+ 5.5169i -21.8865 -6.5070+ 9.7219i

- -1.4586 -7.3635 -23.3533

-- -0.4563 -1.4052 -4.5728

-- -0.2000 -0.6713 -3.1971

-- -- -0.2000 -1.4373

-- -- -- -0.4640

-- -- -- -0.1993

-- -- -- -0.2000

Nonlinear Time-Domain Simulations: Figures 9.29-9.33 show the rotor angles,
speed deviations, electrical power outputs, and machine terminal voltages responses, as
well as the SVC7 and SVC9 responses, respectively, for a 6-cycle three-phase fault at bus
7 at the end of line 5-7 at the base case while using the proposed SVC7-SVC9
coordinated design. These figures should be compared with Figures 9.13-9.17, for
individual SVC7 design, and 9.18-9.22, for individual SVC9 design. The improvement on

the system responses when using the coordinated design is clear. This is in line with

eigenvalue analysis results.
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Figure 9.29: Rotor angle response for 6-cycle fault with base case, J; settings, single-point
tuning, coordinated SVC7-SVC9 design
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tuning, coordinated SVC7-SVC9 design
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Figure 9.31: Electrical power response for 6-cycle fault with base case, J, settings, single-

1.6

point tuning, coordinated SVC7-SVC9 design
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Figure 9.32: Terminal voltage response for 6-cycle fault with base case, J; settings,
single-point tuning, coordinated SVC7-SVC9 design
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Figure 9.33: By response for 6-cycle fault with base case, J; settings, single-point tuning,
coordinated SVC7-SVC9 design

9.2.2 Multiple-Point Tuning

In this situation, the objective is to design robust stabilizers to ensure their effectiveness
over a wide range of operating conditions. The design process takes into account the four
loading cases shown in Tables 9.1 and 9.2 simultaneously.

Tables 9.18 and 9.19 list the open-loop eigenvalues and corresponding damping ratios
associated with the EM modes of the four operating cases considered in the robust design

process, respectively. It can be observed that these modes are either very lightly damped

or even unstable.
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9.2.2.1 Individual Design with J;

The PSS2, PSS3, SVC7-, and SVC9-based controllers are designed individually
considering the four operating cases mentioned above simultaneously.

Stabilizer Design: PSO is used to optimize the parameters of each controller that

maximizes the minimum damping ratio of all the complex eigenvalues associated with the
four operating cases simultaneously. The final settings of the optimized parameters for the
proposed stabilizers are given in Table 9.20.

Table 9.18: Open-loop eigenvalues associated with the EM modes of the four operating

cases considered in the robust design process

The first EM The second EM

mode mode
Base Case -0.3831% 7.8847i, -1.3738+ 11.750i,
Case 1 -0.2247+ 7.8046i, -0.8657+ 11.798i,
Case 2 -0.6770+ 6.5678i, -2.0988+ 9.4216i,
Case 3 0.1091+ 8.0287i, -0.5229+ 12.035i,

Table 9.19: Damping ratios of the open-loop eigenvalues associated with the EM modes

of the four operating cases considered in the robust design process

The first EM The second EM
mode mode
Base Case 0.0485 0.1161
Case 1 0.0288 0.0732
Case 2 0.1025 0.2174
Case 3 -0.0136 0.0434

Table 9.20: Optimal parameter settings with J;, multiple-point tuning, individual design

. PSS2 PSS3 SvC7 SVC9
K 4.0936 0.3420 155.68 300.00
T 0.5870 1.0000 0.4489 0.0500
T, 0.6617 0.0500 0.3882 0.6000
T3 0.6677 1.0000 0.8385 0.3752

T, 0.0500 0.0500 0.0744 0.1955
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Eigenvalue Analysis: The system eigenvalues without and with the proposed

stabilizers at the four operating pointé, base case, case 1, case 2, and case 3, are given in
Tables 9.21-9.24, respectively. The bold rows of these tables represent the EM mode
eigenvalues and their damping ratios. Generally, it can be observed that PSS3 and SVC9
can enhance the second EM mode damping more efficiently that the first EM mode
damping. On the other hand, SVC7 is more able to damp the first EM mode than the
second EM mode. This agrees with the results obtained from SVD results. PSS2
represents a special case as it can improve the damping of the two EM modes

simultaneously.

Table 9.21: System eigenvalues of Base Case loading conditions with J; settings,

multiple-point tuning, individual design

No Control PSS2 PSS3 SvC7 SVC9
-0.3831+ -2.8251+ -0.7631+ -3.1597+ -1.7470+
7.8847i, 0.0485 6.9427i, 0.3769 7.9360i, 0.0957 4.4959i, 0.5750 7.7579i, 0.2197
-1.3738+ -5.5498+ -1.3331+ -1.2073+ -4.2055+
11.750i, 0.1161 8.4287i, 0.5499 6.2163i, 0.2097 11.641i, 0.1032 11.089i, 0.3546
-0.8638+ -3.5362+ -4.7843% -3.1252+ -8.0158+
13.664i 14.653i1 25.8371 14.252i 14.112i
-9.9194+ -6.5212+ -9.7337+ -20.1174=+ -9.6178+
6.4142i 12.5651 11.970i 16.2231 6.223%1
-12.7012 -7.8780+ -9.8119+ -10.5383% -1.1636%
-5.5005 2.5128i 6.14351 9.91251 4.7050i
-0.2000 -28.5550 -44.5388 -12.6724 -15.8822
-- -0.3061 -3.8850 -5.6173 -2.3128
-- -1.5115 -0.2060 -2.5180 -0.5693
-- -0.2000 -0.2000 -0.3952 -20.0000
-- - - -0.2000 -0.2000
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Table 9.22: System eigenvalues of Case 1 loading conditions with J; settings, multiple-

point tuning, individual design

No Control PSS2 PSS3 SVC7 SVC9
-0.2247+ -2.1542+ -0.8626+ -2.5710+ -0.9845+
7.8046i, 0.0288 6.5236i, 0.3136 7.8604i, 0.1091 10.699i, 0.2337 7.3867i, 0.1321
-0.8657+ -2.8550+ -0.7495+ -0.9977+ -3.7063+
11.798i, 0.0732 11.830i, 0.2346 6.7988i, 0.1096 11.784i, 0.0844 11.436i, 0.3083
-9.8476+ -4.6872+ -4.5981+ -16.2100+ -7.8260+
13.518i 15.455i 26.427i 18.632i 13.855i
-10.150+ -7.5769+ -9.5745+ -13.3093+ -9.9974+
6.8751i 8.8355i1 11.404i 10.1071 6.77701
-9.5936+ -9.0076+ -10.065+ -9.7634+ -2.8678+
2.28701 5.1442i 6.7249i 2.6012i 5.55331
-0.2000 -28.6374 -45.0109 -4.4468+ -14.6579
-- -0.3642 -4.6435 5.34371 -1.9478
- -1.5116 -0.2099 -2.5056 -0.9764
-- -0.2000 -0.2000 -0.4785 -20.0000
-- -- -- -0.2000 -0.2000

Table 9.23: System eigenvalues of Case 2 loading conditions with J; settings, multiple-

point tuning, individual design

No Control PSS2 PSS3 SvVC7 SVC9
-0.6770+ -2.5567+ -0.8718+ -1.9222+ -1.6206+
6.5678i, 0.1025 6.2183i, 0.3803 6.3785i, 0.1354 4.3776i, 0.4020 6.2858i, 0.2497
-2.0988+ -3.2332+ -1.1484+ -2.0245+ -5.1918+
9.4216i, 0.2174 5.9904i, 0.4750 5.6265i, 0.2000 9.3458i, 0.2117 9.3646i, 0.4849
-9.7416+ -6.8801% -6.1500+ -19.2781+ -0.2864+
13.931i 13.7511 23.516i 14.9551 4.4825i
-9.7880+ -6.1775+ -9.6922+ -5.8597+ -8.9581+
7.0793i 12.261i 12.550i 14.030i 14.273i
-8.3262+ -8.3333 - -9.6954+ -9.8167+ -9.6825+
2.3178i 5.9105i 7.0565i 9.5318i1 7.10951
-0.2000 -26.8467 -41.9369 -8.4213+ -14.0752
-- -1.5115 -4.2075 2.1959i -2.2870
-- -0.2547 -0.2030 -2.5198 -0.4037
-- -0.2000 -0.2000 -0.3153 -20.0000
-~ -- -- -0.2000 -0.2000
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Table 9.24: System eigenvalues of Case 3 loading conditions with J; settings, multiple-

point tuning, individual design

No Control PSS2 PSS3 SvC7 SVC9
0.1091+ -2.7780+ -0.4453+ -3.7546+ -0.5001+
8.0287i, 6.8979i, 0.3736  7.7443i, 0.0574 5.3938i, 0.5713 7.6526i, 0.0652
-0.0136 -2.5905+ - -0.8560+ -1.0164+ -3.5012+

-0.5229+ 10.732i, 0.2346 7.1971i,0.1181 11.873i, 0.0853 12.325i, 0.2733
12.035i, 0.0434 -3.8672+ -4.5107+ -1.2088+ -8.2405+
-10.4209+ 14.672i 26.332i 13.2911 13.0291
13.1301 -7.8839+ -9.9124+ -20.6823+ -9.9040+
-10.0239+ 10.4051 11.324i 14.8051 6.95741
7.04071 -9.2180+ -9.9708+ -10.6818+ -3.1405+
-9.8009+ 5.16501 6.8953i1 9.3162i 5.2114i
1.98721 -28.5190 -45.1885 -9.9546+ -14.9865
-0.2000 -0.3246 -4.7330 2.1616i -1.9794
-- -1.5116 -0.2072 -0.4236 -0.7625
-- -0.2000 -0.2000 -2.5155 -20.0000
-- -- -- -0.2000 -0.2000

Nonlinear Time-Domain Simulations: Figures 9.34-9.38 show the rotor angles,
speed deviations, electrical power outputs, and machine terminal voltages responses as
well as the PSS2 stabilizing signal, respectively, for a 6-cycle three-phase fault at bus 7 at
the end of line 5-7 at the base case while using the proposed PSS2. Similarly, Figure 9.39-
9.43 show those simulation results and control signal while using the proposed PSS3,
Figures 9.44-9.48 illustrate the utilization of SVC7, and 9.49-9.53 demonstrate the use of
SVCY. It can be readily seen that PSS2 is the most effective stabilizer in damping the EM

modes oscillations. However, the system oscillations are relatively poorly damped using

PSS3 and SVC7. This is consistent with eigenvalue analysis results.
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Figure 9.36: Electrical power response for 6-cycle fault with base case, J; settings of
PSS2, multiple-point tuning, individual design
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Figure 9.46: Electrical power response for 6-cycle fault with base case, J; settings of
SVC7, multiple-point tuning, individual design
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9.2.2.2 Coordinated PSS3-SVC7 Design with J;

The controllability measure analysis, based on the singular value decomposition, and the
eigenvalue analysis indicate that the PSS3 and SVC7-based stabilizer do not perform well
individually. This is because SVC7-based stabilizer is the most effective stabilizer in
improving the first EM mode damping and PSS3 is the most effective in damping the
second EM mode. The same conclusion can be drawn from nonlinear time-domain
simulations illustrated in the previous section. In this section, the coordinated design of
PSS3 and SVC7-based stabilizer is considered at all the four operating cases
simultaneously.

Stabilizer Design: PSO is used to simultaneously search for the optimum parameter

settings of both controllers that maximize the minimum damping ratio of all the system
complex eigenvalues at all the four operating case. The final settings of the optimized
parameters for the proposed stabilizers are given in Table 9.25.

Eigenvalue Analysis: The system eigenvalues without and with the proposed
PSS3 and SVC7-based controllers when applied individually and through coordinated
design at the four loading cases are given in Tables 9.26-9.29. The bold rows of these
tables represent the EM modes eigenvalues and their damping ratios. It is evident that,
using the proposed coordinated stabilizers design, the damping ratio of the EM mode
eigenvalue is greatly enhanced. Hence, it can be concluded that this improves the system

stability.
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Table 9.25: Optimal parameter settings with J;, multiple-point tuning, coordinated PSS3-

SVC7 design
Individual Coordinated

PSS3 SvC7 PSS3 SVC7
K 0.3420 155.68 1.3316 40.4950
T 1.0000 0.4489 0.2540 0.8947
T, 0.0500 0.3882 0.0500 0.0500
Ts 1.0000 0.8385 0.2543 0.7330
Ty 0.0500 0.0744 0.0500 0.4631

Table 9.26: System eigenvalues of Base Case loading conditions with J; settings,

multiple-point tuning, coordinated PSS3-SVC7 design

No Control PSS3 SVC7 PSS3 & SVC7
-0.3831+ 7.8847i,  -0.7631+7.9360i, -3.1597+ 4.4959i,  -2.9518+10.562i,
0.0485 0.0957. 0.5750 0.2692
-1.3738+ 11.750i,  -1.3331+6.2163i, -1.2073+11.641i, -2.9059+ 6.3870i,
0.1161 0.2097 0.1032 0.4141
-9.8638+ 13.664i -4.7843+ 25.8371 -3.1252+ 14.252i -21.835+ 13.1041
-9.9194+ 6.4142i -9.7337£ 11.970i  -20.1174+16.223i  -5.3186% 16.7971

-12.7012 -9.8119+£6.14351  -10.5383+£9.91251  -10.658+ 9.89901
-5.5005 -44.5388 -12.6724 -7.4051+ 6.38361

-0.2000 -3.8850 -5.6173 -33.7018
- -0.2060 -2.5180 -5.3871
-- -0.2000 -0.3952 -2.1165
- -- -0.2000 -0.2855
-- -- -- -0.2006

-0.2000
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Table 9.27: System eigenvalues of Case 1 loading conditions with J; settings, multiple-

point tuning, coordinated PSS3-SVC7 design

No Control PSS3 SVC7 PSS3 & SVC7
-0.2247+ 7.8046i,  -0.8626+ 7.8604i,  -2.5710+10.699i, -2.3625+ 8.4363i,
0.0288 0.1091 0.2337 0.2697
-0.8657+ 11.798i,  -0.7495+6.7988i, -0.9977+11.784i, -2.9136+ 8.6507i,
0.0732 0.1096 0.0844 0.3192
-9.8476+ 13.518i -4.5981+26.4271  -16.2100+ 18.6321  -19.341+ 13.413i
-10.150+ 6.8751i -9.5745+ 11.404i  -13.3093+£ 10.1071  -6.0116+ 16.4531
-9.5936% 2.2870i -10.065+ 6.7249i -9.7634+ 2.6012i -11.926+ 10.426i
-0.2000 -45.0109 -4.4468+ 5.34371 -7.4579+ 6.5469i

-- -4.6435 -2.5056 -33.8678
-- -0.2099 -0.4785 -7.3948
-- -0.2000 -0.2000 -2.1000
-- - -- -0.3321
-- - -- -0.2004
- -- - -0.2000

Table 9.28: System eigenvalues of Case 2 loading conditions with J; settings, multiple-

point tuning, coordinated PSS3-SVC7 design

No Control PSS3 SVC7 PSS3 & SVC7
-0.6770+ 6.5678i,  -0.8718+6.3785i,  -1.9222+4.3776i,  -4.0813+ 7.0769i,
0.1025 0.1354 0.4020 0.4996
-2.0988+£9.4216i, -1.1484+5.6265i, -2.0245+9.3458i,  -1.5365+5.5232i,
0.2174 0.2000 0.2117 0.2680
-9.7416+ 13.931i1 -6.1500+ 23.516i  -19.2781+ 14,9551  -21.362+ 11.9141
-9.7880+ 7.07931 -9.6922+ 12.5501 -5.8597+ 14.0301 -7.1197+ 15.7501
-8.3262+ 2.3178i -9.6954+ 7.05651 -9.8167+ 9.5318i -9.7132+ 10.035i1
-0.2000 -41.9369 -8.4213+ 2.1959i -7.4390+ 8.82191

-- -4.2075 -2.5198 -32.0098
-- -0.2030 -0.3153 -6.7390
-- -0.2000 -0.2000 -2.1217
-- -- -- -0.2460
-- -- -- -0.2006

-0.2000
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Table 9.29: System eigenvalues of Case 3 loading conditions with J; settings, multiple-

point tuning, coordinated PSS3-SVC7 design

No Control PSS3 SvVC7 PSS3 & SVC7

0.1091+ 8.0287i, <0.4453+ 7.7443i,  -3.7546+5.3938i, -2.4979+ 8.2013i,

-0.0136 0.0574 0.5713 0.2914
-0.5229+ 12.035i,  -0.8560+ 7.1971i,  -1.0164+ 11.873i, -2.6963+ 9.6050i,

0.0434 0.1181 0.0853 0.2703
-10.4209+ 13.130i  -4.5107+26.3321 -1.2088+ 13.291i -21.773+ 11.987i
-10.0239+ 7.04071  -9.9124+11.324i  -20.6823+ 14.8051  -4.6537+ 16.358i
-9.8009+ 1.9872i -9.9708+ 6.89531  -10.6818+9.3162i  -10.700+ 9.5588i
-0.2000 -45.1885 -9.9546+ 2.16161 -7.5258+ 7.1379i

-- -4.7330 -0.4236 -34.2127

- -0.2072 -2.5155 -7.3588

- -0.2000 -0.2000 -2.1114

-- -- -- -0.3006

-- -- -- -0.2003

-- -- -- -0.2000

Nonlinear Time-Domain Simulations: Figures 9.54-9.59 show the rotor angles,

speed deviations, electrical power outputs, and machine terminal voltages responses, as
well as PSS3 stabilizing signal and SVC7 response, respectively, for a 6-cycle three-
phase fault at bus 7 at the end of line 5-7 at the base case while using the proposed PSS3-
SVC7 coordinated design. These figures should be compared with Figures 9.39-9.43, for
individual PSS3 design, and 9.44-9.48, for individual SVC7 design. The improvement on
the system responses when using the coordinated design is quite evident. This is in

agreement with eigenvalue analysis results.
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9.2.2.3 Coordinated SVC7-SVC9 Design with J,

As an alternative to using the PSS-SVC7 coordinated design, the SVC7-SVC9
coordinated design is studied. The singular value decomposition analysis as well as the
eigenvalue analysis show that a single SVC-based stabilizer cannot provide sufficient
damping to the two EM modes simultaneously. The same conclusion can be drawn from
nonlinear time-domain simulations illustrated earlier. Hence, there is a need for
coordination. Since SVC7 is superior in damping the first EM mode and SVC9 is the
most effective SVC in damping the second EM mode, the SVC7-SVC9 combination is
presented. In this section, the coordinated design of SVC7- and SVC9-based stabilizers is
considered at the four loading cases simultaneously.

Stabilizer Design: PSO is used to simultaneously search for the optimum parameter
settings of both controllers that maximize the minimum damping ratio of all the system
complex eigenvalues at all the four loading cases. The final settings of the optimized
parameters for the proposed stabilizers are given in Table 9.30.

Eigenvalue Analysis: The system eigenvalues without and with the proposed

SVC7- and SVC9-based controllers when applied individually and through coordinated
design at the four loading cases are given in Tables 9.31-9.34. The bold rows of these
tables represent the EM modes eigenvalues and their damping ratios. It is evident that the
damping ratios of the EM modes eigenvalues are greatly enhanced using the proposed

coordinated stabilizers design.
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Table 9.30: Optimal parameter settings with J;, multiple-point tuning, coordinated SVC7-

SVC9 design
Individual Coordinated
SVC7 SVC9 SvVC7 SVC9
K 155.68 300.00 201.82 184.42
T 0.4489 0.0500 0.5990 0.3737
T, 0.3882 0.6000 0.0500 0.7055
T; 0.8385 0.3752 0.5776 0.5851
Ty 0.0744 0.1955 0.2925 0.4883

Table 9.31: System eigenvalues of Base Case loading conditions with J; settings,

multiple-point tuning, coordinated SVC7-SVC9 design

No Control SvC7 SVC9 SVC7 & SVC9
-0.3831+ 7.8847i,  -3.1597+4.4959i, -1.7470+7.7579i, -4.3694+11.780i,
0.0485 0.5750 0.2197 0.3478
-1.3738+ 11.750i,  -1.2073+11.641i,  -4.2055+11.089i, -3.7174+ 5.4997i,
0.1161 0.1032 0.3546 0.5600
-9.8638+ 13.6641 -3.1252+ 14.252i -8.0158+ 14.1121 -22.608+ 23.6061
-9.9194+ 6.4142i  -20.1174+16.2231  -9.6178+ 6.2239i -6.0009+16.5471

-12.7012 -10.5383+£9.91251  -1.1636+ 4.7050i -9.9648+ 9.32681
-5.5005 -12.6724 -15.8822 -1.8727+ 4.9516i

-0.2000 -5.6173 -2.3128 -23.8872
-- -2.5180 -0.5693 -3.0229
- -0.3952 -20.0000 -2.2357
-- -0.2000 -0.2000 -1.5389
-- -- -- -0.6188
-- -- - -0.1960

-0.2000
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Table 9.32: System eigenvalues of Case 1 loading conditions with J; settings, multiple-

point tuning, coordinated SVC7-SVC9 design

No Control SvC7 SVC9 SVC7 & SV(C9
-0.2247+ 7.8046i, -2.5710+10.699i, -0.9845+ 7.3867i, -2.5319+ 9.7791i,
0.0288 0.2337 0.1321 0.2506
-0.8657+11.798i, -0.9977+11.784i, -3.7063%+11.436i, -3.1069+ 5.5365i,
0.0732 0.0844 0.3083 0.4894
-9.8476+ 13.518i -16.2100+ 18.632i -7.8260+ 13.8551 -19.217+ 28.780i1
-10.150+ 6.8751i -13.3093+ 10.1071  -9.9974+ 6.7770i -12.516+ 10.604i
-9.5936+ 2.2870i -9.7634+ 2.6012i -2.8678+ 5.5533i1 -6.3763+ 11.076i
-0.2000 -4.4468+ 5.34371 -14.6579 -5.1162+ 8.4619i

-- -2.5056 -1.9478 -23.3031
-- -0.4785 -0.9764 -2.9996
-- -0.2000 -20.0000 -2.1178
-- -- -0.2000 -1.4116
-- -- -- -0.8867
-- - -- -0.1978
-- -- -- -0.2000

Table 9.33: System eigenvalues of Case 2 loading conditions with J; settings, multiple-

point tuning, coordinated SVC7-SVC9 design

No Control SVC7 SvVC9 SVC7 & SV(C9
-0.6770+ 6.5678i, -1.9222+ 4.3776i, -1.62006=+ 6.2858i, -1.2751+ 4.9245i,
0.1025 0.4020 0.2497 0.2507
-2.0988+ 9.4216i, -2.0245+ 9.3458i, -5.1918+ 9.3646i, -1.3002=+ 4.9985i,
0.2174 0.2117 0.4849 0.2517
-9.7416+ 13.931i -19.2781+ 14.955i -0.2864+ 4.4825i -22.185+22.037i
-9.7880+ 7.0793i -5.8597+ 14.030i -8.9581+ 14.2731 -7.3577+ 16.2371
-8.3262+ 2.3178i -9.8167+ 9.5318i -9.6825+ 7.1095i1 -9.7341+ 8.78151
-0.2000 -8.4213+2.1959i -14.0752 -7.0120+ 9.9865i1

- -2.5198 -2.2870 -23.3821
-- -0.3153 -0.4037 -3.0155
-- -0.2000 -20.0000 -2.2241
-- -- -0.2000 -1.5440
- - -- -0.4565
-- -- -- -0.1957

-0.2000
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Table 9.34: System eigenvalues of Case 3 loading conditions with J; settings, multiple-

point tuning, coordinated SVC7-SVC9 design

No Control SVC7 SVC9 SVC7 & SVC9
0.1091+ 8.0287i, -3.7546+5.3938i, -0.5001+ 7.6526i, -3.3623+10.202i,
-0.0136 0.5713 0.0652 0.3130
-0.5229+12.035i, -1.0164+11.873i, -3.5012+12.325i, -4.8414+ 8.5810i,
0.0434 0.0853 0.2733 0.4914
-10.4209+ 13.130i  -1.2088+ 13.291i -8.2405+ 13.0291  -23.6347+ 20.558i
-10.0239+ 7.04071  -20.6823+ 14.8051  -9.9040+ 6.9574i -4.3491+ 16.813i
-9.8009+ 1.98721  -10.6818+9.3162i  -3.1405+ 5.2114i -10.024+ 8.90831i
-0.2000 -9.9546+ 2.16161 -14.9865 -2.6322+ 5.3742i
-- -0.4236 -1.9794 -23.3808
-- -2.5155 -0.7625 -3.0348
-- -0.2000 -20.0000 -2.1220
-- -- -0.2000 -1.4436
-- -- -- -0.7351
-- - -- -0.1978
-- -- -- -0.2000

Nonlinear Time-Domain Simulations:

Figures 9.60-9.64 show the rotor angles,

speed deviations, electrical power outputs, and machine terminal voltages responses, as

well as the SVC7 and SVC9 responses, respectively, for a 6-cycle three-phase fault at bus

7 at the end of line 5-7 at the base case while using the proposed SVC7-SVC9

coordinated design. These figures should be compared with Figures 9.44-9.48, for

individual SVC7 design, and 9.49-9.53, for individual SVC9 design. The improvement on

the system responses in terms of first swing stability, overshoot, and settling time when

using the coordinated design is clear. This is in line with eigenvalue analysis results.
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Figure 9.60: Rotor angle response for 6-cycle fault with base case, J; settings, multiple-
point tuning, coordinated SVC7-SVC9 design
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Figure 9.61: Speed response for 6-cycle fault with base case, J; settings, multiple-point
tuning, coordinated SVC7-SVC9 design
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Figure 9.62: Electrical power response for 6-cycle fault with base case, J; settings,

1.6

multiple-point tuning, coordinated SVC7-SVC9 design
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Figure 9.63: Terminal voltage response for 6-cycle fault with base case, J; settings,

multiple-point tuning, coordinated SVC7-SVC9 design
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Chapter 10

CONCLUSIONS AND FUTURE WORK

10.1 Conclusions

In this thesis, the effectiveness of the coordinated design of PSSs and FACTS-based
stabilizers to enhance power system stability has been investigated. Three different power
systems have been considered: a SMIB system with G1 FACTS devices, a SMIB system
with a UPFC, and a multimachine power system. Singular value decomposition has been
employed to quantitatively measure the capabilities of the various stabilizers control
signals in controlling the system EM mode(s). For each system, the stabilizer design
problem has been formulated as an optimization problem, with eigenvalue-based
objective functions, to be solved using particle swarm optimization algorithm. Two
objective functions have been considered. The first objective function is to minimize the
maximum damping factor and, hence, to shift the lightly damped EM modes of
oscillations to the left-hand side in the complex s-plane. The second objective function is
to maximize the minimum damping ratio and, consequently, placing the EM modes of

oscillations in a wedge-shape sector in the s-plane.
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Individual design and coordinated design of the proposed stabilizers considering a
single-operating-point as well as robust multiple-operating-point designs have been
discussed. The effectiveness of the proposed control schemes in improving the power
system dynamic stability has been verified through damping torque coefficient analysis,
eigenvalue analysis, and nonlinear time-domain simulations under different loading
conditions and severe fault disturbances. It has been clearly shown that the coordinated
design of PSSs and the different FACTS-devices outperforms the individual design of
these stabilizers. In addition, it has been observed that in a system equipped with a UPFC,
the coordinated design of the UPFC-based stabilizers can improve the system damping
more than the individual design of those stabilizers. Furthermore, the study results show
that superior stabilizer performance is achieved over a wide range of operating conditions

if the robust stabilizers design technique is employed.

10.2 Future Work

During the course of this study, it has been observed that it is worth directing the related
future work to the following streams:
e The effect of UPFC-based stabilizers on more complex power systems needs to be
studied.
¢ A methodology of computing the damping torque coefficients in multimachine
power systems is an interesting area to investigate.
o Different objective functions, eigenvalue-based or time-domain-based, as well as

multi-objective functions need to be considered in the design stage.
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o The proposed design techniques can be further explored in some large-scale power
system.

e Throughout this work, machine speed has been the only feedback signal
considered in all stabilizers. Different local signals, such as electric power may be

investigated.



APPENDICES

Appendix A

The parameters of the system used in optimization results of the G1 FACTS devices
(Chapter 7) are:

Machine: x;~1; x,=0.6; x '=0.3; D=0; M=8.0; T"3,=5.044; freq=60; v=1.05;

Exciter : K,=50; T4=0.05; Efy max=7.3; Efy_min=-1.3;

PSS: T0=5; T; min=0.01; T; max=5; i=1,2,3,4; upss ma=0.2; Upss min=-0.2;
Transmission Line: Z=0.35i;

Load: Y=0.0;

FACTS Devices: K~1; T,=0.05;

Appendix B

The parameters of the system used in optimization results of the UPFC (Chapter 8) are:
Machine: x;= 1; x,= 0.6; x 4= 0.3; D = 0; M = 8.0; T’4o= 5.044; freq = 60; v = 1.05;
Exciter : K4= 50; T= 0.05; Efg max=7.3; Egg min=-7.3;

PSS: T0,= 5, T; min=0.01; T; max=5.0; i = 1,2,3,4; upss max=0.2; thpss_min=-0.2;

DC voltage regulator: kg, = -10; &z = 0;

Transmission Line: x;z = 0.1; xpy= 0.6;

UPFC: xg=0.1; x3=0.1; K;=1; T;=0.05; C4c=3; Vac=2; Mg max=1; mg min=0;

MB max= 1, MB min= 0.
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Appendix C

A detailed one-line diagram of the three-machine nine-bus power system (Chapter 9) is

shown in Figure C.1. The generator and exciter data is shown in Table C.1:

18 kV 230 kV 230 kV 13.8kV
—» Load C
18/230 230/13.8
G2 l @ 0.0085+0.072i | 0.0119+0.1008 i @ l G3
B/2=0.0745 i B/2=0.1045 i
0.0625 i 0.0586 i

B/2=0.179 i

®

0.032+0.161 i
l B/2=0.153 i

I 0.039+0.170 i

.085 i ’ .
0.088 i

S
Load 4 ; - ; S Load B
i 1l
=) N ~ N
S| X 230 kV S| X
B— —®
16.5kV @

Figure C.1: A detailed three-generator nine-bus system

Table C.1: Generator and exciter data

Generator 1 2 3

H (sec) 23.64 6.40 3.01
D 0.0 0.0 0.0
Xa(pu 0.146 0.8958 1.3125
x's(pu) 0.0608 0.1198 0.1813
X4 (pu) 0.0969 0.1969 0.25
T (sec) 8.96 6.00 5.89
K, 100 100 100

T, (sec) 0.05 0.05 0.05S




NOMENCLATURE

Abbreviations

SMIB Single-machine infinite bus

PSS Power system stabilizer

FACTS Flexible AC transmission systems
G1 FACTS First generation‘ﬂexible AC transmission systems
SvC Static Var compensator

TCSC Thyristor-controlled series capacitor
TCPS Thyristor-controlled phase shifter
UPFC Unified power flow controller

ET, BT Excitation and boosting transformers
GTO Gate turn off

VSC Voltage source converter

EM Electromechanical mode

DTC Damping torque coefficient

AVR Automatic voltage regulator

PSO Particle swarm optimizer

Pf Power factor

SVD Singular value decomposition

pu Per unit
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English Symbols

P, P (P,) Mechanical input power and electrical output power of the generator
M H Machine inertia coefficient and inertia constant

D Machine damping coefficient

ig, ig d- and g-axis armature current

Vd, Vg d- and g-axis terminal voltage

T, do’ Open-circuit field time constant

X4, xd’ d-axis reactance and d-axis transient reactances

Xq Generator g-axis reactance

Vorv Generator terminal voltage

E,, Equ Generator internal and field voltages

Vier Reference voltage

Vb Infinite bus voltage

Ky Ty Gain and time constant of the excitation system

Uupss PSS control signal

K, T FACTS gain and time constant

Z, X, R Transmission line impedance, reactance, and resistance
YL Load impedance

gb Load Inductance and susceptance

isve, iL SVC and load currents

Xcse TCSC equivalent reactance

Bsyc SVC equivalent susceptance

mg, mp Excitation and boosting amplitude modulation ratios



Vg, IR Excitation voltage and current

Vay, ip Boosting voltage and current

Cic Ve DC link capacitance and voltage

XE, Xp ET and BT reactances

Ko K4 Synchronizing and damping torques
pbestx Local best solution

gbesix Global best solution

X Vector of particle positions

Vi Vector of particle velocities

w Inertia weight

K Constriction factor

Ji J2 First and second objective functions
Greek Symbols

0 Rotor angle

0] Rotor speed

@p Synchronous speed

OE Excitation phase angle modulation
op Boosting phase angle modulation
D, Dreps Phase shift in the voltage phase angle resulting from the TCPS
a Thyristor firing angle

¢ Damping ratio

o Damping factor
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