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SYNOPSIS 

 

 

With the growth of interconnected power systems and particularly the deregulation of 

the industry, problems related to low frequency oscillation have been widely reported, 

including major incidents. As the most cost-effective damping controller, power system 

stabilizer (PSS) has been widely used to suppress the low frequency oscillation and 

enhance the system dynamic stability. Among many PSS design methods, probabilistic 

PSS design approach can address robust PSS design over a wide range of operating 

conditions. However, there are some limitations on previous studies on probabilistic 

PSS design and other related issues, for example, some gradient-based nonlinear 

optimization methods suffer from the problem of high demand on initialization and 

trapping in local optimum; system contingencies are not systematically considered in 

previous approaches; the optimal siting, i.e. minimum PSS location, is not considered 

by and large. To address the above mentioned problems, this thesis is devoted to the 

extended development of robust and coordinated PSS design in power systems. 

Evolutionary algorithms (EAs) have attracted a great deal of attention recently and 

have been found to be robust approaches for solving non-linear, non-differentiable and 

multi-modal optimization problems, which can overcome the weakness of 

gradient-based nonlinear optimization methods. Genetic algorithm (GA), particle swarm 

optimization (PSO) and differential evolution (DE) are three representative EAs that 

will be employed to solve several PSS design problems in the thesis. 

Differential evolution (DE) is a novel evolutionary algorithm characterized as simple 

to implement and little tuning on control parameters. Thus DE is often recommended to 

receive primary attention when facing new optimization problems. The PSS design 

model in the thesis differing from most previous models lies in that the former includes 

a probabilistic eigenvalue-based optimization model. The probabilistic PSS design 

model will therefore be primarily investigated by DE method. The performance of the 
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proposed DE-based PSS is demonstrated based on two test systems by probabilistic 

eigenvalue analysis and nonlinear simulation. The results indicate that the probabilistic 

PSS design by DE is more robust than a gradient-based conventional method. 

Genetic algorithm (GA) has been one of the most popular EAs during the past decade 

because it is computationally simple and easy to implement. The BLX-α operator based 

GA has been previously reported to be able to achieve prominent performance in PSS 

design. However, the previous PSS design methods did not include a systematic way to 

handle the system contingencies. In the thesis, the PSS design by the BLX-α GA 

approach will be further extended to consider system contingencies. The number of 

contingencies is first significantly reduced by a three-stage critical contingency 

screening process. The PSS design problem is thus formulated as a multi-objective 

optimization model with contingencies taken into account. The BLX-α GA will be 

recursively used to tune PSS parameters so that the prescribed damping criteria subject 

to contingencies are satisfied under a wide range of operating conditions. An-eight 

machine system is utilized to demonstrate the effectiveness of the proposed approach 

and a comparison of the proposed method with a pre-contingency tuning scheme is 

reported. 

Particle swarm optimization (PSO) is a swarm intelligence algorithm that mimics the 

movement of individuals (fishes, birds, or insects) within a group (school, flock, and 

swarm). PSO is reported to potentially have smaller population-size requirement than 

other population-based EAs so that PSO might converge faster when they are applied to 

those highly complex problems that require time-consuming simulations to determine 

the value of objective function. The probabilistic PSS design with system contingencies 

taken into account proposed in the thesis is a very complicated problem. Hence, PSO is 

employed to solve this optimization problem. The effectiveness of the proposed 

approach is discussed on an eight-machine system and a comparison study of PSO with 

the DE and the BLX-α GA is primarily conducted. The results also show that PSO 

consumes less computing time than the DE and the BLX-α GA. 

To consider the optimal-siting scheme in the probabilistic PSS design, a combination 

optimization model with mixed discrete and continuous variables is proposed. In this 
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case, GA is also very powerful and flexible in handling this combination optimization 

problem, which is a little hard for DE or PSO. Hence, a mixed integer-binary coded GA 

is developed to solve this problem. A partially matched crossover (PMX) operator is 

introduced to cope with the integer bit conflict. The influence of the probability of 

crossover and mutation operator on the GA convergence performance is primarily 

investigated. The effectiveness of the proposed PSS is demonstrated based on two test 

systems by probabilistic eigenvalue analysis and nonlinear simulation. Case studies 

show that the proposed optimal-siting probabilistic PSS design method can achieve 

adequate robust stability, while using a reduced number of PSSs. 
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1 INTRODUCTION 

 

 

1.1 Power System Stability 

Power system stability is defined as the ability of an electric power system, for a 

given initial operating condition, to regain a state of operating equilibrium after being 

subjected to a physical disturbance, with all system variables bounded so that the 

system integrity is preserved [72]. In history, almost all power system blackout 

incidents were concerned with some power system stability problems, from early 1965 

grid blackout of northeast US and Canada Ontario power system [143] to the latest 2003 

major grid blackouts in north America and Europe [9], which often resulted in huge 

economic losses, life threat and inconvenience to people. These blackout incidents have 

attracted attention of the public and of regulatory agencies, utilities as well as engineers, 

to the problem of stability and importance of power system reliability. 

Nowadays, power systems are being operated under increasingly stressed conditions 

due to the prevailing trend to make the most use of existing facilities. Increased 

competition, open transmission access, construction, environmental constraints, etc. are 

shaping the operation of electric power systems in new ways that present greater 

challenges for secure system operation. Moreover, the fast rise of electricity 

consumption in those countries with fast economic growth has driven some 

transmission corridors to run very close to their operating limits [155, 169]. These facts 
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are abundantly clear from the increasing number of major power grid blackouts that 

have been experienced in recent years [85]. 

Planning and operation of today’s power systems require a careful consideration of all 

forms of system instability. This motivated the publishing of a report by a joint 

IEEE/CIGRE Task Force on Power System Stability Terms, Classification, and 

Definitions [72]. 
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Figure 1-1. Classification of power system stability [85] 

The core classification of power system stability in the report is illustrated in Figure 1-1, 

which is based on the following considerations [72, 84, 85, 87]: 

 The physical nature of the resulting instability related to the main system parameter 

in which instability can be observed; 
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 The size of the disturbance considered indicates the most appropriate method of 

calculation and prediction of stability; 

 The devices, processes, and time span that must be taken into consideration in 

order to determine stability. 

The scope of this thesis is mainly concerned with the problem of angle stability, in 

particular, the small signal stability problem. Rotor angle stability is concerned with the 

ability of interconnected synchronous machines of a power system to remain in 

synchronism under normal operating conditions and after being subjected to a 

disturbance. It depends on the ability to maintain/restore equilibrium between 

electromagnetic torque and mechanical torque of each synchronous machine in the 

system. Instability that may result occurs mainly in the form of increasing angular 

swings of some generators leading to their loss of synchronism with other generators. 

On the stability performance evaluation, the concern is the behavior of the power 

system when subjected to a transient disturbance. A disturbance is a sudden change or a 

sequence of changes in one or more of the parameters of the system, or in one or more 

of the operating quantities. The disturbance may be small or large. Small disturbances 

in the form of load changes take place continually, and the system adjusts itself to the 

changing conditions. Sometimes, power systems also undergo large disturbances of a 

severe nature, initiated by a short circuit on a transmission line or loss of a large 

generator. 
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1.2 Small Signal Stability 

Under small disturbances, the ability of a system to maintain synchronism is the small 

signal stability. The disturbances are considered to be sufficiently small so that 

linearization of system equations is permissible for purposes of analysis. Such 

disturbances are continually encountered in normal system operation, such as small 

changes in load. Small signal stability analysis (SSSA) is based on linearization of a 

group of ordinary differential equations (ODE) that characterize the power system 

dynamics. Often, it includes eigenanalysis and/or modal analysis that can provide 

valuable information about the inherent dynamic characteristics of the power system 

[85, 128]. 

Since the 1960s, the problem of low frequency oscillations in power systems has 

gradually emerged around the world with the advent of bulk interconnection of power 

systems [35], resulting in some major incidents [83]. The main reasons for the 

appearance of these low frequency oscillations were [115]: 

1. The introduction of high-gain, low-time constant automatic voltage regulators 

(AVR), which mainly serves three purposes: the high-gain AVR keeps the 

terminal voltage within close control; it improves steady state stability limit; it 

improves the transient stability limit. But on the other hand, large-gain AVR 

amplifies the negative damping produced by the AVR [85]. 

2. The efforts to transmit bulk power over long distances. Deregulation of power 

systems has been giving a remarkable impetus to this trend during the past ten 

years. Power systems are undergoing an increase of unplanned power exchanges 
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due to competition among utilities. As a consequence, unacceptable inter-area 

oscillations have become one limiting factor for large amount of power 

transmission over interconnected power systems [35]. 

In essence, small signal stability is largely a problem of insufficient damping of 

oscillations. With the interconnection of large systems, several types of oscillation 

modes are involved. Local modes are oscillations associated with generators in one area 

swinging with respect to the rest of the system. The frequencies of these oscillations are 

typically in the range of 1 to 2 Hz [35, 82]. Inter-area modes are associated with the 

swing of a group of machines in one part of the system against groups of machines in 

other parts, and have frequencies typically in the range of 0.1 to 1 Hz. Control modes 

are associated with generating units and other controls, and torsional modes are 

associated with the turbine-generator shaft system rotational components. 

To enhance system oscillation damping, various types of damping controllers have 

been developed. For instance, power system stabilizer (PSS) is designed to introduce a 

damping torque by using supplementary signal(s) acting on the generator excitation 

system [85]. As the most cost-effective damping controller, PSS has been extensively 

used to enhance power system oscillation damping. The Western Systems Coordinating 

Council (WSCC) in USA has set guidelines that all machines above 75MVA are 

mandated to be equipped with a PSS [11, 85]. Damping controllers are also equipped on 

some FACTS devices to enhance system stability [90, 108, Pourbeik P.]. 
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1.3 A Literature Review 

To improve damping in a power system, a supplemental damping controller can be 

applied to the primary regulator of one of those transmission devices or to generator 

controls [35]. The supplemental control action should modulate the output of a device in 

such a way that damping is added to the power system swing modes of concern. The 

damping controller siting (or sites locating, location identification) and parameters 

tuning are the two main topics in damping controller design studies. 

1.3.1 Siting of PSS and damping controller 

Siting plays an important role in the ability of a device to stabilize a swing mode [90, 

104, 120]. Many approaches or indices based on open-loop system model have been 

proposed and successfully used to guide damping controller placement. Participation 

factor analysis aids in the identification of which state variables significantly participate 

in the selected modes so that the related generators are the most suitable for PSSs 

implementation [69, 119]. Residue method is derived from the modal control theory of 

linear time-invariant systems, which can give an indication of the controllability and/or 

observability of a device so as to select effective location [84, 90, 104, 160]. Sensitivity 

analysis attempts to calculate the sensitivity of an electromechanical mode with respect 

to the stabilizer parameters to find which generator is most effective for damping 

enhancement with a PSS [52, 140, 170]. The damping torque analysis method is based 

on a physical understanding of the electromechanical oscillations of power systems [59, 

120, 146]. A comparative study was presented in [146] and the most reliable techniques 
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and indices for PSS location were identified as the residue method and the damping 

torque analysis. Some studies also showed that there existed inherent correlation among 

participation factor, residue and sensitivity of a feedback controller under special 

conditions [114, 145]. The method based on modal analysis can identify the shape of 

participating machines in oscillation modes and thus the machine equipped with PSS 

[140]. A method to decide coherent generators is another similar siting method [65]. In 

Reference [29], the root-locus approach was adopted to design damping controller of 

the multi-input multi-output (MIMO) system with multiple input signals. The root-locus 

approach was also used for checking the effectiveness of PSSs [138, 140]. Reference 

[98] proposed an optimum control location scheme based on a L2-norm of feedback 

gain matrix. Recently, the methods using relative gain array (RGA) and singular value 

decomposition (SVD) indices, which have capability to handle MIMO control design, 

has been successfully applied to damping controller siting studies [62, 77, 164]. The 

higher order term modal analysis, such as normal form method, has been applied to the 

PSS siting research so that complex interaction between modes and some nonlinear 

behavior under stressed conditions are able to be captured [96, 127]. 

It is noted that other factors such as device cost, social welfare, security criterion, land 

price and environmental regulations, etc. also are important driving forces in the 

selection damping controller locations in a new competitive environment [35, 57, 157]. 

1.3.2 Design of PSS and damping controller 

The aim of damping controller design is to adjust the controller parameters so that 

desirable damping criteria in a power system are well satisfied. There are two important 
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aspects to be carefully considered in damping controller design, the robustness and the 

coordination [35, 36]. The coordination requires that all damping controllers work 

together to enhance the system damping effect and to avoid improving damping of one 

group of oscillation, being accompanied with decreasing damping of other modes. It 

requires that those adverse interactions among various damping controllers be reduced 

to a minimum. The robustness is essential for damping of oscillations and increasing of 

stability margins. It requires that each damping controller scheme should provide 

satisfactory performance for a large variety of operating conditions. Moreover, a robust 

design is a satisfactory controller tuning even when some of power system elements are 

uncertain. 

The basic concepts and characteristics of PSS function was explained and discussed 

in [42, 91] based on a Heffron-Phillips model. A conventional PSS (CPSS) with 

lead/lag structures and fixed parameters, as will be discussed in Section 1.4, has been 

widely used in power systems [12, 58, 101, 103, 116]. Several approaches have been 

proposed for CPSS parameter adjustment and damping controller design, such as 

damping torque approach [59, 141], sensitivity analysis [41, 48, 140, 158], etc. The 

method using phase compensation in the frequency domain and root locus [88, 91, 113] 

is an easy-to-fulfill method in power industry. Reference [88] conducted a 

comprehensive analysis of the effects of the different CPSS parameters on the overall 

dynamic performance of the power system. It was shown that appropriate selection of 

CPSS parameters would result in satisfactory performance during system upsets. 



9 

Further studies on the PVr’s invariance characteristics over a wide range of operating 

conditions also confirmed the robustness of CPSS [60]. 

A Coordinated design issue 

Some of above PSS design methods are sequential methods, which only consider the 

damping enhancement of just one critical electromechanical mode at a time. To 

overcome this shortcoming, pole placement methods [23, 28, 94, 163] were developed 

so that PSS parameters can be directly calculated from the reduced system. Some 

modern control theories have been applied for coordinated damping controller design, 

such as optimal control method [109, 132], etc. In Reference [121], a two-stage method 

based on the induced torque coefficients was developed to simultaneously tune the 

gains of PSS and FACTS. 

A number of approaches to coordinated tuning of PSS and/or FACTS broadly based 

on parameter optimization models have been proposed, such as damping maximization 

model [19, 63, 105, 106], modal performance model [76, 80], transient performance 

model [92, 162], and closed-loop residues model [166], etc. In these publications, 

several gradient-based nonlinear optimization methods were employed to solve the 

problems. These methods are computationally fast but have difficulties in obtaining 

overall optimum and handling initialization [4, 80, 168]. During the past ten years, 

some soft computing methods have been applied to overcome the weakness of 

conventional optimization methods, including: heuristic methods, such as simulated 

annealing [3], and tabu search [2], etc; evolutionary algorithms (EAs) , such as genetic 

algorithms (GA) [1, 14], evolutionary programming (EP) [5], and particle swarm 
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optimization (PSO) [4], etc. These methods are very robust for solving those non-linear, 

non-differentiable and multi-modal (i.e. there exists more than one local optimum) 

optimization problems. 

To properly consider both the inter-area oscillation and local modes, Reference [6] 

proposed using tie-line active power and speed differences as the PSS input signals, and 

a two-level design scheme to coordinate the oscillation modes. A decentralized/ 

hierarchical approach was proposed to design a global-signal PSS based on a wide area 

measurement system (WAMS) to enhance system damping [75]. The advantage of the 

WAMS-based damping controller is that global signals can convey knowledge related 

to the overall network dynamics. On the other hand, the signal delay effect in WAMS 

needs to be carefully evaluated when the remote control signal is introduced [22, 99, 

156]. 

B Robust design issue 

In many cases, PSSs are designed under particular system operating conditions. Since 

the system condition varies continuously with load changes and other random 

disturbances, it is desired to have a good dynamic performance PSS over a wide range 

of system operation. 

A number of modern robust control techniques have been applied to power system 

damping controller design. For example, H optimization can take into account not only 

performance and robustness requirements, but also other constraints such as limitation 

of control input signal, noise sensitivity reduction [30, 55, 81, 137, 159]. The 

μ-synthesis control design technique is based on a relative gain array (RGA) matrix that 
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can capture the bifurcation subsystem structure [164, 165]. Both of H optimization and 

μ-synthesis have the advantage of handling model uncertainties. However, the selection 

of weighting functions in H optimization and μ-synthesis becomes an inevitable 

challenge [55]. Besides, both of them require modal order reduction for practical 

application [81]. In Reference [126], a variable structure control theory was applied to 

PSS design to deal with the nonlinearities associated with the system operating 

conditions. 

The robustness issue also motivates some on-line tuning techniques to be applied to 

damping controller design in power systems. An adaptive damping controller can 

self-tune its parameters to generate the desired supplementary stabilizing signal for its 

local oscillation mode, and the stability of overall power system could be improved 

under the concept of decentralized control [8, 24, 100]. A rule-based stabilizing control 

scheme is proposed in Reference [66], in which six simple rules were prepared for each 

generator in the system. To consider more complex system operating conditions, 

fuzzy-based PSSs were developed to solve the stability problem by using fuzzy sets, 

fuzzy relation matrix and fuzzy operations [49, 67]. In References [20, 21, 130], neural 

network based PSS can accommodate the nonlinearities and time dependencies through 

the learning of history data. Despite much progress achieved in applying modern 

control and on-line tuning technologies to PSS design, power utilities still prefer the 

fixed-structure and fixed-parameter conventional PSS due to limited confidence in these 

tuning schemes [55, 56, 159]. 
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To consider a wide range of operating conditions, conventional eigenanalysis has 

been extended to probabilistic environment and probabilistic damping controller design 

is developed for the conventional PSS and FACTS [13, 147]. Probabilistic sensitivity 

indices (PSIs) are proposed to facilitate “robust” PSS siting [33, 149]. A coordinated 

synthesis model of PSS parameters is developed and a quasi-Newton nonlinear 

programming is used to solve the probabilistic PSS problem [32, 142]. However, the 

optimization methods in these publications still have difficulties to obtain a global 

optimum. 

 

1.4 PSS Structure 
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Figure 1-2. Structure of typical PSS 

This thesis will focus on the robust and coordinated design of conventional structure 

PSS. The block diagram of a simple conventional PSS throughout this thesis is shown 

in Figure 1-2 [11, 73, 74]. The washout block is designed as a high-pass filter to reset 

the steady-state offset of the terminal voltage. The phase compensation block provides 

the desired phase-lead characteristic to compensate for the phase lag from the exciter, 

generator and power system, denoted as GEP(s), with two or more lead/lag blocks in 

general. The output signal is fed as a supplementary input signal, Vs, to the regulator of 
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the excitation system. The limiter is included to prevent the output signal of the PSS 

from driving the excitation system into heavy saturation. 

The effectiveness of PSS in achieving the desired objectives depends on the hardware 

design, method of deriving the input signal, selection of control parameters, 

commissioning procedures and field verification. Shaft speed, accelerating power, and 

terminal frequency are among the commonly used input signals to PSS. Conceptually, 

speed is the basic variable from which oscillations can be seen, and most early PSSs are 

based on speed signal input. But the speed signal PSS has noise and torsional problems 

and it is necessary to use torsional filters, which complicate its design and restrict its 

effectiveness [86, 88]. The frequency signal PSS can provide greater damping 

contributions to inter-area modes of oscillation than the speed input signal. Because the 

frequency signals measured at the terminals of thermal units contain torsional 

components, it is necessary to filter torsional modes when used with steam turbine units. 

The major advantages of an accelerating power signal stabilizer is that there is no need 

for a torsional filter. For simplicity, many a research works also regard the negative 

power signal as the accelerating power signal, assuming that the mechanical power 

output from turbine/governor system does not vary in the short term time scale [32, 33, 

147-149]. PSS parameters should be chosen, along with the other control parameters of 

the excitation system, so as to enhance the overall performance of power systems. 
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1.5 Motivation of the Thesis 

The probabilistic approach for power system dynamic studies has been successfully 

applied under multiple operating conditions in References [32, 33, 147-149] with the 

following contributions: 

 With nodal voltages regarded as basic random variables and determined by 

probabilistic load flow calculation, the probabilistic distribution of each eigenvalue 

is obtained from the probabilistic attributes of nodal voltages, and described by its 

expectation and variance under the assumption of normal distribution; 

 The first and second order eigenvalue sensitivities with respect to arbitrary system 

parameters can be systematically determined; 

 The probabilistic eigenvalue sensitivity analysis is developed for robust PSS siting 

under multiple operating conditions; 

 The probabilistic eigenvalue analysis has been applied for the robust PSS design, 

either by a sensitivity approach, or by a gradient-based nonlinear optimization 

approach. 

Despite of a number of previously published works, there still exist spaces for 

improvement of the probabilistic eigenvalue analysis and other related studies. On the 

one hand, optimization and coordination of damping controllers is a multimodal 

optimization problem (i.e. there exists more than one local optimum) [80, 105], so the 

existing coordination approaches using local optimization techniques are suffering from 

the high sensitivity problem of the initial conditions and unable to obtain a solution that 

can satisfy the prescribed damping criteria under some very stressed operating 
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conditions [80]. On the other hand, the existing probabilistic PSS design methods only 

consider the variation of operating conditions with constant system parameters; system 

contingencies are not systematically included. In addition, the PSIs developed for robust 

PSS siting is performed on open-loop power systems, which cannot provide an optimal 

siting scheme, i.e., the minimum number of PSS locations [52]. 

This thesis is therefore devoted to the extended development of robust and 

coordinated PSS design in power systems. In summary, the following research topics 

associated with robust and coordinated PSS design will be studied: 

1) The probabilistic PSS design using evolutionary algorithms will be investigated. 

2) Robust PSS design that can systematically incorporate contingencies will be 

proposed. 

3) Probabilistic PSS design considering optimal siting will be developed. 

1.5.1 An introduction of EAs 

In computer science, computational intelligence (CI) is a successor of artificial 

intelligence. Computational intelligence is a methodology involving computing that 

exhibits an ability to learn and/or to deal with new situations, such that the system is 

perceived to possess one or more attributes of reason, such as generalization, discovery, 

association and abstraction [43, 54]. CI systems usually comprise hybrids of paradigms 

such as artificial neural networks, fuzzy systems, and evolutionary algorithms, 

augmented with knowledge elements, and are often designed to mimic one or more 

aspects of biological intelligence. 
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Evolutionary algorithm (EA) or evolutionary computation is an important subfield of 

computational intelligence that rather relies on heuristic algorithms. EAs have attracted 

a great deal of attention recently and have been found to be a robust approach for 

solving non-linear, non-differentiable and multi-modal optimization problems, which 

can overcome the weakness of some gradient-based nonlinear optimization methods. 

The history of EAs can be traced as early as forty years ago [111]. The algorithms in 

this category include genetic algorithm (GA), evolutionary programming (EP) and 

evolution strategies (ES) [10], and the recently popular particle swarm optimization 

(PSO) [78] and differential evolution (DE) [123]. Some of the advantages of EAs 

include [64]: 

 Do not require derivative information 

 Can simultaneously search from a wide sampling of the cost surface 

 Can deal with a large number of variables 

 Are well suited for parallel computers 

 Can optimize variables with extremely complex cost surfaces 

 Can provide a list of optimum variables, not just a single solution 

1.5.2 Application of EAs in the thesis 

Genetic algorithm (GA), particle swarm optimization (PSO) and differential evolution 

(DE) are three representative EAs that will be applied to several PSS design problem in 

the thesis. They are all evoked by an analogy with biology, in which a group or 

population of solutions evolves generation by generation through some biological 

mechanisms. Despite many successful applications of EAs in other areas, this thesis is 
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not intended to convey the impression that the PSS designs using GA, PSO, DE or other 

related techniques are better than other PSS designs. It is believed that each method has 

its own merits and shortcomings. Using a limited number of study examples does not 

guarantee, in any way, that an evolutionary algorithm that performs well on them will 

necessarily be competitive in a different set of problems [153]. The focus of this thesis 

is, therefore, on systematically considering the in-depth study of robust and coordinated 

PSS design, such as robustness of probabilistic PSS design, synthesis of system 

contingencies, optimal siting topics; and on exploring their potentials and values. 

Differential evolution (DE) is a novel evolutionary algorithm characterized as simple 

to implement and little tuning on control parameters. Thus DE is often recommended to 

receive primary attention when facing new optimization problems [93]. The 

probabilistic PSS design model in the thesis differs from most previous models in that 

the former includes the probabilistic eigenvalue analysis. The robustness of the new 

model will therefore be primarily investigated by DE method. 

Genetic algorithm (GA) has been one of the most popular EAs during the past decade 

because of its computationally simple and easy to implement. In Reference [1], the 

BLX-α operator based GA has been reported to be able to achieve prominent 

performance in PSS design. However, the PSS design model in Reference [1] did not 

include a systematic way to handle the system contingencies. Thus, the PSS design by 

the BLX-α GA approach will be extended to consider the system contingencies in the 

thesis. 
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Particle swarm optimization (PSO) is reported to potentially have smaller 

population-size requirement than other population-based EAs so that PSO might 

converge faster when they are applied to those highly complex problems that require 

time-consuming simulations to determine the value of objective function [45]. The 

probabilistic PSS design with system contingencies taken into account is a very 

complicated model that might require a large amount of computing time for calculation, 

and thus PSO will be tentatively employed to solve this problem. 

As mentioned before, GA is computationally simple and easy to implement, besides it 

is very powerful and flexible in handling those optimization problems with mixed 

discrete-continuous variables. When the probabilistic PSS design considers the optimal 

siting issue, it can be described as an optimization problem with mixed 

discrete-continuous variables. Hence, a mixed integer-binary coded GA will be applied 

to the optimal-siting probabilistic PSS design in the thesis. 

 

1.6 Outline of the Thesis 

The remaining chapters of the thesis are organized as follows: 

Chapter 2: The probabilistic eigenvalue analysis is briefly reviewed. Two PSIs are 

introduced, which could be regarded as probabilistic participation factor and 

residue, respectively. As a simple application, they are applied to determine 

robust PSS siting under multiple operating conditions. 

Chapter 3: A robust PSS design method is introduced to enhance the damping of 

multiple electromechanical modes in a multi-machine system over a large 
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and pre-specified set of operating conditions, in which a probabilistic 

eigenvalue-based optimization model is formulated. The DE technique is 

applied for solving the highly nonlinear optimization problem. Different 

strategies for control parameter settings of DE will be studied. 

Chapter 4: A systematic approach that can incorporate system contingencies into PSS 

design is proposed. In the proposed method, the number of contingencies is 

significantly reduced by a critical contingency screening process. The PSS 

design problem is formulated as a multi-objective optimization model with 

contingencies taken into account. A recursive GA is then presented to tune 

PSS parameters so that the dynamic security criteria subject to contingencies 

are satisfied under a wide range of operating conditions. 

Chapter 5: A systematic approach that can extend the existing probabilistic PSS design 

by synthesizing system contingencies is developed. A critical contingency 

screening is conducted by a ranking of contingencies according to a 

probabilistic small signal stability index. A multi-objective optimization 

model is formulated to seek satisfactory system damping performance with 

contingencies taken into account. A recursive PSO technique is then used to 

solve the optimization model. 

Chapter 6: The probabilistic PSS design that considers the optimal-siting is addressed. 

In the proposed method, a combination optimization model is developed and 

a recursive GA based on a mixed integer-binary coding and a partially 

matched crossover operator is developed to solve the problem. The influence 



20 

of the probability of crossover and mutation operator on the GA 

performance is primarily investigated. 

Chapter 7: The main findings and contributions of this PhD thesis are summarized. 

Some directions for future research work related to damping controller 

design are pointed out. 
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2 AN INTRODUCTION TO PROBABILISTIC 

EIGENVALUE ANALYSIS 

 

 

2.1 Introduction 

The concept of probability for power system dynamic stability studies was first 

introduced in Reference [17] with normal distribution assumed. From the known 

statistic nature of system stochastic parameters, the probabilistic density of the real part 

of eigenvalues was then determined. The stability probability of entire system was 

computed from the joint normal distribution. This approach was extended in Reference 

[18], where random variables could be arbitrary distributions. The random variables 

were described by their statistic moments, and the system stability probability was 

determined by Gram series. Another paper [97], using second order statistics, showed 

that fluctuations in loads and transmission reactances (modeled by stationary random 

processes) could induce a stable system to become unstable if a generator is weakly 

connected to it. In most of above cases, some simplifications were adopted, such as 

assuming normal distribution [16, 17, 134], presuming the statistical independence 

between variables [44, 152]. 

In 2000, a pioneer work [147-149] was proposed to apply probabilistic method to PSS 

design. In this work, multi-operating conditions were considered as uncertainty source, 

and linearized power flow equation was adopted for obtaining generator state and nodal 
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voltages in probabilistic environment. Under the assumption of normal distribution, by 

using a standardized eigenvalue expectation, the robust stability of a system could be 

directly evaluated, and the probabilistic eigenvalue sensitivity analysis was first applied 

to tune the PSS. The probabilistic eigenvalue analysis developed in References 

[147-149] laid the foundation of most research works in the thesis. In this chapter, the 

primary principle of the probabilistic eigenvalue analysis will be first presented. Two 

probabilistic sensitivity indices (PSIs) of an eigenvalue will be introduced. As a simple 

application, they are applied to determine robust PSS siting on two test systems. 

 

2.2 Probabilistic Damping Criteria 

Under the multioperating conditions of a power system, all nodal injections, nodal 

voltages and eigenvalues are regarded as random variables. Statistical attributes of 

nodal injections are determined from system operating samples. The statistical nature of 

an eigenvalue can be described by its expectation and variance. For a particular 

eigenvalue k = kk j  , having an expectation k  and standard deviation
k

 , the 

distribution within },{
kk    with a distribution constant  over [3.5, 4] has a 

probability from 0.99977 to 0.99997, which is very close to unity. 

To ensure the stability of k , this distribution range should be located on the left-hand 

side in the complex plane as illustrated by the curves of probability density function 

(pdf) in Figure 2-1. 

Thus, the upper limit of this distribution range k   in equation (2-1) can be regarded 

as an extended damping coefficient from which the robust stability of multioperating 



23 

conditions can be estimated. Correspondingly, the damping ratio k  = /k  

22
kk    with expectation k  and standard deviation 

k
  has an extended value 

'
k  in equation (2-2). A brief derivation of k , 

k
 , k  and 

k
 can be found in 

Appendix A. 

kkk  '  (2-1) 

kkk  '  (2-2) 
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Figure 2-1. Probabilistic eigenvalue distribution 
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Figure 2-2. Desired eigenvalue distribution region 

 

To ensure the system dynamic performance, all the eigenvalues need to satisfy the 

requirement of damping constant and damping ratio in equation (2-3) and (2-4) 
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respectively. In other words, all the eigenvalues should be located in the shadowed 

D-shape region *S  in Figure 2-2. 

Ck  '  (2-3) 

Ck  '  (2-4) 

where C  and C  are acceptable limits for damping constant and damping ratio, 

respectively. 

Further, it is more convenient to introduce the standardized expectations of the 

damping constant and damping ratio *
k  and *

k , derived from equations (2-1), (2-2) 

and termed as   criteria, being defined as: 

  
kCkk /)(*

 (2-5) 

  
kCkk /)(*  (2-6) 

After the standardization in (2-5) and (2-6), *
k  and *

k  are per-unit variables and can 

be directly compared. 

 

2.3 Probabilistic Sensitivity Indices (PSIs) 

The eigenvalue sensitivities in [114] for the problems of PSSs siting and tuning are 

basically developed under single operating condition. As an extension of conventional 

sensitivity concept, the Probabilistic Sensitivity Indices (PSIs) is proposed in [33, 149] 

and defined as the sensitivity of damping ratio '  and/or damping constant    with 

respect to system parameters x  under multioperating conditions. 
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where the sensitivities of k , k ,
k

 and 
k

 are derived in Appendix A. 

The PSI can be regarded as the participation factor of the sensitivity of   with 

respect to a diagonal element of the state matrix A, or the damping ratio '  with 

respect to PSS gain mK  at zero gain value, which could be regarded as a PSI residue 

index. 

0

'

0
'

,  
mmmKk K

m

k
K K

S



  (2-9) 

0

'

0
'

,  
mmmKk K

m

k
K K

S



  (2-10) 

As a simple application, PSIs could be used to identify the proper locations of PSSs 

under multiple operating conditions. This PSS siting strategy will be adopted 

throughout Chapters 3-5. 

 

2.4 Case Studies 

In this section, two test systems will be employed to demonstrate a simple application 

of two PSIs. One is a three-machine nine-bus power system; another is a three-area 

system that is composed of 8 machines and 24 buses. The criteria for the damping ratio 

and damping constant are chosen as 1.0C  and 0C  for both systems. The 

distribution constants   for the two systems are set to 4.0 and 3.5, respectively. 
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2.4.1 Three-machine power system (system I) 

The three-machine nine-bus system shown in Figure 2-3 is modified from [128], 

where G3 equivalent lumped interconnection system and is regarded as the slack bus 

generator. All machines are represented as fourth-order models and equipped with 

fast-acting static exciter. System loads are represented by constant impedance models. 

Normal operation values of nodal powers and PV bus voltages shown in Figure 2-3 are 

regarded as their expectations. All network parameters, nodal powers, generator 

parameters and control system parameters are listed in Appendix C1. The generator 

model and control system models are given in the Appendix B1 and Appendix C1, 

respectively. 
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Figure 2-3. Single line diagram of three-machine system 
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Figure 2-4. Daily operating curves of load powers in system I 
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Figure 2-5. Daily operating curves of generation powers in system I 

Standardized daily operating curves listed in Table C-11 of Appendix C2 are used to 

create the power and PV-voltage samples. Power curves are also shown in Figures 2-4 

and 2-5 for this system. From these curves, 480 operating samples are created in time 

sequence. The sample size should be large enough so that the stochastic characteristic of 

these curves can be reserved. For 24-hour operating curves, 480 points corresponds to 

those operating points of every 3 minutes, which satisfy this requirement. Then 

expectations and covariances of nodal injections are determined and the statistical 

characteristics can be captured by the probabilistic eigenvalue analysis. The 

three-machine system shown in Figure 2-3 has 17 eigenvalues (7 real and 10 complex). 

480 system operating samples are created and the worst scenario is very marginally 

stable with 005.0 . The probabilistic eigenvalue analysis is performed and the worst 

damped modes are listed in Table 2-1. As discussed in Section 2.2, if the standardized 

expectations of both *
k  and *

k  are larger than  (= 4), the corresponding mode is 

regarded as adequate for robust stability, otherwise inadequate. In this case, two 

eigenvalues of the system in Table 2-1 are “inadequate” and highlighted in bold, with 

*
1 , *

2 , *
1  and *

2  equal to 2.88, 1.67, 0.36 and 0.38, respectively. 
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Table 2-1. Electromechanical modes of the open-loop system I 

No.       *  P      *  P  Dominant 
States 

1 -0.910 7.895 0.3161 2.88 0.998 0.1145 0.0402 0.36 0.641 1 , 1  

2 -1.298 9.905 0.7779 1.67 0.952 0.1299 0.0783 0.38 0.649 2 , 2  

 

 

 

For PSS location selection, PSIs are calculated and adopted for the two critical 

eigenvalues in Table 2-1 and the results are shown in Table 2-2 and Table 2-3. PSIs 

values in Table 2-2 are the sensitivities with respect to PSS gains at zero value, which 

are corresponding to the probabilistic residues. PSIs values listed in Tables 2-3 are the 

sensitivities with respect to the diagonal elements of system matrix A, which are 

corresponding to the probabilistic participation factor. The prominent sensitivity values 

are highlighted in the tables. The probabilistic damping ratio '  and damping constant 

   in Tables 2-2 and 2-3 are corresponding to the PSIs of the two open-loop 

electromechanical modes in Table 2-1. 

Table 2-2. PSIs corresponding to residue in system I 

 
1  2  3  1eP

 2eP
 3eP

 

1 -0.10243 -0.03379 0.04105 3.3830 1.0362 1.5850 

1  0.07236 0.02022 0.02707 -0.4314 -0.1328 -0.1592 

2 0.00405 -0.00350 0.01282 0.5746 9.0202 0.1342 

2  0.09452 0.15435 0.00089 -0.0677 -0.8962 -0.0013 

 

Expectations:  j and ; Standard deviation:  

Standardized expectation:  /*  and  /)1.0(*   

Distribution probabilities: }0{   PP and }1.0{   PP  
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Table 2-3. PSIs corresponding to participation factor in system I 

 
1  2  3  

1  
0.30823 0.03243 0.17907 

2
 

0.08567 0.32503 0.02216 

 

To increase system damping, it requires decreasing    and increasing ' . It is 

desirable that the corresponding PSIs of the selected signal for    and '  of an 

electro-mechanical mode have opposite sign. For example, in mode 1 the PSI value of 

'  with respect to 1eP  in Table 2-2 is 3.3830, which is of opposite sign to the PSI 

value of    with respect to 1eP  (-0.4314). On the other hand, it is also desirable to 

have the same sign for    and '  of different modes, e.g. 3.3830 and 9.0202 for 1   

and 2  , and likewise -0.4314 and -0.8962 for 1'  and 2' . The probabilistic 

participation factors in Table 2-3 also support this decision as G1 has prominent 

participation in mode 1 and G2 in mode 2. 

2.4.2 Eight-machine power system (system II) 

The system in Figure 2-6 is a three-area system consisting of 8 machines and 24 buses, 

which is modified from the 36-bus test system in ‘Power system analysis software 

package (PSASP)’ [47] by omitting the DC links. Buses numbered from 1 to 16 are 

load buses, 17 to 24 generator buses. G8 represents equivalent lumped interconnection 

system and is regarded as the slack bus generator. All generators are represented as 

sixth-order models and equipped with IEEE-Type I exciters and speed governors. 

System loads are represented by constant impedance models. All network parameters, 
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nodal powers, generator parameters and control system parameters are listed in 

Appendix C2. The generator model and control system models are given in the 

Appendices B2 and C2, respectively. 

In Figure 2-6, different daily curves are assigned for nodal powers 1LS  to 9LS , 

1GP  to 7GP , and 3GQ , 6GQ  respectively, which can be referred to in Appendix C2. 

The reference voltage at slack bus 24 also varies according to a curve as shown in Table 

C-11 of Appendix C2. Similarly, the statistical characteristics of the system can be 

captured by the probabilistic eigenvalue analysis based on sampled 480 operating 

conditions.  
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Figure 2-6. Single line diagram of eight-machine system 
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The eight-machine system shown in Figure 2-6 has 94 eigenvalues (50 real and 44 

complex). Probabilistic eigenvalue analysis results for the 7 electromechanical modes 

are shown in Table 2-4 (other eigenvalues with adequate stability probabilities are not 

shown for simplicity). From Table 2-4, all the 7 modes are not robust stable, with mode 

1 slightly inadequate and mode 7 very inadequate. The mode 7 is an inter-area mode 

with machines in different areas involved. 

Similar PSIs analysis was performed and the results are given in Tables 2-5, 2-6, and 

2-7, which correspond to the PSIs of the seven open-loop electro- mechanical modes in 

Table 2-4. The results of PSIs in Tables 2-5, 2-6 and 2-7 are well consistent with the 

results of mode analysis in Table 2-4, for example, the mode 1 is a local mode and 

related to G1; correspondingly, those PSIs values for G1 ( 1  or 1eP ) related to 

mode 1 are much larger than others; the mode 7 is an inter-area mode with G5, G7 and 

G8 involved, which can be observed in these tables. 

 

Table 2-4. Electromechanical modes of the open-loop system II 

No.       *  P      *  P  Dominant 
States 

1 -1.925 15.400 0.0795 24.21 1.00 0.1240 0.0071 3.40  0.9997 1 , 1  

2 -0.773 10.754 0.0700 11.03 1.00 0.0717 0.0062 -4.59  0.00 2 , 2  

3 -0.590 9.705  0.0392 15.05 1.00 0.0607 0.0031 -12.65 0.00 6 , 6  

4 -0.604 7.888  0.0242 24.93 1.00 0.0763 0.0044 -5.42  0.00 4 , 4  

5 -0.600 7.381  0.0834 7.20 1.00 0.0810 0.0098 -1.93  0.0268 3 , 3  

6 -0.365 6.420  0.0462 7.88 1.00 0.0567 0.0072 -6.05  0.00 5 , 5  

7 -0.033 3.854  0.0069 4.77 1.00 0.0085 0.0018 -49.55 0.00 7 , 5 8
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Table 2-5. PSIs corresponding to participation factors in system II (Speed Signal) 

 1  2  3  4  5  6  7  8  

1  0.5161 0.0044 0.0051 0.0010 0.0013 0.0017 0.0010 0.0000 

2  0.0004 0.4073 0.0022 0.0039 0.0043 0.1079 -0.0017 0.0000 

3  0.0003 0.0061 -0.0018 0.0036 0.0038 0.4266 0.0710 0.0058 

4  0.0000 0.0000 -0.0014 0.2954 0.2214 0.0000 0.0000 0.0000 

5  0.0000 -0.0015 0.4306 0.0471 0.0397 -0.0005 -0.0014 -0.0004

6  0.0003 0.0001 0.0086 0.0849 0.1321 0.0135 0.2695 0.0000 

7  0.0003 0.0046 0.0130 0.0141 0.0197 0.0032 0.0350 0.4060 

 

Table 2-6. PSIs corresponding to residues in system II (×0.01) (Speed Signal)  

 1  2  3  4  5  6  7  8  

1  -0.1235 -0.0004 0.0001 0.0000 0.0001 -0.0001 0.0001 0.0000 

2  -0.0012 -0.1596 0.0006 0.0002 0.0006 -0.0260 0.0001 0.0000 

3  -0.0012 -0.0047 0.0010 -0.0012 -0.0008 -0.1519 0.0027 -0.0003 

4  0.0000 0.0000 0.0010 -0.1099 -0.0813 0.0000 0.0000 0.0000 

5  -0.0019 0.0007 -0.1757 -0.0250 -0.0246 0.0005 0.0014 0.0000 

6  -0.0039 -0.0005 -0.0161 -0.0053 -0.0201 -0.0055 -0.0161 0.0000 

7  0.0005 -0.0073 -0.0028 0.0206 0.0250 -0.0118 -0.0156 0.0018 

 

Table 2-7. PSIs corresponding to residues in system II (Power Signal) 

 1eP  2eP  3eP  4eP  5eP  6eP  7eP  8eP  

1  0.0890  0.0003  -0.0007 -0.0003 -0.0005 0.0004  -0.0001  0.0000 

2  0.0003  -0.0725  -0.0011 -0.0012 -0.0011 0.0372  0.0022  0.0000 

3  0.0004  0.0047  -0.0005 -0.0011 -0.0017 -0.0862  0.0055  -0.0047 

4  0.0000  0.0000  -0.0019 -0.3511 -0.3448 0.0000  0.0002  0.0000 

5  -0.0010  0.0006  -0.4827 -0.0618 -0.0845 -0.0001  -0.0016  -0.0001 

6  -0.0002  0.0001  -0.0037 -0.1783 -0.3837 -0.0115  -0.1193  -0.0009 

7  0.0023  -0.0087  -0.0391 -0.0522 -0.1053 -0.0167  -0.0766  0.0189 

 



33 

2.4.3 PSS location and signal selection 

A System I 

The larger is the absolute value of PSIs, the more improvement can be achieved by 

installing PSS there. This is the basic principle of applying PSIs for PSS siting. From 

Tables 2-2 and 2-3, it is obvious that these ‘desirables’ can be achieved by all the power 

signals eP  as well as speed signals  , despite that the effect of power-signal PSS 

could be better than speed-signal PSS. But in the thesis, two speed-signal PSSs in G1 

and G2 would be tentatively applied in system I for demonstration purpose and will be 

used in Chapters 3-5. 

B System II 

The PSIs results in Table 2-6 and Table 2-7 shows that system oscillation modes are 

much more sensitive to PSS with electrical power input than with speed signal input, 

which is obvious from the relationship between electrical power signal and speed signal 

[91]. The power-signal PSSs will be used in the system II. From Tables 2-5, 2-6 and 

2-7, it can be observed that the modes 1, 2, 3, and 5 are most sensitive to G1, G2, G3 

and G6 and can be improved by installing PSSs on those sites; the other three modes are 

most sensitive to G4 & G5, G5 & G7, which can be improved by PSS on G5 (G4), G7. 

A scheme of installing PSSs at G1, G2, G3, G5, G6, and G7 with power signal is 

tentatively developed and will be used in Chapters 3-5. 
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2.5 Summary 

This chapter introduces the probabilistic analysis approach for determining the robust 

PSS siting and signal selection. Under the assumption of normal distribution, two 

probabilistic sensitivity indices are derived and calculated based on the system 

multi-operating conditions. In case studies, the proposed probabilistic sensitivity index 

is used on two test systems to select the PSS locations. In next chapter, an evolutionary 

algorithm will be applied to the probabilistic PSS design so that the parameters of PSS 

can be determined to satisfy the robust stability criteria. 
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3 ROBUST PSS DESIGN UNDER MULTIOPERATING 

CONDITIONS USING DIFFERENTIAL EVOLUTION 

 

 

3.1 Introduction 

Parameter optimization models for coordinated PSS design has been comprehensively 

developed in previous studies [19, 63, 92, 105, 106]. The model proposed in References 

[105, 106] aims to shift those critical eigenvalues to the left of some threshold value or 

into some stability region. To deal with more eigenvalues simultaneously, the objective 

described in References [4, 5, 19, 105, 106] is a square sum of the desired movements 

of real parts and/or damping ratios of all unsatisfactory eigenvalues. In Reference [92], 

the controller parameters are optimized by minimizing a transient performance index 

after system disturbances, which is calculated based on a series of time domain 

simulation. In References [105, 106], the steepest descent approaches is used (i.e. in the 

negative gradient direction) for solution; a gradient-based nonlinear approach is 

employed in References [19, 92]. 

References [32, 33, 142, 147] have extended the probabilistic eigenvalue analysis to 

PSS design in multimachine systems for the purpose of including a wide range of 

system load conditions. In References [32, 142, 147], a quasi-Newton approach is 

adopted to solve the probabilistic PSS design; while a sensitivity approach is applied in 

Reference [33]. However this optimization problem of the probabilistic PSS design is 
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highly nonlinear and the solution is difficult to be obtained based on the conventional 

optimization technique. 

Evolutionary algorithms (EAs) have attracted a great deal of attention recently and 

have been found to be a robust approach for solving non-linear, non-differentiable and 

multi-modal optimization problems. EAs are evoked by an analogy with biology, in 

which a group or population of solutions evolves generation by generation through 

natural selection. In their implementations, a population of candidate solutions, referred 

to as the chromosomes, evolves to an optimum solution through the operation of genetic 

operators such as reproduction, crossover, and mutation. In recent years, some 

evolutionary methods such as genetic algorithm (GA) [1, 14] and particle swarm 

optimization (PSO) [4] have been applied to the problem of PSS design. Unlike the 

conventional methods, these methods can finally reach the optimal solution regardless 

of the initial PSS settings. 

As a new branch of EAs, differential evolution (DE) has the ability to overcome some 

drawbacks of classic GA, such as non-isomorphic search strategies and susceptibility to 

coordinate rotation [124, 136]. Though simple, DE is endowed with the features of 

self-adaptation and rotational invariance, which are crucial for an efficient EA scheme 

and were pursued in the evolution strategies (ES) community with complicated designs 

[123]. Thus DE is often recommended to receive primary attention when facing new 

optimization problems. In Chapter 2, the probabilistic eigenvalue analysis is used to 

evaluate the system electromechanical modes and robust PSS location is determined by 

PSIs. In this chapter, the probabilistic PSS design problem will be first formulated as a 
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probabilistic eigenvalue based optimization model. Then, a novel DE-based approach to 

probabilistic PSS design will be developed. Finally, the effectiveness of the proposed 

probabilistic PSS design scheme is demonstrated on two test systems by DE robustness 

testing, eigenvalue analysis and nonlinear simulation. 

 

3.2 Problem Formulation of Probabilistic PSS Design 

3.2.1 PSS structure 

In this thesis, a typical PSS transfer function )(sF  based on speed/power input 

signal with two lead/lag stages is used, which correspond to the PSS structure depicted 

in Section 1.4. 
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where  PSS,...,1 Ni and PSSN  is the total number of PSS to be tuned; iK  is PSS 

gain constant with positive value for speed input signal and negative value for power 

input signal; wT  is washout time constant; ii TT 21 /  and ii TT 43 /  are lead/lag time 

constants. It should be noted that the time constants iT2  and iT4  should not be less 

than 0.04s to avoid excessive amplification of input signal noise. In this thesis, wT is 

fixed as 10s and 5s for speed and power input signals respectively. The ranges of the 

PSS parameters are set as follows: [0.1p.u., 20p.u.] for iK  of PSS with speed input 

signal and [-20p.u., -0.1p.u.] with power input signal, [0.06s-2.0s] for iT1  and iT3 , 

[0.04s-0.2s] for iT2  and iT 4  [51, 125, 128]. 
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3.2.2 Parameter optimization model 

It is mentioned in Chapter 2 that all the eigenvalues should be located in the 

shadowed D-shape region *S  in Figure 2-2 of Chapter 2 to ensure an adequate system 

dynamic performance. Thus, an optimization problem is formulated in model (3-2) and 

only those “weak” eigenvalues (  *
k  or  *

k ) are included so that those unstable 

or poorly damped electromechanical oscillation modes are relocated to a more stable 

region. If problem (3-2) is solvable (i.e. a feasible solution exists), all the eigenvalues 

should be located in the D-shape region *S  in Figure 2-2 and the value of the 

objective function will be equal to zero; otherwise, it will be greater than zero. 

Minimize 






**

2*2* )()()(
kk

kkf P  (3-2) 

s.t.  

max,min, iii KKK   

max,11min,1 TTT i   

max,22min,2 TTT i   

max,33min,3 TTT i   

max,44min,4 TTT i   

where P stands for the PSS parameter vector; min,iK , min,1iT , min,2iT , min,3iT and min,4iT are 

the minimum limits of PSS parameters; max,iK , max,1iT , max,2iT , max,3iT and max,4iT are the 

maximum limits of PSS parameters. 
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3.3 Probabilistic PSS Design Using Differential Evolution 

Differential evolution (DE) has been widely studied on a large variety of benchmark 

problems and practical problems, and its excellent performance is shown in these 

studies [89, 122-124, 135, 136]. Similar to other EAs, in DE’s implementation, a 

population of randomly generated and real-encoding candidate solutions evolves to an 

optimal solution through the reproduction operation and selection. This section 

describes the principal components of DE and its application in solving the problem of 

probabilistic PSS design in (3-2). The pseudo-code of DE method is given in Table 3-1. 

3.3.1 Principal components of DE 

The principal components of the DE algorithm are introduced as follows: 

A Chromosomes 

A chromosome can be taken as an array holding a candidate group of PSS parameters. 

The parameters are encoded using floating-point numbers and are set as elements in the 

chromosomes. 

B Population initialization 

For convenient explanation, ],...,,[ ,2,1, Diiii xxxX   represents a real-coded chromosome 

that has a unique mapping with a group of domain variables; D is the total number of 

PSS parameters to be determined in problem (3-2). The initial DE population with NP 

(population size) candidate solutions or individuals is generated at random from the 

parameter domains according to: 
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)( minmaxmin)0(
, jjjji pprpx   (3-3) 

where },...,1{ NPi ; },...,1{ Dj ; )(
,
g
jix denotes the value of the j-th PSS parameter of 

the i-th individual at the g-th generation, i.e. g = 0 for the first generation; max
jp  and 

min
jp denote the upper and lower bounds of parameter j; and r  is a uniformly 

distributed random value over the range of [0, 1]. 

Table 3-1. Pseudo-code of the DE-based probabilistic PSS design 

Set the iteration or generation counter g to 0; 

Initialize population of chromosomes P(g) at generation g; 

Evaluate the objective function values of chromosomes in P(g); 

While (not terminate) { 

Generate the child population C(g) from the parent population P(g) 

by reproduction operation; 

Evaluate the objective function values of C(g); 

Perform the one-to-one selection and reproduce the P(g+1); 

g =g + 1; 

} 

 

C Reproduction operation 

The classical DE operator and its derivative operators could provide tailored candidate 

schemes for solving different domain problems, in which a tradeoff between the 

convergence speed and the population diversity could be achieved [124]. Each parent 

iX  will produce one offspring iU  in every generation. The reproduction operator 

used in this study called DE/rand-to-best/1/bin, which is designed to be easy to 
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understand and simple to use and with no sacrifice to effectiveness [135], is given in 

equation (3-4) and illustrated in Figure 3-1, 

)()( )()()()()(

21

g
r

g
r

g
ibest

g
i

g
i XXFXXKXU   (3-4) 

where },...,1{, 21 NPrr  are randomly selected number with r1≠r2≠i; bestX is the 

up-to-date best individual; K and F are scale coefficients of crossover and mutation, 

respectively; )( )(g
ibest XXK  and )( )()(

21

g
r

g
r XXF  play a role of crossover and mutation 

operation, respectively. The impact of the scale coefficients K and F on the performance 

of DE in the probabilistic PSS design will be investigated in Section 3.4.1. DE’s 

reproduction strategy by equation (3-4) can be viewed as a “greedy” reproduction since 

it exploits the information of the best individual to guide the search. This can speed up 

the convergence because the way the best individual is utilized here is a kind of 

“population acceleration” [154], whilst the diversity of the whole population can be 

held by the diffuse effect of mutation item. Unlike other EAs that rely on a predefined 

probability distribution function, the reproduction of DE is driven by the difference 

between randomly sampled pair of individuals in the current population. This 

reproduction scheme, though simple, endows DE with the features of self-tuning and 

rotational invariance, which are crucial for an efficient EA scheme and have long been 

pursued in the EA community. In ES, they are realized by complicated approaches 

using strategy vectors and matrices [123]. 
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Figure 3-1. Illustration of the mechanism of DE/rand-to-best/1/bin 

D Selection strategy 

A one-to-one replacement strategy is employed for the DE’ selection as follows: 
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It is an elitist strategy because the current best vector of the population can only be 

replaced by a better vector. 

3.3.2 Design procedure 

With the principal components described above, the probabilistic PSS design problem 

can be solved by the following procedure: 

Step 1 Initialization: initialize NP individuals/chromosomes in the population according 

to equation (3-3), which act as the initial parent population. By decoding each 

chromosome into a group of PSS parameters, the objective function value of each 

individual in the initial population is evaluated according to model (3-2) and thus the 

best individual )0(
bestx  is obtained. 

if )()( )()( g
i

g
i XfUf            (3-5) 

otherwise 
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Step 2 Reproduction: for each parent chromosome, a child chromosome is generated by 

performing the reproduction operation in equation (3-4) so that a NP-size children 

population is prepared. A midway fine-tuning strategy [123] will be applied if the 

boundary limit is violated. The objective function value of the child chromosome will 

be evaluated in succession. Repeat the reproduction step until NP child chromosomes 

are formed. 

Step 3 Selection: each child will compete with its corresponding parent according to 

equation (3-5) and all the survivors will constitute the parent population of next 

generation. 

Step 4 Repeat Steps 2 and 3 until the objective function becomes zero or the specified 

maximum number of generations is reached. 

 

3.4 Applications 

In this section, the same two test systems in Chapter 2 will be employed to 

demonstrate the effectiveness of the proposed method. In the studies, the same system 

configuration and dynamic stability criteria will be used as well. 

3.4.1 System I 

Following the result of probabilistic sensitivity analysis in Chapter 2, two 

speed-based PSSs are installed at G1 and G2 of Figure 2-3; and in total 10 parameters 

of PSSs need to be decided. The population size (NP) and the maximum generation for 

DE in this study are set to be 100 and 50 respectively. 
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A DE robustness 

Studies on the selection of DE control parameters and its robustness are first 

conducted. It has been revealed in equation (3-4) that K controls the strength of the 

contractive pressure of the population, while F controls the strength of the diffuse 

pressure of the population. The larger the value of K or F, the stronger the contractive or 

diffuse pressure is. High ratio of K to F may lead to premature convergence, while low 

ratio of K to F may make the convergence too slow. So, K and F must be coordinately 

set in order to achieve the best performance. One strategy recommended by K. V. Price 

[123] is choosing K randomly from the range of [0, 1] for every individual at each 

generation, which is found to be frequently very effective, while setting the F to be 

some fixed value within [0, 1]. Another simpler strategy of setting K=F has been 

validated to be widely effective and applied to aerodynamic optimization, digital filters 

design, etc [135]. The influence of these two parameter setting strategies on the 

performance of the proposed method will be investigated thoroughly in two 

experiments: (1) Setting K randomly for every individual of each generation; and then 

increasing the F from 0.1 to 0.9; (2) Setting K=F and then increasing them from 0.1 to 

0.9. Based on 50 trial simulations, the average convergence curves of two cases are 

presented in Figures 3-2 and 3-3. From Figure 3-2, it is shown that the algorithm is 

nearly insensitive to F control parameter over the ranges [0.5, 0.9] when K is randomly 

determined. Figure 3-3 shows that keeping K=F has the similar characteristics; however, 

setting K=F between 0.5 and 0.9 performs prominently. These observations indicate 

that DE is not remarkably sensitive to its control parameters over specified ranges. Thus, 
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their values are relatively easy to choose, which is consistent with the experimental 

conclusions in [123]. Hence the setting K=F=0.85 will be kept for DE in the remaining 

studies. 
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Figure 3-2. Convergence performance with random strategy for K 
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Figure 3-3. Convergence performance with K=F 
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B Tuning results 

Based on the proposed method in Section 3.2, the final PSS settings are determined in 

Table 3-2, and all eigenvalues as shown in Table 3-3 are adequate for robust stability. 

When compared with the original values in Table 2-1, the system stability is much 

improved. 

 

Table 3-2. Final PSS parameters for system I 

 KPSS T1 T2 T3 T4 

PSS1 1.732 0.186 0.098 0.692 0.127 

PSS2 2.931 0.226 0.045 0.406 0.158 

 

Table 3-3. Electromechanical modes of the closed-loop system I 

No.       * P      *  P  

1 -1.886  7.175 0.155 12.14 1.00 0.2542 0.0148  10.40 1.00 

2 -4.912  5.801 0.186 26.44 1.00 0.6462 0.0228  23.92 1.00 

 

C Effectiveness validation 

The performance of the proposed PSS design approach is evaluated and compared 

with that of the gradient-based PSS (GPSS) [32, 105, 142], which is designed under the 

worst scenario of the 480 operating conditions by pushing all the eigenvalues into the 

stability region. In addition, the same damping criteria and constraints are used in the 

conventional design for fair comparison. The GPSS parameters for system I are given in 

Table 3-4 for comparison purpose. 
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Table 3-4. The parameters of GPSS for system I 

 KPSS T1 T2 T3 T4 

PSS1 0.655 1.00 0.08 1.10 0.08 

PSS2 0.272 1.00 0.08 1.10 0.08 

 

To simulate a large disturbance imposed on the system, a six-cycle three-phase-to- 

earth fault is applied near to bus 6 at t = 0.2 s as shown in Figure 2-3. The fault is then 

cleared by line isolation without reclosure. The study system with the large disturbance 

impulsion will be tested under 480 sampled operation conditions with DE-PPSS 

(probabilistic PSS design with DE) and GPSS independently installed. A nonlinear time 

domain simulation will be conducted for each case by a Matlab-based simulation tool, 

PST [27]. The output limits of field voltage are set to ±5 p.u. respectively. The output 

limits of PSSs are set to ±0.1 p.u. Investigation on the following physical variables is 

performed: 

(i) Rotor angle of G1, G2 (relative to G3) in degree 

(ii) Field voltage of G1, G2 and G3 in p.u. 

(iii) Terminal voltage of G1, G2 and G3 in p.u. 

The criteria employed in automatic control process to assess the quality of transient 

response, such as the settling time and overshoots, can quantitatively be estimated by its 

deviation characteristics and therefore this idea is now adopted in evaluating the 

transient stability performance of the obtained PSSs under wide operation conditions. 

Two performance indices on the basis of multi-operating conditions are defined here in 

this thesis to measure the averaged total variation (ATV) of signal [133], 
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where )(t  represents all the time response of the selected physical variables and 

)1()()(  ttt  ; N is the total number of samples; and simt  is the total 

simulation time. It is obvious that the lower the values of these indices, the smaller 

deviation of the signal will present in response to disturbance. 

The ATV values for GPSS (denoted as M1) and DE-PPSS (denoted as M2) are listed 

in Table 3-5. Most of ATV values of DE-PPSS are less than those of GPSS. Indeed, it is 

well expected that DE-PPSS outperforms GPSS because the proposed DE-PPSS 

method is derived from probabilistic eigenvalue analysis; and multi-operating 

conditions and certain nonlinear characteristic of the system have been taken into 

account in the PSS design. However, GPSS is designed based only on a linearized 

model under a stressed operating condition and its performance may be unsatisfactory 

when the operating environment varies significantly due to large disturbances. 

The typical transient response curves at light, medium and heavy load conditions of 

the daily operating curve are shown in Figure 3-4, Figure 3-5 and Figure 3-6 

respectively. Although GPSS stabilizes the system, DE-PPSS exhibits better damping 

properties generally and this result is consistent with the performance index analysis. 
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Figure 3-4. System response at light load condition (solid lines for DE-PPSS and dotted lines for GPSS) 
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Figure 3-5. System response at medium load condition (solid lines for DE-PPSS and dotted lines for GPSS) 
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Figure 3-6. System response at heavy load condition (solid lines for DE-PPSS and dotted lines for GPSS) 

 

Table 3-5. Performance indices of system I 

 1  2  1fv  2fv  3fv  1tv  2tv  3tv  

M1 0.1226 0.1235 0.0565 0.0421 0.0253 0.0024 0.0032 0.0033 

1J  
M2 0.0492 0.0586 0.0390 0.0291 0.0206 0.0022 0.0030 0.0033 

M1 0.0202 0.0231 0.0024 0.00164 0.00059 0.00005 0.00012 0.00016

2J  
M2 0.0018 0.0032 0.0014 0.00069 0.00045 0.00005 0.00012 0.00016
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3.4.2 System II 

Following the result of probabilistic sensitivity analysis in Chapter 2, a scheme of 

power-signal PSSs at G1, G2, G3, G5, G6, and G7 of Figure 2-6 is tentatively applied. 

Total of 30 PSS parameters need to be determined. The population size and the 

maximum generation for DE in this case are set to be 200 and 100 respectively. With 

the proposed DE-PPSS approach, the resulting PSS parameters and electro-mechanical 

modes are listed in Tables 3-6 and 3-7, with the system damping effectively enhanced. 

 

Table 3-6. PSS parameters for system II 

 KPSS T1 T2 T3 T4 

PSS1 -0.086 0.107 0.192 0.194 0.199  

PSS2 -0.014 1.276 0.044 1.420 0.144  

PSS3 -0.824 0.169 0.121 0.135 0.054  

PSS5 -0.030 1.273 0.049 0.106 0.185  

PSS6 -0.019 0.951 0.064 0.612 0.110  

PSS7 -0.739 0.286 0.141 0.061 0.162  

 

Table 3-7. Electromechanical modes of the closed-loop system II 

No.       *  P      *  P  

1 -2.020 15.07 0.094 21.61 1.00 0.133 0.007  4.44  1.00 

2 -1.682 12.81 0.120 14.06 1.00 0.130 0.008  3.97  1.00 

3 -1.546 11.31 0.073 21.09 1.00 0.135 0.003  11.06  1.00 

4 -0.846 7.495 0.019 45.49 1.00 0.112 0.003  4.02  1.00 

5 -4.498 4.931 0.252 17.87 1.00 0.674 0.023  25.08  1.00 

6 -1.600 3.939 0.285 5.62 1.00 0.376 0.059  4.71  1.00 

7 -0.853 3.028 0.153 5.56 1.00 0.271 0.038  4.57  1.00 
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The convergence rate of system II is given Figure 3-7, which shows the proposed 

method converges quickly. 
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Figure 3-7. Convergence performance of system II 

 

For transient performance checking, a six-cycle three-phase fault is applied to the 

tie-line 8-15 near bus 15 at t = 0.2 s as shown in Figure 2-6. The fault is then cleared by 

line isolation without reclosure, making the tie-line out of operation. The system 

responses are simulated under typical wide operating conditions, which are composed 

of 24 operating conditions of each hour in the operating curve. The output limits of 

voltage regulator are set to ±10 p.u. respectively. The GPSS parameters for system II 

are listed in Table 3-8 for comparison purpose. The transient response of generators’ 

electrical power in p.u. are investigated and the performance indices are presented in 

Table 3-9; and the electrical power responses of generators with PSS under different 

operating conditions are plotted in Figure 3-8. Again, DE-PPSS is superior to GPSS in 

terms of damping ability under a wide range of operating conditions. 
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Figure 3-8. Transient responses of generator G1, G2, G3, G5, G6 and G7 (solid lines for DE-PPSS and dotted lines for GPSS) 
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Table 3-8. The parameters of GPSS for system II 

 KPSS T1 T2 T3 T4 

PSS1 -0.063 0.091 0.165 1.621 0.041  

PSS2 -0.195 1.492 0.194 0.293 0.077  

PSS3 -0.064 1.827 0.066 1.132 0.192  

PSS5 -0.099 1.560 0.042 0.117 0.200  

PSS6 -0.226 0.593 0.044 0.624 0.087  

PSS7 -1.346 1.773 0.153 0.074 0.167  

Table 3-9. Performance indices of system II 

 1eP  2eP  3eP  4eP  5eP  6eP  7eP  8eP  

M1 0.0770 0.0571 0.1414 0.0845 0.1208 0.0678 0.2051 0.4106

1J  
M2 0.0759 0.0428 0.0765 0.0607 0.0777 0.0519 0.1087 0.1385

M1 0.0066 0.0023 0.0146 0.0058 0.0124 0.0033 0.0175 0.1069

2J  
M2 0.0068 0.0020 0.0096 0.0047 0.0093 0.0029 0.0051 0.0121

 

3.5 Summary 

A probabilistic PSS design for multi-machine system under multi-operating 

conditions using DE is proposed in this chapter. A comprehensive comparison between 

the probabilistic PSS and a gradient-based conventional PSS (GPSS) is conducted on 

two test systems and the results have indicated that the probabilistic PSS is more robust 

than the GPSS, which is partly because the probabilistic PSS design has considered a 

wide range of operation conditions in the design process and the DE is able to tune the 

PSS parameters in a coordinated way. The studies have also showed that DE is not 

remarkably sensitive to its control parameters over specified ranges. This makes it easy 

to select its parameters for the probabilistic PSS design problem. 
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4 POWER SYSTEM STABILIZER DESIGN 

CONSIDERING SYSTEM CONTINGENCIES 

 

 

4.1 Introduction 

Most of conventional sequential methods as well as modern heuristic optimization 

methods [1, 14, 19, 60, 88, 91, 92, 105, 144] perform PSS tuning under some stressed 

load conditions and then verify the performance of the tuned PSS via time domain 

simulation at a given set of credible contingencies. From the perspective of system 

operation, however, the design of damping controllers under heavy load and strong 

transmission operation may not always be sufficient; some contingencies may have 

significant impact on system oscillation modes. The system dynamic behavior may be 

greatly changed due to those contingencies, and the corresponding post-contingency 

conditions may become an important element for PSS design. PSS designed under 

normal condition may not consistently damp out post-contingency system oscillations 

and overall satisfactory system performance cannot be guaranteed. 

Some of previous publications [1, 14, 92, 162] have considered contingent elements 

into PSS design. References [1, 14] regarded several contingencies as tuning conditions 

in the PSS tuning models. References [92, 162] emphasized on achieving the optimal 

PSS parameters by means of a series of time domain simulation subject to some 

prescribed contingencies. However, a method to consider the contingencies 
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systematically is lacking of in these previous works. The aim of this chapter is to 

propose a method that can systematically incorporate contingent elements into PSS 

design in an effective way. 

The genetic algorithm (GA) is one of the most popular EAs during the past decade 

because of its computationally simple and easy to implement. GA is inspired by 

biological evolution mechanisms: reproduction, mutation, recombination/crossover, 

natural selection and survival of the fittest [61, 68]. GA was formally introduced in the 

United States in the 1970s by John Holland at University of Michigan. GA in particular 

became popular through the work of John Holland in the early 1970s, and particularly 

his book Adaptation in Natural and Artificial Systems [68]. His work originated with 

studies of cellular automata, conducted by Holland and his students at the University of 

Michigan. David Goldberg’s book Genetic Algorithms in Search, Optimization, and 

Machine Learning has made further important contribution to the understanding and 

design of scalable genetic algorithms [61]. One drawback of GA is that it has possibility 

to converge prematurely to a suboptimum [4, 5, 54]. To assure global optimum, great 

care should be taken in selecting algorithm parameters, such as probability of crossover 

and mutation operation. Repeated runs should be made with several sets of randomly 

chosen initial values. 

In Reference [1], the BLX-α operator based GA has been reported to be able to 

achieve prominent performance in PSS design. However, the PSS design model in 

Reference [1] did not include a systematic way to handle the system contingencies. 
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Thus, the PSS design by the BLX-α GA approach will be extended to consider the 

system contingencies in this chapter. 

Given this background, the objective of this chapter is to propose a method that can 

systematically incorporate contingent elements into PSS design in a feasible way. 

Specifically, the number of contingencies is first reduced significantly by a critical 

contingency screening process. The PSS design problem is then formulated as an 

eigenvalue-based multi-objective optimization mode to pursue satisfactory system 

damping performance under both pre-contingency and post-contingency situations. A 

recursive GA-based algorithm is presented to solve this optimization problem so that 

the resulting PSSs can enhance all post-contingency damping under a wide range of 

operating conditions. Finally, the effectiveness of the developed PSS design scheme is 

demonstrated on the eight-machine system under a wide range of system contingencies. 

 

4.2 Contingency-based PSS Tuning Modeling 

4.2.1 Critical contingency screening 

There are several kinds of contingency screening criteria in power industry, such as 

those used in transient stability analysis (TSA) [15], voltage stability analysis (VSA) 

[46] and small signal stability analysis (SSSA) [34, 151]. Screening of critical 

contingencies is usually achieved by ranking contingencies according to a severity 

index defined in these fields. In this chapter, contingency screening is only concerned 

with SSSA and related stability criteria will be employed. This screening process is 



58 

usually capable of selecting a small set of potentially harmful contingencies from the 

entire set of credible contingencies. Because of some distinct characteristics in SSSA, 

special consideration must be given to the selection of credible contingencies and 

screening of critical contingencies. Studies have shown that different contingencies 

have different impacts on different types of modes. For example, loss of tie-lines 

usually has a significant impact on inter-area modes, while circuits connecting 

generators with the grid are more likely to interfere with local modes only. Therefore, 

the objectives of the analysis should be considered when selecting proper contingencies. 

The purpose of critical contingency screening proposed in this chapter is to identify 

those potentially harmful contingencies, more definitely, those that require special 

attention for robust PSS design. Usually, it could not be confirmed that those 

contingencies that happened under more stressed load conditions have less damping 

ratio. The on-going power industry deregulation introduces a great deal of changes to 

the ways power system operates and thus it is necessary to investigate the power system 

damping over a wide range of operating conditions. 

In SSSA, the small-signal stability index  , used to measure system damping 

performance, is defined as the damping ratio of the least stable rotor angle mode in the 

system. The system under certain operating condition is small-signal secure if T  , 

where T  is normally system dependent and its value is based on operating experience 

[35]. In this chapter, the stability index is employed to screen contingencies because its 

value can reflect the performance of post-contingency system conditions [34, 151]. The 



59 

lower the stability index is, the weaker damping effect the power system will have, and 

hence the system is more prone to the small signal stability problem. 

 

Let t ime index t=1
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Figure 4-1. Flow chart for critical contingency screening 

The contingency screening procedure is described by the flow chart in Figure 4-1. 

Although the overall procedure is general and can be extended to the multi-contingency 

case, the procedure in Figure 4-1 is confined to the case of N-1 line outage only. In the 

procedure, it is assumed that no contingency will break the power network into isolated 

islands. In addition, it is also taken that unvaried load level of a power system even in a 

small time period represents an operating condition. As shown in Figure 4-1, for a total 

of T  number of time periods and I  number of credible contingencies to be 

investigated, there are three stages in the selection process. In the first stage, shown by 
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the inner loop of the flow chart, the stability indices for all post-contingency cases are 

calculated one by one for one time period t. The contingency cases with T   will not 

be all recorded, but the top k (usually 3-5) most severe contingencies will be selected as 

the critical contingencies for the operating condition in time period t. The process will 

continue until all the operating conditions in the total time period T are checked. In the 

second stage shown by the outer loop of the flow chart in Figure 4-1, all the selected 

critical contingencies found in the first stage are accumulated into a contingency pool 

and ranked according to their stability index  . The size of contingency pool is given 

by kT. In the third stage shown by the bottom rectangular block in Figure 4-1, n out of 

the kT contingencies are selected as the initial contingent tuning conditions to be met 

according to the averaged least damping ratio   and the percentage of a contingency 

listed in the kT size contingency pool. These two statistic data can measure the degree 

of severity of a contingency in the contingency pool. The lower value of   and/or 

higher percentage of a contingency indicate it is more prominent in the contingency 

pool. The number n is normally system dependent, which may result in the increase of 

number of GA computation (i.e. the number of outer loop in Figure 4-2) if it is too 

small and the increment of the computation burden of the objective function if it is too 

large. There are several reasons for the above selection strategies: (1) Experience shows 

that damping ratios of remaining contingencies will be smoothly satisfied when the 

PSSs are tuned in a coordinated way; (2) If a power system has certain weakness related 

to transmission corridors, resulting in a decrease of system damping after its removal. It 

is unnecessary to consider this contingency over all operating conditions; (3) Physical 
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reality tells us that contingencies in a power system have some degree of coherence due 

to geographical linkage; (4) Handling in this way is able to lighten the overall 

computational burden. 

4.2.2 Optimization model 

As shown in References [1, 19, 105, 144], the goal of PSS tuning is to make all 

eigenvalues satisfy some criteria, for example, all eigenvalues should be within the 

shadowed D-shape region *S  in Figure 2-2 described by the following equations: 

Cj    (4-1) 

Cj    (4-2) 

where C  and C  are acceptable limits for damping constant and damping ratio, 

respectively. 

The basic idea of the proposed method differs from conventional methods in that the 

damping criteria are expected to be satisfied under pre-contingency condition with the 

first priority, the most severe contingency with the second priority, the second most 

severe contingency with third priority and so on and so forth. To simultaneously 

determine the PSS parameters with all above requirements satisfied, the PSS tuning 

problem is formulated as the following multi-objective problem: 

Minimize  )(),...,(),( 10 KKK nFFF  (4-3) 

s.t. 

maxmin KKK i   

max,11min,1 TTT i  , max,22min,2 TTT i   
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max,33min,3 TTT i  , max,44min,4 TTT i   

where the parameters iK , ii TT 21 /  and ii TT 43 /  has the same meaning as those in 

problem (3-2) of Chapter 3. The objective function set are listed as follows: 
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where K stands for the PSS parameter vector; minK , min,1T , min,2T , min,3T and min,4T are the 

minimum limits of PSS parameters; maxK , max,1T , max,2T , max,3T and max,4T are the 

maximum limits of PSS parameters; )(0 KF represents the objective function of 

pre-contingency condition; )(1 KF to )(KnF represent the objective function of n 

different post-contingency conditions, which are ranked according to the contingency’s 

severity degree, from the most severe to the least severe condition. 0C  and 0C  are 

damping threshold values for pre-contingency condition, Cj  and Cj  (j = 1,…,n) 

denote damping threshold values for post-contingency condition. In particular, 0C  

should be set to be less than Cj  and 0C  larger than Cj  so that the SSSA criteria 

under pre-contingency condition are more rigorous than that of the post-contingency 

condition. More generally, 0C ≤ 1C ≤… ≤ Cn  and 0C ≥ 1C  ≥…≥ Cn  are set so that 

different criteria are specified for different contingencies according to their degree of 

severity. M is a weighting constant and set to 10 according to the studies in Reference 

[1]. 
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There are several multi-objective optimization methods to obtain the Pareto 

optimality of optimization problem in (4-3), such as the weighted sum method, 

Lexicographic method, min-max method and so on [102]. In this chapter, the min-max 

approach will be utilized to transform problem (4-3) into a single objective optimization 

problem, because the expected goals of the objective functions (4-4)-(4-6) are known in 

advance such that the parameters necessary for min-max approach can be easily set. The 

min-max approach consists of minimizing the maximum of the n+1 objective 

functions )(0 KF , )(1 KF ,…, )(KnF . In practice, it is often implemented as the 

minimization of the maximum (weighted) difference between the objectives and the 

specified value of the expected goals 0,0F ,…, 0,nF  for each objective. Mathematically, 

the multi-objective optimization problem can be transformed into the following single 

optimization problem: 

j

jj

nj w

FF
F 0,

,...,0

)(
)( max






K
K  (4-7) 

Minimize )(KF  

such that the parameter constraints in problem (4-3) are satisfied. 

The weights jw  (for j = 0,…,n) indicate the desired direction of search in the objective 

space, and are often set to the absolute value of the goals [102]. The smaller the weight, 

the easier the corresponding objective reaches the goal compared to other objectives. 

The specification of jw  equal to the goal value is able to provide proper priority order 

of contingencies according to their importance in PSS design. 
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For mere PSS tuning under pre-contingency condition, the objective function is 

formulated in model (4-4) and only those “weak” eigenvalues ( 0Cj    or 0Cj   ) 

are included so that those unstable or poorly damped electromechanical oscillation 

modes are relocated into a more stable region. If problem (4-4) is solvable (i.e. a 

feasible solution exists), all eigenvalues should be located in the D-shape region *S  in 

Figure 2-2 and the value of )(0 KF  will be equal to zero ultimately. That means 0,0F , 

the expected goal value of )(0 KF , is zero. More generally, if a feasible PSS tuning 

scheme for model (4-7) exists, it could satisfy all stability criteria under different 

conditions, including post-contingency conditions. That means 

],...,,[ 0,0,10,0 nFFF  = ]0...,,0,0[  (4-8) 

Since equation (4-8) may lead to a ‘divided by zero’ situation, it is more reasonable to 

set the following relationship: 

0...0 0,0,10,0  nFFF  (4-9) 

For example, ],...,,[ 0,0,10,0 nFFF = ,...]102,10,10[ 335   . If an ideal PSS tuning scheme 

is obtained, both the pre-contingency and the post-contingency criteria can be satisfied 

so that )(0 KF = )(1 KF =…= )(KnF =0.0 and )(KF = 1.0 holds. 

 

4.3 Solution by the BLX-α GA 

It is a computational challenge to obtain the overall optimal solution of the problem in 

model (4-7), since it is a highly nonlinear and multi-modal optimization problem (i.e., 

there exists more than one local optimum). In Reference [1], a real-coded GA based on 
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a blend crossover operator (BLX-α) has been reported to be able to achieve prominent 

performance in PSS design. However, the PSS design model in Reference [1] did not 

include a systematic way to handle the system contingencies. Thus, the PSS design by 

the BLX-α GA approach will be extended to consider the system contingencies by 

optimization model (4-7). The BLX-α GA in the thesis are composed of a blend 

crossover operator (BLX-α) and a non-uniform mutation operator. This section 

describes the principal components of the BLX-α GA and its application in solving the 

problem (4-7). 

4.3.1 Principal components of the BLX-α GA 

The principal components of the BLX-α GA algorithm different from DE in Chapter 3 

are introduced as follows: 

A The blend crossover (BLX-α) [50, 61, 107] 

The specified probability of crossover cp  gives the expected cpNP  number of 

chromosomes which will undergo the crossover operation. The BLX-α operator begins 

by choosing the parameter α to determine the distance outside the bounds of the two 

parent variables that the offspring variable may exist, as shown in Figure 4-2. For the 

j-th variable of parents pair (i1, i2), jix ,1  and jix ,2 , the offspring variables are 

randomly generated from the interval [ )( ,1,2,1 jijiji xxx  , )( ,1,2,2 jijiji xxx  ]. 

Thus this operator allows new values outside the range of the parents generated without 

letting the algorithm stray too far. To ensure the balance between exploitation and 
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exploration of the search space, α=0.5 is selected for the studies in the thesis. An 

illustration of this operator is depicted in Figure 4-2. 
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Figure 4-2. The BLX-α operation of the real-coded GA 

B The non-uniform mutation 

The specified probability of mutation mrp  gives the expected mrpDNP   number 

of mutated bits. In this operator, if )( g
iX = ],...,,[ ,2,1, Diii xxx  is a chromosome at the g-th 

generation and the j-th element jix , was selected for this mutation, the result is a vector 

)1( g
iX = ],...,,[ ,

)1(
,1, Di
g
jii xxx  . The new value )1(

,
g

jix  after mutation is given as, 
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where r  is a uniformly distributed random value over the range of [0, 1]; gmax is the 

maximum number of generations. β is a system parameter determining the degree of 

dependency on iteration number and β=5 is selected in the thesis [1]. The function 

),( yg  returns a value in the range [0, y] such that the probability of ),( yg  being 

close to 0 increases as g increases. This property causes this operator to search the space 

if a random digit is 0,               (4-10) 

if a random digit is 1, 
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uniformly initially (when g is small), and very locally at later stages; thus increasing the 

probability of generating the new number closer to its successor than a random choice. 

C The ranking selection 

A ranking selection strategy is employed in the studies with the following 

characteristics: chromosomes are selected proportionally to their rank; the rank of 

chromosomes is decided by their corresponding values of objective function and no 

explicit fitness values are actually needed [107]. 

4.3.2 GA steps 

The problem (4-7) can be solved by the BLX-α GA according to the following steps: 

Step 1 Initialization: initialize NP individuals/chromosomes in the population according 

to equation (3-3) of Chapter 3, which act as the initial parent population. 

Step 2 Generate the next generation of NP chromosomes in the following way: 

Step 2.1 Evaluate the objective function of the chromosomes in the current generation 

using equation (4-7). In the present work, the fittest chromosome (i.e. the individual 

with the minimum value of the objective function) in the current generation is always 

retained in the next generation. 

Step 2.2 Selection: select two chromosomes as the parents by the ranking selection 

method. 

Step 2.3 Crossover: with the specified crossover probability, cp , apply the BLX-α 

crossover to the two selected parents in the current generation when the value of a 

random number generated between 0 and 1, rand [0, 1], is less than cp . Otherwise, 
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the two parents are retained and are taken as the child chromosomes in the next 

generation. Repeat the selection step in Step 2.2 and the present step until NP child 

chromosomes are formed in the next generation. 

Step 2.4 Mutation: for each chromosome in the next generation, apply the 

non-uniform mutation to the elements of the chromosome when the mutation 

probability, mrp , is greater than rand [0, 1]. Otherwise, the chromosome will remain 

intact. 

Step 3: The next generation formed in Step 2 is now taken to be the current generation. 

New generations are produced by repeating the solution process starting from Step 2 

until the specified maximum number of generations is reached or the objective function 

becomes 1. 

4.3.3 Design procedure 

The overall procedure for the contingency-based PSS design is given in the flow chart 

in Figure 4-3. The critical contingency screening process is performed and the initial 

tuning conditions are first obtained. Then the GA is applied to solve the optimization 

problem (4-7) according to the procedures in Section 4.3.2. If the post-contingency 

criteria are not all satisfied under some contingent conditions, then the most severe 

contingency will be added to the previous tuning conditions and the PSSs parameters 

need to be retrofitted on the basis of existing results, i.e., the GA will proceed into the 

second “round”. This process will continue until the prescribed post-contingency 

criteria are all satisfied. Thus in this process, the BLX-α GA algorithm may be applied 
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recursively. The stop criterion is either the maximum number of generations or a 

solution with an objective function equal to 1. 

Apply GA to the PSS tuning
according to the objective

function

Screen the crit ical
contingencies

Update the tuning
condit ions by adding the
most severe contingency

Form the tuning
condit ions

Y

N

Stop

YN

Prepare the data

 T 
Remaining contingencies
 with all               ?

T he maximum trial
number reached?

 

Figure 4-3. Flow chart for contingency-based PSS design 

4.4 Case Studies 

The eight-machine system (system II) of Figure 2-6 in Chapter 2 will be used to 

demonstrate the effectiveness of the proposed method. In this study, the top 4 (k=4) 

most severe contingencies will be selected into a contingency pool for each operating 

condition. The most stressed operating condition, specified as the peak load condition in 

this chapter, is selected as the unique pre-contingency condition in equation (4-4) and 

the criteria for all pre-contingency conditions are 1.00 C  and 00 C . The criterion 

for critical contingency screening is 1.0T   and all post-contingency threshold 
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values are set equal to 1.0C . The parameter configuration of the BLX-α GA is listed 

in Table 4-1. 

Table 4-1. The BLX-α GA parameter configuration 

Parameter Configuration 

Maximum generation 150 

Population size 400 

Selection operator rank-based selection 

Crossover operator BLX-α crossover with α = 0.5 and probability 0.9 

Mutation operator Non-uniform mutation with probability 0.01 

 

4.4.1 System configuration 

All generators are represented as sixth-order models and equipped with IEEE-Type I 

exciters and speed governors. System loads are represented by constant impedances. All 

network parameters, nodal powers, control system parameters are listed in Appendix 

C2. 

Similar to Chapter 2 and 3, each nodal power and PV bus voltage is assigned with 

standardized daily operating curves as given in Appendix C2. From these curves, 480 

operating samples are created and they correspond to 480 operating conditions. The 

post-contingency modes of this open-loop test system under 480 operating conditions 

are illustrated in Figure 4-4. A brief summary of these post-contingency modes is 

presented in Table 4-2, which are ranked in the ascending sequence of their  . The 

following information is included in the table: the contingency line index; the averaged 

least damping ratio   and the averaged mode frequency f  (Hz); the percentage of 

the contingency listed in the kT size contingency pool, in which those prominent 
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contingencies have large percentage; the operating condition, which is the time period 

when the damping of the contingency ranked the lowest in the contingency pool; and 

the most associated state variables. Besides, the top 5 least-damping contingencies in 

the contingency pool are summarized in Table 4-3. 

 

Figure 4-4. Post-contingency modes of the open-loop system II under 480 operating 
conditions 

 

Table 4-2. Post-contingency profiles of the open-loop system II 

No. 
Contingency Line 

(From-To) 
  f  

Operating 

Condition

Percentage 

(%) 
Dominant States

1 9-12 0.00076 0.640 301 25.00 7 , 5 , 8  

2 13- 9 0.00585 0.634 121 23.59 7 , 5 , 8  

3 7-13 0.00582 0.634 121 23.70 7 , 5 , 8  

4 15-12 0.00573 0.650 301 25.00 7 , 5 , 8  

5 15- 8 0.00801 0.636 330 2.71 7 , 5 , 8  
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Table 4-3. The top 5 least-damping contingencies 

No. 
Contingency Line

(From-To) 
  f  Operating 

Condition 
Dominant States 

1 9-12 -0.0044 0.640 301 7 , 5 , 8  

2 9-12 -0.0044 0.640 300 7 , 5 , 8  

3 9-12 -0.0044 0.640 299 7 , 5 , 8  

4 9-12 -0.0044 0.641 298 7 , 5 , 8  

5 9-12 -0.0044 0.641 297 7 , 5 , 8  

 

As shown in Table 4-2, the first four contingencies related to lines 9-12, 13-9, 7-13 

and 15-12 respectively are prominent contingencies, which in total occupy 97.29 

percent of all contingencies in the contingency pool. All five contingencies in Table 4-2 

are related to an inter-area oscillation mode with frequency around 0.6Hz, in which G5, 

G7 and G8 are involved. From Figure 4-4, it can be observed that all post-contingency 

modes in Table 4-2 are lightly damped; some of them even have negative  , as shown 

in Table 4-3. The top 5 lowest   in the contingency pool are all related to line 9-12, 

which indicates that line 9-12 is a potential weakness of this interconnected system. 

From Table 4-2, lines 9-12, 7-13, 13-9 and 15-12 along with the corresponding 

operating conditions are finally selected as the contingent tuning conditions. That means 

these 4 contingencies (n=4) are regarded as the initial contingent tuning conditions. To 

enhance system damping level, six power-signal based PSSs at G1, G2, G3, G5, G6, 

and G7 have been identified in Chapter 2. 
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4.4.2 Algorithm performance 

The whole process of contingency-based PSS tuning experiences two rounds: in the 

first round, the solution for problem (4-7) is found by GA and part of those remaining 

contingencies are added into the tuning condition after eigenvalue analysis; in the 

second round, the solution for problem (4-7) is obtained and no unsatisfactory 

post-contingency damping remains. Their convergence processes are shown Figure 4-5 

and Figure 4-6. When the first GA round is finished, the global minimum has become 

1.0. The second GA round starts on the basis of the first tuning results and the updated 

contingent tuning conditions. The global minimum is greater than 1.0 initially under 

these conditions. When the second tuning is finished, this value has reached 1.0 again. 
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Figure 4-5. Objective function evolution in the first GA round 
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Figure 4-6. Objective function evolution in the second GA round 

 

4.4.3 The first tuning results 

The results of the first GA round for this closed-loop system are given in Table 4-4. A 

collection of post-contingency modes under all operating conditions are plotted in 

Figure 4-7 and a brief summary of them is listed in Table 4-5. 

 

Table 4-4. PSS parameters after the first GA round 

 KPSS T1 T2 T3 T4 

PSS1 -0.100 0.523 0.052 0.400  0.040  

PSS2 -0.100 1.151 0.164 0.431  0.043  

PSS3 -0.100 1.394 0.157 1.577  0.200  

PSS5 -0.193 0.060 0.176 0.392  0.043  

PSS6 -0.045 0.447 0.097 0.327  0.040  

PSS7 -0.592 0.805 0.089 0.060  0.200  
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Table 4-5. Post-contingency modes after the first GA round 

No. 
Contingency Line

(From-To) 
  f  

Operating 

Condition

Percentage 

(%) 

Dominant 

States 

1 7-16 0.05259 0.418 201 0.57  3 , 3qE  

2 6-7 0.06201 0.428 338 10.10  3 , 3qE  

3 7-13 0.07734 0.471 301 15.52  3 , 3qE  

4 13-9 0.07866 0.469 201 16.61  3 , 3qE  

5 2-4 0.08590 0.561 201 11.04  3 , 3qE  

 

 

Figure 4-7. Post-contingency modes of the closed-loop system II after the first GA 
round 

It is clear that the post-contingency damping ratios have been significantly enhanced 

by the first tuning of PSSs in this closed-loop system. The lowest of post-contingency 

system has been raised from 0.00076 at line 9-12 in Table 4-3 to 0.05259 at line 7-16 in 

Table 4-5. Before PSS tuning, those least-damping modes are some inter-area modes; 
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after the first tuning, the least-damping modes are some local electro-mechanical 

oscillation modes. The above evidence indicates that the test system damping has been 

significantly improved by the help of the resulting PSSs after the first GA round. It is 

also revealed from Table 4-5 that there are some contingencies with   less than C  

(less than 0.1). In Table 4-5, contingent cases related to line 7-16 has very small 

proportion (0.57%) among the contingency pool, thus the contingent tuning conditions 

are updated by tentatively adding line 6-7 along with its operating condition in Table 

4-5. Thus the system damping need to be further improved in the second tuning below. 

4.4.4 The second tuning results 

The results of the second round GA for this closed-loop system are given in Table 4-6. 

The corresponding post-contingency modes of this system under all operating 

conditions are provided in Figure 4-8 and a brief summary of them is listed in Table 4-7. 

As can be observed in Table 4-7 and Figure 4-8, the lowest   has been increased to 

greater than T . This confirms that the damping of all post-contingency conditions has 

been successfully satisfied through the second tuning. 

Table 4-6. PSS parameters after the second GA round 

 KPSS T1 T2 T3 T4 

PSS1 -0.105 0.437 0.056 0.159 0.040  

PSS2 -0.619 0.298 0.162 0.424 0.042  

PSS3 -0.102 0.060 0.164 0.809 0.200  

PSS5 -0.495 0.060 0.128 0.060 0.040  

PSS6 -0.042 0.354 0.099 0.340 0.053  

PSS7 -0.274 0.487 0.105 0.060 0.164  
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Table 4-7. Post-contingency modes after the second tuning 

No. 
Contingency Line

(From-To) 
  f  

Operating 

Condition

Percentage 

(%) 

Dominant 

States 

1 1-3 0.11119 1.16 197 25.00 4 , 4  

2 13-9 0.11167 1.01 197 5.31 4 , 4  

3 2-3 0.11173 1.16 198 23.65 4 , 4  

4 1-2 0.11199 1.15 321 24.17 4 , 4  

5 7-13 0.11265 0.93 198 3.44 4 , 4  

 

 

Figure 4-8. Post-contingency modes of the closed-loop system II after the second GA 
round 

4.4.5 Transient simulation 

To assess nonlinear behavior of the test system with the proposed PSS tuning 

approach, a group of transient stability simulations was performed on the test cases in 
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Table 4-8. These test cases are concerned with those severe operating conditions and 

critical line outages, which usually correspond to extreme conditions from the stability 

point of view. To simulate a large disturbance imposed on the system, at t = 0.1 s a 

six-cycle three-phase-to-earth fault happens at the sending end of each line (e.g. bus 9 

of line 9-12), respectively. The fault is then cleared by line isolation without reclosure, 

making the corresponding line out of service. 

Similar to the transient performance index defined in Chapter 3, another two indices 

on the basis of multi-operating conditions and system contingencies are defined here: 
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where equations (4-11) and (4-12) here are almost identical to the performance indices 

equations (3-6) and (3-7), except that N is the total number of test cases that is different 

from that in Chapter 3. Similarly, the lower the values of these indices, the smaller 

deviation of the signal will present in response to disturbance. 

Table 4-8. Test cases for transient stability simulation 

Case 

No 

Operating 

Condition 

Contingency Line 

(From-To) 

Case 

No 

Operating 

Condition

Contingency Line

(From-To) 

1 301 9-12 10 121 8-11 

2 121 7-13 11 121 2-3 

3 121 13-9 12 121 11-9 

4 301 15-12 13 121 7-16 

5 121 1-3 14 121 1-2 

6 301 15-8 15 121 4-10 

7 121 6-7 16 121 3-4 

8 121 10-8 17 121 2-4 

9 121 9-8 18 121 4-11 
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A nonlinear behavior comparison of the proposed method with the gradient-based 

conventional optimization method (GPSS) in Chapter 3 is conducted. The latter is 

designed under the worst scenario of 480 operating conditions and using the same 

damping criteria as that in this chapter. The performance indices of machine electrical 

powers in the system are given in Table 4-9. M1 and M2 denote the ATV value 

calculated by GPSS and the proposed method in this chapter respectively. The electrical 

power curves of G8 are plotted in Figure 4-9 (a)-(f), which corresponds to the first six 

cases in Table 4-8. As shown in Table 4-9, most of ATV values with the proposed 

method are less than the conventional method and the simulation curves are consistent 

with the performance index analysis. As shown in Figure 4-9, both PSS schemes can 

damp out the system oscillation, yet it is observed that the proposed PSS scheme is 

more robust than the conventional PSSs over a wide range of operating conditions. 

 

Table 4-9. Performance indices of the test cases 

 1eP  2eP  3eP  4eP  5eP  6eP  7eP  8eP  

M1 0.01244 0.01864 0.03048 0.02249 0.03057 0.03833 0.04892 0.12098
1J   

M2 0.01123 0.01583 0.02630 0.01974 0.01921 0.03032 0.03737 0.06452

M1 0.00106 0.00126 0.00275 0.00098 0.00195 0.00515 0.00197 0.00836
2J   

M2 0.00106 0.00124 0.00271 0.00097 0.00178 0.00489 0.00172 0.00280
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Figure 4-9. Transient simulation curves in different cases 
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4.5 Summary 

A PSS design approach that can systematically consider system contingencies is 

proposed in this chapter. A critical contingency screening is first conducted according 

to a post-contingency small signal stability index. Then a multi-objective optimization 

model is formulated to pursue the effective system damping with contingencies taken 

into account. A min-max method is adopted to transform it into a single-objective 

optimization model and a recursive GA is employed to solve this problem. Case studies 

show that all post-contingency criteria can be satisfied by the recursive GA approach. 

Transient simulation experiments show that the proposed approach can more effectively 

enhance post-contingency damping compared to a conventional method. In the next 

chapter, the idea of handling the system contingencies will be extended to the 

probabilistic PSS design under a wide range of operating conditions. 
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5 PROBABILISTIC PSS DESIGN CONSIDERING 

SYSTEM CONTINGENCIES 

 

 

5.1 Introduction 

In Chapter 4, a systematic contingency-based PSS tuning approach is developed. To 

consider different operating conditions in this approach, it is necessary to perform the 

same procedure repeatedly and the computation burden will be increased with repetition. 

In this chapter, the idea of how to deal with the system contingencies in Chapter 4 will 

be extended to the probabilistic PSS design. Similarly, a critical contingency screening 

is conducted according to a post-contingency probabilistic small signal stability index. 

The probabilistic PSS design problem is formulated as an optimization model with 

contingencies taken into account. 

Kennedy and Eberhart first introduced particle swarm optimization (PSO) as a new 

heuristic method in 1995 [78] and hereafter PSO has been extended to numerous field 

applications [117, 118]. PSO is a swarm intelligence algorithm that mimics the 

movement of individuals (fishes, birds, or insects) within a group (school, flock, and 

swarm) [38, 79]. One attractive feature of PSO is that it potentially has smaller 

population-size requirement than some EAs such as GA and EP [45]. This is a 

highlighted advantage when these kinds of population-based algorithms are applied to 

those highly complex problems that require time-consuming simulations to determine 
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the fitness value (Each fitness evaluation may require several minutes of CPU time). 

The probabilistic PSS design considering system contingencies, proposed in this chapter, 

is a very complex problem that might require a large amount of computing time for 

calculation. Hence, a PSO approach is employed to solve this optimization model. The 

effectiveness of the proposed approach is demonstrated on an eight-machine system 

under a wide range of operating conditions and a comparison study of PSO with the DE 

and the BLX-α GA is primarily conducted. 

 

5.2 Contingency-based Probabilistic PSS Design 

5.2.1 Critical contingency screening 

The critical contingency screening in this chapter differs from that in Chapter 4 

mainly on that a probabilistic small signal stability index is introduced here to measure 

the contingency severity degree. Under the framework of probabilistic eigenvalue 

analysis in Chapter 2, equations (5-1) and (5-2) are used for robust stability evaluation. 

The post-contingency least damping *
)( j  is employed to measure the severity of the 

j-th contingency under multi-operating conditions, which is defined in equation (5-3), 

  
kjCjkjkj ,

/)( ,,
*
,  (5-1) 

  
kjCjkjkj ,

/)( ,,
*
,  (5-2) 

}{min *
,

*
)( kj

k
j    (5-3) 

where different threshold values Cj , , Cj ,  are introduced in equations (5-1) and (5-2) 

to cater for the requirement of different criteria for different contingency conditions. 
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C,0  and C,0  are damping threshold for pre-contingency condition, Cj ,  and Cj ,  

(j = 1,…,n) denote the damping threshold for n contingency conditions. In particular, 

C,0  should be set to be less than Cj ,  and C,0  larger than Cj ,  so that the 

damping criteria under pre-contingency condition are more rigorous than that under 

contingency condition. More generally, C,0 ≤ C,1 ≤… ≤ Cn,  ≤0 and 

C,0 ≥ C,1 ≥…≥ 0, Cn are set so that different criteria are specified for different 

contingencies according to their degree of severity. Similarly,  *
)( j  means the 

system under the j-th contingency condition satisfy the   criteria. The lower is the 

value of *
)( j , the weaker is the damping effect in the power system when the j-th 

contingency happens, and hence the system is less robustly stable. 

During the screening process, the stability index (5-3) will be calculated for all 

contingency conditions one by one. However, the study will not regard all those 

contingencies with  *
)( j  as tuning conditions, but only the top n (usually 3-5) most 

severe contingencies will be selected as the critical contingencies. 

5.2.2 Optimization model 

The probabilistic PSS tuning problem is formulated as a multi-objective problem in 

model (5-4). 

Minimize  )(),...,(),( 10 KKK nFFF  (5-4) 

s.t. 

maxmin KKK i   

max,11min,1 TTT i  , max,22min,2 TTT i   
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max,33min,3 TTT i  , max,44min,4 TTT i   

The objective function set are listed as follows: 
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where the parameters iK , ii TT 21 / , ii TT 43 / , minmax / KK , min,1max,1 /TT , min,2max,2 /TT , 

min,3max,3 /TT , min,4max,4 /TT and vector K has the same meaning as those in problem (4-3) 

of Chapter 4; *
,ij  and *

,ij  represent damping profiles of the i-th electromechanical 

mode under the j-th contingency condition; )(0 KF represents the objective function of 

pre-contingency condition; )(1 KF  to )(KnF  represent the objective function of n 

different post-contingency conditions, which are ranked according to the contingency’s 

severity degree. The same min-max approach used in Chapter 4 will be applied to 

transform problem (5-4) into a single objective optimization problem (5-8). 

j

jj

nj w

FF
F 0,

,...,0
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)( max






K
K  (5-8) 

Minimize )(KF  

such that the parameter constraints in problem (5-4) are satisfied. 

The similar strategies of Section 4.2.2 on how to set the weighting constants jw  (for j 

= 0,…,n) and the expected goals 0,0F ,…, 0,nF  will be employed. If an ideal PSS tuning 

scheme is obtained, both the pre-contingency and the post-contingency criteria can be 

satisfied so that )(0 KF = )(1 KF =…= )(KnF =0.0 and )(KF = 1.0 holds. 
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5.3 Solution by PSO 

Particle swarm optimization (PSO) is a swarm intelligence algorithm that mimics the 

movement of individuals (fishes, birds, or insects) within a group (school, flock, and 

swarm). It has been applied to many power system problems, such as economic 

dispatch/unit commitment, optimal power flow problem, power system controller 

design, generation/transmission expansion planning and so on [7], covering the 

continuous and/or discrete optimization problems. 

5.3.1 Basic algorithm 

Similar to GA, a PSO consists of a population that can refine its knowledge of a given 

search space by particles moving. In short, PSO can be summarized as a population 

consisting of NP particles, each particle has D variables (dimensions) which have its 

own ranges for each value, the particle’s velocity and position is updated at each time 

step until the termination conditions are satisfied. The set of the particles in the space is 

called a swarm. At each time step, each particle i is described by the following features 

 its position vector ],...,,[ ,2,1, Diiii xxxX   

 its velocity vector ],...,,[ ,2,1, Diiii vvvV   

 its best position found so far ],,[ ,1, Diii ppp   

 Particle’s “informant group”, sometimes called its neighborhood. This is 

effectively a set of links to other particles, which indicates who informs who in the 

swarm. These links are often defined at the beginning of a run and are kept fixed 

thereafter. 
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 the best position found by its neighbors ],,[ ,1, Diii ggg   

For every generation (iteration), each particle is updated by two “best” values: the first 

one is the best position/solution a particle has achieved so far; another “best” value is 

the best position/solution that any neighbor/informant of a particle has achieved so far. 

The core of canonical PSO is the updating formulae of the particle, which can be 

represented in equations (5-9), (5-10). 

)()( 1
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,,

  t
jiji

t
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ji xprandcxgrandcvwv  (5-9) 
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ji
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ji

t
ji vxx ,

1
,,    (5-10) 

where },...,1{ NPi ; },...,1{ Dj ; t
jiv ,  denotes the i-th particle’s velocity in the j-th 

dimension at time step t; rand is a [0, 1] random number; c1 and c2 are learning factors 

which control the influence of pi and gi; equation (5-9) is a general formula of particle’s 

velocity update of next time step; equation (5-10) represents the i-th particle’s position 

update of next time step; w is a inertia weight coefficient, which can improve search 

performance so as to better control PSO convergence as well as population diversity. 

There are two prevailing variants of (w, c1, c2) in general equation (5-9): one is the 

implementation of “inertia weight”, which was first reported in 1998 [131]; another is 

“constriction coefficients” that was developed by French mathematician Maurice Clerc 

in 1999 [37]. 

For PSO core formulae (5-9), the item related to pi,j is termed as cognition component 

and the item related to gi,j is termed as social component [79]; from the psychological 

standpoint, the former represents the tendency of individuals to duplicate past behaviors 
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that have been proven successful, whereas the latter represents the tendency to follow 

the successes of others [79]. In principle, PSO is a heuristic process of particles to 

adjust their positions based on their previous best positions and the best positions of 

their neighbors. The main parameters in PSO include learning factors c1 and c2, inertia 

weight coefficient w, neighbor number/size K, particle number/size NP and maximum 

iteration. Some useful selection strategies of these parameters are discussed below and 

will be utilized in the thesis, more details can be found in [38, 79]. 

5.3.2 Parameter setting 

A The neighborhood size 

The number/size K of neighbors will affect the convergence speed of the algorithm. It is 

generally accepted that a larger neighbor size will make the particles converge faster, 

while a small neighbor size will help to prevent the particle from premature 

convergence. The neighborhood strategy adopted here is based on the lbest model [79], 

in which each particle is influenced by a small number of its neighbors. A robust linking 

with K=3 is adopted, where each particle has randomly initialized links (i.e. the number 

of linking neighbors is expected to be K=3) with other particles at the beginning of a 

run and then again each time the swarm is unable to find an improved solution during 

an iteration of the algorithm [38]. Those particles with links have neighborhood 

relationship. The initial links are established according to a linking probability ap  in 

equation (5-11). 

K
a NP

p )
1

1(1   (5-11) 
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B c1, c2 and w 

The strategies on how to select the values of c1, c2 and w in this chapter is presented in 

equations (5-12) and (5-13), which are derived from the stagnation analysis in PSO by 

M. Clerc [39] that can improve the convergence without self adapting its parameters. 

721.0
2ln2

1
w  (5-12) 

193.1
2

2ln21
21 


 cc  (5-13) 

C Vmax 

The maximum velocity Vmax serves as a constraint to control the global exploration 

ability of a particle swarm. A rule of thumb on control particle velocity [40] in 

equations (5-14) and (5-15) will be adopted in this chapter. 

If max
, j

t
ji px   then max

, j
t

ji px  and 0, t
jiv  (5-14) 

If min
, j

t
ji px   then min

, j
t

ji px  and 0, t
jiv  (5-15) 

In summary, the values of PSO parameters used in the study are listed in Table 5-1. 

Table 5-1. PSO algorithm parameters 

Parameter Configuration 

Maximum iteration 1000 

Particles size NP 40 

Inertia weight coefficient w 721.0
2ln2

1
w   

Learning factors 193.1
2

2ln21
21




 cc  

Neighbor size K=3 
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5.3.3 Design procedure 

The following steps explain the procedure of PSO served for solving the PSS design 

problem (5-8): 

Step 1 Initialization: the iteration t is set to 0. The initial population position X(0) and 

velocity V(0) are randomly produced based on the PSS parameter ranges. For 

each particle i, its position Xi(0) is mapped into a group of PSS parameters, 

then the probabilistic eigenvalue analysis is made and its objective function 

value is evaluated according to formula (5-8). The particle’s best position 

found so far, pi, is set as Xi(0). 

Step 2 Updating the best neighbors: the links between particles will be randomly 

established according to linking probability pa under two situations: t=0 or 

there is no improvement on particle swarm’s flying/moving toward global 

optimum from last time. For each particle i, the best position found by its 

neighbors, gi, is updated by the one with best fitness (smallest objective 

function value) among its neighbors. 

Step 3 Flying: let t=t+1; for each particle i, its velocity Vi(t) and position Xi(t) is 

updated according to equations (5-9), (5-10) and adjusted according to 

equations (5-14), (5-15) when needed. The new particle position Xi(t) is 

mapped into a new group of PSS parameters and its objective function value is 

evaluated. The whole particle population is therefore updated. 

Step 4 Updating the best positions: for each particle i, its position Xi(t) is compared 

with pi on their objective function value and it will become the new pi once the 

former performs better. 
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Step 5 Stop criteria: new particle population is produced by repeating the process 

starting from Step 2 until the objective function becomes 1 or the specified 

maximum number of generations is reached. 
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)( j
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Figure 5-1. Flow chart of the contingency-based probabilistic PSS design 

 

The overall procedure for the contingency-based probabilistic PSS design is given in 

Figure 5-1. Firstly, the critical contingency screening process is performed and the 

initial tuning conditions are formed. Then the PSO is applied to solve the optimization 

problem (5-8). If the post-contingency criteria are not all satisfied under some 

contingent conditions, then the most severe contingency will be added to the previous 

tuning conditions and the PSSs parameters need to be retrofitted on the basis of existing 
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results, i.e., the PSO will proceed into the second “round”. This process will continue 

until the prescribed post-contingency criteria are all satisfied or the maximum trial 

number is reached. The maximum trial number of the outer loop in Figure 5-1 is set to 

10 in the study. 

 

5.4 Numerical Experiments 

In this section, the eight-machine system (system II) of Figure 2-6 in Chapter 3 will 

be used to test the proposed method. The top 4 (n=4) most severe contingencies will be 

selected as the initial contingent tuning conditions; the criteria for pre-contingency 

probabilistic eigenvalue analysis are 0C and 1.0C ; the criteria for all 

post-contingency cases are also set to 0C and 1.0C , uniformly. The distribution 

constant   is set to 3.5. Each nodal power and PV bus voltage is assigned with 

standardized daily operating curves as given in Appendix C2. From these curves, 480 

operating samples are created and covariances of nodal injections are determined. Then 

the probabilistic eigenvalue analysis is performed on all contingencies independently. 

Table 5-2. Post-contingency modes of the open-loop system 

No. 
Contingency Line 

(From-To) 
      *     *

)( j  Dominant States

1 15-8 -0.013 3.804 0.0060 2.10 0.0033 0.0016 -60.34 8 , 7 , 5  

2 15-12 -0.027 3.856 0.0058 4.75 0.0071 0.0016 -59.86 8 , 7 , 5  

3 9-12 -0.030 3.847 0.0061 4.95 0.0078 0.0016 -56.46 8
 , 7

 , 7
  

4 4-10 -0.034 3.885 0.0067 5.10 0.0089 0.0018 -50.59 8
 ,

7
 ,

5
  

5 8-11 -0.033 3.863 0.0067 4.91 0.0086 0.0018 -50.49 8
 ,

7
 ,

5
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Only the top 5 least damping post-contingency modes of the open-loop system are 

given in Table 5-2, with the following information included: the contingency line index; 

the least-damping eigenvalue profiles, including expectation  ,   and  , standard 

deviation   and  , the damping constant *  and the least damping ratio *
)( j ; 

and the most associated state variables. These modes are ranked in the ascending 

sequence of *
)( j  and those unsatisfactory *

)( j  are highlighted in the table. 

As shown in Table 5-2, the top 5 modes are all relevant to an inter-area oscillation 

mode with frequency around 0.6 Hz, in which G5, G7 and G8 are involved. It can be 

observed that all post-contingency modes in Table 5-2 are inadequate for robust 

stability with  *
)( j . From Table 5-2, line 15-8, 15-12, 9-12 and 4-10 are selected as 

initial contingent tuning conditions. To enhance system damping level, six power-signal 

based PSSs at G1, G2, G3, G5, G6, and G7 have been identified in Chapter 2. 

5.4.1 Algorithm performance 

The whole process of contingency-based probabilistic PSS tuning experiences two 

rounds: in the first round, the solution for problem (5-8) is found by PSO optimizer and 

the most severe contingency among remaining unsatisfactory contingencies is added 

into the tuning condition after the probabilistic eigenvalue analysis; in the second round, 

the solution for problem (5-8) is obtained and no unsatisfactory post-contingency 

damping remains. The convergence processes of two PSO rounds are shown in Figure 

5-2 and Figure 5-3, respectively. In Figure 5-2, the initial objective function value is 

very large (109 level) because of the function of a weighting constant (10-4). The first 

PSS round is finished when the final global minimum reaches 1.0. The second PSS 
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round starts on the basis of the first tuning results and the updated PSS tuning 

conditions. The global minimum is greater than 1.0 initially. Likewise, the global 

minimum has reached 1.0 again when the second PSO round is finished. 
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Figure 5-2. Objective function evolution in the first PSO round 
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Figure 5-3. Objective function evolution in the second PSO round 
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5.4.2 The first tuning results 

Table 5-3 shows the tuning results after the first PSO round for the closed-loop 

system. Table 5-4 gives a collection of the top 5 post-contingency modes when the 

PSSs in Table 5-3 are applied. 

 

Table 5-3. PSS parameters after the first PSO round 

 KPSS T1 T2 T3 T4 

PSS1 -0.010 1.239 0.154 0.488 0.049  

PSS2 -0.131 0.626 0.082 0.423 0.167  

PSS3 -0.108 0.281 0.152 0.590 0.101  

PSS5 -0.196 0.061 0.077 0.060 0.043  

PSS6 -0.010 1.473 0.194 0.565 0.070  

PSS7 -2.284 0.063 0.145 0.259 0.063  

 

Table 5-4. Post-contingency modes after the first PSO round 

No. 
Contingency Line 

(From-To) 
      *      *

)( j  Dominant States

1 7-16 -2.972 16.214 0.4677 6.36 0.1803 0.0330 2.43  1 , 1 ,
1q

E  

2 6-7 -2.947 16.247 0.4258 6.92 0.1785 0.0301 2.61  1 , 1 , 1qE  

3 13-9 -0.406 2.872 0.0195 20.85 0.1399 0.0125 3.19  8 , 7 , 6  

4 7-13 -0.406 2.872 0.0195 20.85 0.1399 0.0125 3.19  8
 ,

7
 ,

6
  

5 9-8 -2.828 16.531 0.2777 10.18 0.1686 0.0186 3.69  1 , 1 ,
1q

E  

 

It is clear that the post-contingency probabilistic damping has been significantly 

enhanced by the use of PSSs in Table 5-3. The lowest *
)( j  of post-contingency modes 
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has been raised from -60.34 ( *
)815(  ) in Table 5-2 to 2.43 ( *

)167(  ) in Table 5-4. Before 

PSS tuning, those least-damping modes are some inter-area modes; after the first tuning, 

the least-damping modes are some local electro-mechanical oscillation modes. In Table 

5-4, the first four modes still have  *
)( j  cases, thus the contingent tuning conditions 

are updated by tentatively adding line 7-16 for tuning process in succession. 

5.4.3 The second tuning results 

Table 5-5 shows the tuning results after the second PSO round for this closed-loop 

system. The corresponding top 5 post-contingency modes are given in Table 5-6. In 

Table 5-6, the lowest *
)( j  among the top 5 modes is greater than   ( *

)167(  =3.51). 

The post-contingency criteria are satisfied and the post-contingency system damping is 

adequate for robust stability after the two PSO rounds. 

 

Table 5-5. PSS parameters after the second PSO round 

 KPSS T1 T2 T3 T4 

PSS1 -0.010 0.766 0.077 0.402 0.047  

PSS2 -0.239 0.473 0.101 0.216 0.130  

PSS3 -0.053 0.169 0.120 0.367 0.121  

PSS5 -0.243 0.061 0.068 0.074 0.045  

PSS6 -0.010 1.375 0.199 0.504 0.056  

PSS7 -2.460 0.067 0.185 0.246 0.091  
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Table 5-6. Post-contingency modes after the second PSO round 

No. 
Contingency Line 

(From-To) 
      *      *

)( j  Dominant States

1 7-16 -3.131 15.853 0.3594 8.71 0.1938 0.0267 3.51  1 , 1 , 1qE  

2 3-4 -3.464 14.672 0.4835 7.17 0.2298 0.0341 3.81  7fdE , 7sV  

3 2-4 -3.463 14.660 0.4819 7.19 0.2299 0.0340 3.82  1
 , 1

 ,
1qE  

4 6-7 -3.122 15.877 0.3268 9.55 0.1929 0.0242 3.84  7fd
E ,

7sV  

5 1-3 -3.495 14.682 0.4557 7.67 0.2316 0.0329 4.00  7fdE , 7sV  

* 7sV  represents a state variable of PSS7 

 

5.4.4 Transient simulation 

To complete the study, a group of transient stability simulations to assess nonlinear 

behavior of the test system is carried out. The test cases are composed of some fictitious 

contingencies listed in Table 5-7. These contingencies are related to those critical line 

outages, some of which correspond to extreme conditions in Table 5-2. 

 

Table 5-7. Test cases for transient stability simulation 

Case 

No. 

Contingency Line 

(From-To) 

Case 

No. 

Contingency Line 

(From-To) 

1 15-8 10 7-13 

2 9-12 11 7-16 

3 15-12 12 10-8 

4 4-10 13 1-3 

5 8-11 14 4-11 

6 1-2 15 11-9 

7 9-8 16 6-7 

8 2-3 17 3-4 

9 13-9 18 2-4 
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Performance of the proposed PSS design approach (denoted as CONT-PPSS) is 

evaluated and compared with the results of the DE-PPSS method and the GPSS method 

in Chapter 3. The study system with large disturbance impulsion will be tested under 

typical sampled operating conditions, which are composed of 24 operating conditions of 

each hour in the operating curve, with three methods independently applied. A 

nonlinear time domain simulation will be conducted for all test cases in Table 5-7 one 

by one. To simulate a large disturbance imposed on the system, at t = 0.1 s a six-cycle 

three-phase-to-earth fault happens at the sending end of a line (e.g. bus 15 of line 15-8) 

in Table 5-7. The fault is then cleared by line isolation without reclosure, making the 

corresponding line out of service. 

Four performance indices are defined in equations (5-16)-(5-19) to measure the 

system transient performance under a wide range of operating conditions. The indices 

(5-16), (5-17) are similar to indices (3-6), (3-7) in Section 3.4.1. Indices (5-18) and 

(5-19) can measure the overall transient performance with all disturbances and all 

generators taken into account. 
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where N is the total number of samples; H is the number of test cases in Table 5-7; m is 

the number of machines. simt  is the total simulation time; )(t  represents all the time 

response of the selected physical variables and )1()()(  ttt  ; It is obvious that 

the lower the values of these indices, the smaller deviation of the signal will present in 

response to disturbance. 

The performance indices of machine electrical powers in the system are given in 

Table 5-8, where M1 and M2 denote the GPSS method and DE-PPSS method in 

Chapter 3, respectively; M3 denotes the proposed CONT-PPSS approach in this chapter. 

Only the results of the top 4 most severe contingencies are exhibited in the table. The 

values of 3J  with respect to three methods are 4.42693, 2.91577 and 2.82653, 

respectively; while the values of 4J  are 0.38843, 0.28978 and 0.28906, respectively. 

This confirms the conclusion in Chapter 3 that DE-PPSS method is superior to the 

GPSS method in terms of damping ability under a wide range of operating conditions; 

the proposed approach in this chapter further improve the DE-PPSS, especially under 

large disturbances (for example, 15-8) and stressed conditions, due to its effective 

consideration of all contingencies in the PSS synthesis process. 
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Table 5-8. Performance indices of the test cases 

J1 J2 
 

M1 M2 M3 M1 M2 M3 

G1 0.0770 0.0759 0.0632 0.00660 0.00681 0.00655 

G2 0.0571 0.0428 0.0425 0.00230 0.00198 0.00198 

G3 0.1414 0.0765 0.0801 0.01460 0.00956 0.00962 

G4 0.0845 0.0607 0.0634 0.00580 0.00473 0.00479 

G5 0.1208 0.0777 0.0673 0.01240 0.00932 0.00904 

G6 0.0678 0.0519 0.0505 0.00330 0.00290 0.00290 

G7 0.2051 0.1087 0.1028 0.01750 0.00506 0.00496 

15
-8

 

G8 0.4106 0.1385 0.1347 0.10690 0.01212 0.01077 

G1 0.0188  0.0181  0.0157  0.00178 0.00179  0.00176 

G2 0.0157  0.0119  0.0120  0.00087 0.00085  0.00085 

G3 0.0434  0.0240  0.0262  0.00475 0.00434  0.00436 

G4 0.0292  0.0224  0.0251  0.00233 0.00225  0.00230 

G5 0.0424  0.0286  0.0274  0.00473 0.00445  0.00442 

G6 0.0203  0.0159  0.0156  0.00141 0.00138  0.00138 

G7 0.0540  0.0276  0.0300  0.00196 0.00103  0.00112 

15
-1

2 

G8 0.1246  0.0387  0.0445  0.01141 0.00242  0.00254 

G1 0.0127  0.0121  0.0104  0.00079 0.00079  0.00078 

G2 0.0192  0.0165  0.0168  0.00212 0.00210  0.00211 

G3 0.0312  0.0175  0.0195  0.00237 0.00216  0.00217 

G4 0.0204  0.0147  0.0161  0.00089 0.00084  0.00085 

G5 0.0289  0.0181  0.0177  0.00175 0.00157  0.00157 

G6 0.0185  0.0156  0.0164  0.00149 0.00148  0.00149 

G7 0.0363  0.0188  0.0203  0.00080 0.00038  0.00044 

9-
12

 

G8 0.0939  0.0329  0.0373  0.00769 0.00301  0.00307 

G1 0.0096  0.0090  0.0075  0.00034 0.00034  0.00033 

G2 0.0096  0.0076  0.0075  0.00031 0.00031  0.00031 

G3 0.0255  0.0126  0.0150  0.00112 0.00094  0.00096 

G4 0.0138  0.0096  0.0097  0.00031 0.00028  0.00028 

G5 0.0204  0.0125  0.0113  0.00063 0.00053  0.00052 

G6 0.0251  0.0223  0.0230  0.00360 0.00359  0.00359 

G7 0.0467  0.0305  0.0318  0.00605 0.00573  0.00576 

4-
10

 

G8 0.0749  0.0277  0.0300  0.00429 0.00137  0.00139 

J3 J4 
 

4.42693 2.91577 2.82653 0.38843 0.28978 0.28906 
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5.5 Methodology Comparison 

In this section, a comparison among the PSO method of this chapter, the DE method 

of Chapter 3 and the BLX-α GA method of Chapter 4 on problem (5-8) is conducted, 

based on 15 trial simulations. For comparison purpose, some parameters of the three 

algorithms are listed in Table 5-9; other parameters can be found in respective chapters. 

Table 5-9. Parameter configuration of three methods 

Method Maximum iteration Population size NP 

DE 150 200 

the BLX-α GA 150 200 

PSO 750 40 

 

The evaluation times (i.e., the total iteration number of each DE/GA/PSO running) of 

three methods in 15 trials are investigated. The maximum, the minimum and the 

average evaluation times (i.e., the averaged evaluation times of each trial) are shown in 

Figure 5-4 and the average computing time consumed in each trial is presented in Table 

5-10. It can be observed in Figure 5-4 that in these trials the average evaluation times of 

the PSO method, the DE method and the BLX-α GA method are about 1350, 2000, and 

4500, respectively; the minimum evaluation times of three methods are about 960, 1600, 

and 2100, respectively; the maximum times of three methods are about 1800, 3000, and 

6500, respectively. That means the PSO method here undergoes less objective function 

evaluation than other two methods on problem (5-8). Due to the complexity of problem 

(5-8), each objective function evaluation consumes about 3.28 second of CPU time in 

an Intel P4 2.66 GHz CPU and 1G RAM computer. In Table 5-10, the average 
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computing time for each simulation is 73.7 minutes, 110.1 minutes and 178.5 minutes 

for the PSO, the BLX-α GA, and the DE, respectively, which show that the proposed 

PSO method converges more quickly than the BLX-α GA method and the DE method 

on this problem. 
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Figure 5-4. Histogram of convergence performance statistics 

 

Table 5-10. Computing time of three methods 

Parameter Average evaluation times Computing time (min.) 

DE 4500 178.5 

the BLX-α GA 2015 110.1 

PSO 1348 73.7 
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5.6 Summary 

In this chapter, the probabilistic PSS design has been extended by synthesizing 

system contingencies into the parameter optimization model. The critical contingency 

screening is first performed to select the top n (usually 3-5) most severe contingencies 

based on a probabilistic small signal stability index. The PSS tuning problem has been 

converted into a multi-objective optimization model and further transformed into a 

single-objective optimization model. A recursive PSO-based algorithm is used to solve 

this problem. Numerical experiments on the 8-machine system with multiple 

contingencies and a wide range of load conditions imposed have shown that the PSO 

consumes less computing time than the DE and the BLX-α GA and the proposed model 

can further improve system performance compared to the probabilistic PSS design 

model in Chapter 3. 
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6 PROBABILISTIC POWER SYSTEM STABILIZER 

DESIGN CONSIDERING OPTIMAL SITING 

 

 

6.1 Introduction 

As discussed in Chapter 1, some approaches or indices based on open-loop system 

model have been proposed and successfully used to select proper PSS sites, such as 

participation factor analysis [119], residue method [104], mode analysis [140], and 

sensitivity coefficients [170], etc. These methods can provide fast indication of proper 

places to install PSSs. Some of the above methods have the following features: (i) PSS 

sites and parameters are decided by a sequential method, which considers the damping 

enhancement of just one critical electromechanical mode at a time; (ii) the eigenanalysis 

is performed on the open-loop system, which only considers the open-loop eigenvalues 

and eigenvectors to determine the PSS sites; (iii) some of these PSS siting schemes are 

independent of changes of the power system operating conditions. 

Based on above background, the purpose of this chapter is to carry out a study to 

solve the following issues: (i) eigenanalysis of the open-loop system can only convey 

part of information on how the control input affects the modes of the system. To gain 

the full knowledge of the effects of the controller on the modes, it is desirable to know 

the effectiveness of PSS in changing the closed-loop eigenvalues associated with the 

selected modes [98]; (ii) it is often desirable to identify sites for installing PSSs so that 
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several modes are damped out simultaneously in an effective way [112]; (iii) a wide 

range of operating conditions and uncertainties will be considered so that the PSS 

design will not be limited to deterministic condition with a particular load level; (iv) 

considering the optimal PSS siting, i.e., the minimum number of PSSs, to meet the 

requirement of power system damping criteria among a given group of PSS candidates 

is of particular interest so that the cost and complexity of controller design can be 

decreased to some extent. 

The probabilistic PSS design approach in Chapter 3 will be extended to include the 

optimal PSS siting topic in this chapter. The problem will be first described as a 

combination optimization problem, which can determine the optimal PSS siting and 

PSS parameters among a group of PSS candidates so that the design criteria are satisfied. 

A recursive GA based on a mixed integer-binary coding and a partially matched 

crossover operator is then developed to solve the problem. The proposed approach is 

finally tested on two test systems. 

 

6.2 Probabilistic PSS Design with Optimal Siting 

For description purpose, it is assumed there are PSSN  potential PSS sites (i.e. PSSN  

PSS candidates) that are numbered in integer sequence PSS,2,1 N , each number 

corresponds to a generator index that could be a possible PSS location; among them 

PSSK  sites (≤ PSSN ) constitute a PSS siting set  , 

 = },,,,,{
PSS21 Ki hhhh   (6-1) 
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where },,2,1{ PSSNhi  ; each hi (i=1, …, KPSS) represents a tentative PSS location; 

and there are no two identical hi in the set   obviously. 

The probabilistic PSS design with optimal siting taken into account is formulated as, 








**4321PSS

2*2*

},,,,{},{
)()()(Min

kk
iiiii

kk
TTTTKK

f P  (6-2) 

s.t. 

maxmin KKK i   

max,11min,1 TTT i  , max,22min,2 TTT i   

max,33min,3 TTT i  , max,44min,4 TTT i   

where PSSK ,  , iK , ii TT 21 /  and ii TT 43 /  ( i ) are to be determined; the PSS 

parameters have the same meaning as those in problem (3-2). 

To avoid the curse-of-dimension difficulty generally in combination optimization, 

gradual increment of the PSS number (i.e. number of tentative PSS sites) is to be 

evaluated recursively until the damping criteria are satisfied, which will be discussed in 

next section; and as a result the optimal-siting PSSs and their optimal parameters are 

determined. The problem (6-2) is a complex optimization problem characterized by an 

implicit objective function of discrete-continuous variables. Besides, it is related to the 

evaluation of probabilistic eigenvalues. Thus it is very difficult to resolve it using 

conventional methods, because the continuity of the objective function does not exist 

and its Jacobian matrix cannot be easily obtained. 

As mentioned before, GA is computationally simple and easy to implement, besides it 

is very powerful and flexible in handling those optimization problems with mixed 

discrete-continuous variables. When the probabilistic PSS design considers the optimal 
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siting in problem (6-2), it can be described as an optimization problem with mixed 

discrete-continuous variables. Hence, a mixed integer-binary coded GA will be applied 

to the optimal-siting probabilistic PSS design in the chapter. 

 

6.3 Optimization by the Mix-coding GA 

Techniques such as tabu search [2], simulated annealing [3], and GA [57] have been 

applied to the controller design research of power systems. These heuristic algorithms 

can obtain optimal or near-optimal solutions of a problem by searching over a subspace. 

The most important advantage of heuristic algorithms is that they are not limited by 

assumptions such as continuity, availability of derivative of objective function, etc. GA 

is based on the mechanism of natural selection. It often produces high quality solutions. 

The overall procedure for the optimal-siting probabilistic PSS design is illustrated in 

Figure 6-1 and explained below. The inner loop of Figure 6-1 is the GA search process, 

which is mainly composed of crossover, mutation and selection operation. To ascertain 

the optimal PSS siting, the effect of a given number of PSSs is to be evaluated 

recursively, as shown in the outer loop of Figure 6-1. The value of PSSK  (i.e., there are 

PSSK  tentative PSS installed), is first initialized simply as one or some pre-specified 

number (e.g., one third of total number). Proper selection of initial value of PSSK  can 

reduce the number of GA computation (i.e. the number of outer loop in Figure 6-1). 

Then the proposed GA is employed to solve the optimization problem. If the solution is 

not satisfactory to pre-specified damping criteria, then the number of PSSs will be 

increased and the GA search process will be restarted. The update of PSSK  and the GA 
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search process continues until the system damping criteria are all satisfied or the 

maximum trial number is reached. The outer loop process will stop under two 

conditions: the objective function becomes zero, i.e. damping criteria are satisfied; or 

the maximum number of potential PSS locations are finished checking. For each GA 

search process, two independent stop criteria are adopted: 1) the specified maximum 

number of generations is reached; 2) There occurs a severe stagnancy phenomenon, i.e., 

the best value of objective function found so far has not changed over the past 20 

iterations/generations. 

 

Start

Generate init ial population

Read system data and
linearize the system

   Init ialize

Evaluate the value of objective
function  for each individual

Stability criteria
satisfied?

Create new generation by
-Crossover
-Mutation
-Selection

N

N

Stop

Update PSSs number by

Y Y

Y N

Maximum generation
reached?

Stagnancy
reached?

N

Y

PSSK

1
PSSPSS
 KK

?
PSSPSS

NK 

 

Figure 6-1. Flow chart of the recursive GA 
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6.3.1 GA coding scheme 

A configuration of PSSK  PSSs is composed of two types of parameters: the location 

index of PSSs (integer number) and PSS parameters (real number). A particular GA 

coding scheme is developed to match them. Correspondingly, there are two types of bits 

in the GA chromosome, integer bits and binary bits, as shown in Figures 6-2 (a)-(e) that 

correspond to an example of PSSK =4 and PSSN =7. 

There are two portions in the integer bits. The first portion is called PSS-site bits, as 

shown in the first PSSK  length parts of the chromosomes in Figures 6-2 (a)-(e). 

PSS-site bits are composed of PSSK  length integers; each integer (≤ PSSN ) represents a 

location index in set   that will install a PSS. The second portion next to PSS-site bits 

is called dumb-PSS-site bits, as shown in the shadow parts in Figures 6-2 (a)-(e). 

Dumb-PSS-site bits are composed of ( PSSPSS KN  ) length integers; each integer 

represents a potential location index that is not contained in set  . Each PSS-site bit as 

well as dumb-PSS-site bit could appear at maximum once in the string. The order of 

integer bits in the string is not important for a given configuration, but could have its 

importance when applying the operator of crossover [57]. The dumb-PSS-site bits are 

not putting any effect on the configuration, but are indispensable to keeping the 

diversity of GA population and assisting the crossover and mutation operations. The 

binary bits in the remaining parts of chromosomes correspond to all potential PSS 

parameters, which are coded in binary bits. There are also some dumb parameter bits in 

them, which have no effect in the calculation of the value of objective function (6-2) 
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temporarily; but only those binary bits that are related to PSS-site bits will be involved 

in the calculation. 

As a simple illustration, in Figure 6-2 (a) there is a pair of parents with four tentative 

PSS sites ( PSSK =4) among seven potential locations ( PSSN =7). In the first parent of 

Figure 6-2 (a), four PSS-site bits 3, 5, 7, 1 represent that the PSSs are tentatively 

installed at generator index 1, 3, 5 and 7. The three dumb-PSS-site bits are 2, 4 and 6. 

The remaining 0-1 codes correspond to all potential PSS parameters arranged in 

sequence. 

 

Parents Children

PSSs location bits PSSs parameter bits

3 7 5 6 2 4 1 1 1 ... 1 0 1

6 4 7 1 2 5 3 1 0 ... 0 1 1

3 5 7 1 2 4 6 1 0 ... 0 0 1

1 4 5 6 2 7 3 1 1 ... 1 1 1

c1 c2

(a) PSS21 Kcc   

3 7 5 6 2 4 1 1 1 ... 1 0 1

6 4 7 1 2 5 3 1 0 ... 0 1 1

c1 c2

3 5 7 1 2 4 6 1 0 ... 0 0 1

1 4 5 6 2 7 3 1 1 ... 1 1 1

 

(b) 21 PSS cKc   

3 5 7 1 2 4 6 1 1 ... 1 0 1

1 4 5 6 2 7 3 1 0 ... 0 1 1

3 5 7 1 2 4 6 1 0 ... 0 0 1

1 4 5 6 2 7 3 1 1 ... 1 1 1

c1 c2 c1 c2

(c) 21PSS ccK   
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3 7 4 6 2 5 1 1 1 ... 1 1 1

6 5 7 1 2 4 3 1 0 ... 0 0 1

c1=c2

1 4 5 6 2 7 3 1 1 ... 1 1 1

3 5 7 1 2 4 6 1 0 ... 0 0 1

(d) PSS21 Kcc   

3 5 7 1 2 4 6 1 0 ... 0 1 1

1 4 5 6 2 7 3 1 1 ... 1 0 1

c1=c2

1 4 5 6 2 7 3 1 1 ... 1 1 1

3 5 7 1 2 4 6 1 0 ... 0 0 1

(e) 21PSS ccK   

Figure 6-2. Cases of the PMX operation with PSSK =4 and PSSN =7 

6.3.2 GA operators 

A Crossover 

1) Introduction 

The main crossover operator used here is a variant of two-point crossover with the 

specified probability cp , called partially matched crossover (PMX) [61, 107]. For an 

ordinary two-point crossover of binary GA, two crossover positions are generated at 

random for the parents. Then the bits within the two positions of each parent are 

swapped. In this chapter, the PMX will be utilized in view of the particularity of the 

coding scheme discussed in last section. PMX is a bit-by-bit crossover operator, which 

can repair bit conflict problem. Taken an example of two integer GA strings in Figures 

6-3 (a)-(b), two crossover positions c1 and c2 define a matching section that is used to 

affect a cross through position-by-position/bit-by-bit exchange operations. PMX 
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proceeds by bitwise exchanges. First, mapping string B to string A, the 5 and the 2, the 

3 and the 6, and the 10 and the 7 exchange places. Similarly mapping string A to string 

B, the 5 and the 2, the 6 and the 3, and the 7 and the 10 exchange places. The final 

result of PMX is given in Figure 6-3 (b). 

 

c1 c2

9 8 4 5 6  7  1  3  2 10

8 7 1 2 3 10  9  5  4  6

A =

B =

(a) Before PMX operation

9 8 4 2 3 10  1 6 5 7

8 10 1 5 6  7  9 2  4 3

A' =

B' =

(b) After PMX operation  

Figure 6-3. PMX operation of integer-coded GA strings [61] 

2) Application 

The application of PMX is illustrated in Figures 6-2 (a)-(e) and explained below. In the 

figures, each GA string consists of PSSK  PSS-site bits, ( PSSPSS KN  ) dumb-PSS-site 

bits and the remaining   PSS-parameter bits.   is the total length of binary string, 

which is data precision dependent [61, 107]. Two crossover positions c1 and c2 are 

generated over [1, PSSK ] at random with  PSS211 Kcc . The dumb-PSS-site 

bits do not participate in but assist in the crossover operation of PSS-site bits. There are 

five crossover strategies summarized as follows, 

(i). If PSS21 Kcc  , as illustrated in Figure 6-2 (a), since each PSS candidate could 

appear at maximum once in the GA string, then a PMX operator will be adopted. The 

PMX-based repair will executed bit by bit in case there is bit conflict. In Figure 6-2 (a), 

the integer bits within c1 and c2 of two parents are swapped: specifically, when 7 is 

swapped with 5 and there is conflict happened with two 5 in the first parent and two 7 in 
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the second parent; for the first parent, the PMX repairs the conflict by replacing the 5 

before c1 with 7; for the second parent, the PMX repairs the conflict by replacing the 

duplicate 7 in the dumb-PSS-site bits with 5. During this process, there is an implicit bit 

swap happened between the dumb-PSS-site bits and the PSS-site bits of the second 

parent. This operation will be applied for remaining bits one by one until the swapping 

of all bits within c1 and c2 is finished. 

(ii). If 21 PSS cKc  , as illustrated in Figure 6-2 (b), the first position c1 and an 

implicit position PSSK  are the two cutting positions for PMX operation on the PSS-site 

bits. The second position c2 defines a cutting position for an ordinary one-point 

crossover on the PSS parameter bits. 

(iii). If 21PSS ccK  , as illustrated in Figure 6-2 (c), there is no operation on any 

integer bits. An ordinary two-point crossover is executed according to two cutting 

positions c1 and c2. 

(iv). If PSS21 Kcc  , as illustrated in Figure 6-2 (d), the position c1 (c2) and an 

implicit position PSSK  define two cutting positions for PMX operation on the PSS-site 

bits. 

(v). If 21PSS ccK  , as illustrated in Figure 6-2 (e), the position c1 (c2) defines a 

cutting position for an ordinary one-point crossover operated on the PSS parameter bits. 

B Mutation 

There are two types of mutation operators supported in the study: swap mutation and 

bit-flipping mutation. A single-bit swap mutation is supported between PSS-site bits 

and dumb-PSS-site bits with the specified probability msp . In Figure 6-4 one position 
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x1 is selected at random in the PSS-site bits; another one x2 is selected at random in the 

dumb-PSS-site bits. The bits at two positions are swapped so that new PSS 

configuration is produced. Another mutation operator is a bit-flipping mutation 

performed on the binary bits [107], which implement a bitwise bit-flipping with the 

specified probability mrp . Different mutation probability is arranged because of the 

two mutation operators are independent of each other. 

 

3 5 2 1 7 4 6 1 0 ... 0 1 1

x1 x2

3 4 2 1 7 5 6 1 0 ... 0 1 1

 

Figure 6-4. Swap mutation on the integer bits 

C Selection 

In the study, the ranking selection strategy in Chapter 4 will be employed. Besides, an 

elitism mechanism is adopted in the GA implementation. 

6.3.3 Design procedure 

The problem (6-2) can be solved by the proposed GA according to the following steps: 

Step 1 Initialization: initialize NP individuals/chromosomes in the population in the 

following way: 

Step 1.1 For each chromosome, make a random permutation of PSSN  site indexes for 

the first PSSN -length integer bits. 

Step 1.2 For each 0-1 bit in the remaining  -length binary GA string, when the value 

of a random number generated between 0 and 1, rand [0, 1], is less than 0.5, the 

corresponding binary bit is 0; otherwise, 1. 
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Step 2 Generate the next generation of NP chromosomes in the following way. 

Step 2.1 Evaluate the objective function of the chromosomes in the current generation 

using equation (6-2). In the present work, the fittest chromosome in the current 

generation is always retained in the next generation. 

Step 2.2 Selection: select two chromosomes as the parents by the ranking selection 

method. 

Step 2.3 Crossover: generate two crossover positions c1 and c2 at random, apply the 

PMX to the two selected parents in the current generation when rand [0, 1] is less 

than cp . Otherwise, the two parents are retained and are taken as the child 

chromosomes in the next generation. Repeat the selection step in Step 2.2 and the 

present step until NP child chromosomes are formed in the next generation. 

Step 2.4 Mutation: for each chromosome in the next generation, apply the swap 

mutation to the integer bits of the chromosome when the swap mutation probability, 

msp , is greater than rand [0, 1]; otherwise, the integer bits will remain intact. Apply 

the bit-flipping mutation to every binary bit one by one when the bit-flipping 

mutation probability mrp  is greater than rand [0, 1]; otherwise, the binary bit will 

remain intact. 

Step 3: The next generation formed in Step 2 is now taken to be the current generation. 

New generations are produced by repeating the solution process starting from Step 2 

until the specified maximum number of generations is reached or the objective function 

becomes zero. 
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6.4 Case Studies 

In this section the same two test systems as those in Chapter 2, system I and system II, 

will be employed to test the effectiveness of the proposed method. In addition, the same 

dynamic stability criteria will be adopted as well, i.e., 1.0C  and 0C  for both 

system and   values are set to 4.0 and 3.5 for system I and system II respectively. 

The influence of algorithm parameters on the convergence performance of the proposed 

method in Section 6.3 will follow, including different combination of the crossover 

probability cp , the bit-flipping mutation probability mrp  and the swap mutation 

probability msp . The pre-specified parameters for two test systems are listed in Table 

6-1. 

Table 6-1. The pre-specified parameters 

Parameter system I system II 

Maximum generation 100 100 

Population size 50 200 

Initial PSSK  1 3 

PSSN  2 7 

 

6.4.1 System I 

A GA parameter experiments 

The three-machine nine-bus system is shown in Figure 2-3 of Chapter 2. To improve 

the system damping, G1 and G2 are two potential sites for PSS installation. Since 

crossover and mutation probability have great impacts on the performance of canonical 

GA [61], several experiments on investigating the influence of different combination 
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},,{ msmrc ppp  on the convergence performance of the proposed method will be carried 

out and empirically excellent parameters from these experiments will hence be adopted 

for further studies. When applying PSSK  number of PSSs, if stagnancy happens, the 

GA will be restarted (in Figure 6-1). In this section, the stagnancy analysis of the 

proposed method with respect to },,{ msmrc ppp  is to be discussed. The values used for 

each parameter were: cp {0.50, 0.75, 0.90}, mrp {0.01, 0.05, 0.1, 0.3}, and msp  

{0.001, 0.005, 0.01, 0.05}. The parameters were investigated for 50 trial simulations in 

succession according to three scenarios: (a) altering cp with mrp =0.01 and msp =0.005; 

(b) altering mrp with cp =0.9 and msp =0.005; (c) altering msp  with cp =0.9 and 

mrp =0.05. The reasons for above arrangement are to be explained hereinafter. 

 

Table 6-2. The results of GA parameter experiments in system I 

Evaluation times Trial statistics (%) 
cp  

( 01.0mrp and 005.0msp ) Max. Min. Avg. PSSK =1 PSSK =2 

0.50 2374 88 494 88 12 

0.75 1995 93 483 86 14 

0.90 2474 96 476 88 12 

Evaluation times Trial statistics (%) 
mrp  

( 90.0cp and 005.0msp ) Max. Min. Avg. PSSK =1 PSSK =2 

0.05 1615 98 235 98 2 

0.10 2304 99 326 94 6 

0.30 2991 99 382 92 8 

Evaluation times Trial statistics (%) 
msp  

( 90.0cp and 05.0mrp ) Max. Min. Avg. PSSK =1 PSSK =2 

0.001 1807 99 339 90 10 

0.01 2450 99 253 96 4 

0.05 2055 99 363 92 8 
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The summary of the experiment results is given in Table 6-2 and the convergence 

curves of average F(x) are shown in Figures 6-5, 6-6 and 6-7. 
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Figure 6-5. The influence of cp  on the recursive GA 
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Figure 6-6. The influence of mrp  on the recursive GA 
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Figure 6-7. The influence of msp  on the recursive GA 

In Table 6-2, different cases are compared on the GA evaluation times, with the 

maximum, the minimum and the average evaluation times of total simulations given. 

Apparently, the less the average evaluation times, the faster does the algorithm 

converge. Statistics information on the proportion of the proposed method that can 

converge in one PSS ( PSSK =1) and in two PSSs ( PSSK =2) are also given in Table 6-2. 

Similarly, the larger proportion in case PSSK =1, the faster does the algorithm converge. 

In Figures 6-5, 6-6 and 6-7, the highlighted/bold curves are those cases that can 

converge in case PSSK =1, while those normal curves are related to those that can only 

converge in case PSSK =2. In common, the simulation process in case PSSK =2 runs 

faster than that in case PSSK =1 for the same configuration of },,{ msmrc ppp , but the 

convergence performance between different cases of PSSK =2 are trivial. So only the 

cases with PSSK =1 are utilised to evaluate the algorithm performance in the study. The 

highlighted solid line in each figure is the curve corresponding to a preferable parameter 
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setting in each scenario. From the experiment results in Table 6-2 and Figures 6-5, 6-6 

and 6-7, there are the following observations: 

(i) When mrp =0.01 and msp =0.005, altering cp  in turn and it is observed that 

cp =0.9 is the best setting, which corresponds to the curve that converges most rapidly 

in PSSK =1. The crossover probability experiments here show that cp =0.9 is preferable 

to other cp  candidates. In the remaining experiments of scenario (b) and (c), cp =0.9 

will be adopted. 

(ii) When cp =0.9 and msp =0.005, altering mrp  and it is found that mrp =0.05 is 

preferable to other msp  candidates. In the remaining experiments of scenario (c), 

mrp =0.05 will be adopted. 

(iii) When cp =0.9 and mrp =0.05, altering msp  and msp =0.005 in (ii) is preferable 

to other msp  candidates. 

(iv) From above discussions, parameters },,{ msmrc ppp  equal to {0.90, 0.05, 0.005} 

is tentatively applied for the studies hereinafter. 

B Tuning result 

The resulting PSS settings are given in Table 6-3, and all closed-loop electro- 

mechanical modes shown in Table 6-4 are adequate for robust stability. When 

compared with the original open-loop eigenvalues in Table 2-1 of Chapter 2, the system 

stability is much improved. In Chapter 4, PSSs are installed on G1 and G2 and the 

system damping are satisfactorily improved. By comparison with the proposed method, 

only G1 is adequate to meet the robust stability requirement. 
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Table 6-3. Final PSS parameters for system I 

Site KPSS T1 T2 T3 T4 

G1 3.532 0.650 0.183 0.136 0.044 

 

Table 6-4. Electromechanical modes of the closed-loop system I 

No.       * P      *  P  

1 -1.945  8.434 0.1337 14.54 1.00 0.2247 0.0300  4.15 1.00 

2 -4.391  7.413 0.9290 4.73 1.00 0.5096 0.0967  4.24 1.00 

 

C Transient performance 

To complete the study, the performance of the proposed optimal-siting probabilistic 

PSS design (OS-PPSS) considering optimal siting is evaluated by time domain 

simulation and compared with that of the results in Section 3.4.1. The same 

three-phase-to-earth fault near bus 6 as that in Section 3.4.1 is applied, and the transient 

performance indices 1J  and 2J  in equations (3-6), (3-7) are calculated. 

 

Table 6-5. Performance indices of system I 

 1  2  1fv  2fv  3fv  1tv  2tv  3tv  

M1 0.0492  0.0586 0.0390 0.0291 0.0206 0.0022  0.0030 0.0033 

1J  
M2 0.0711  0.0727 0.0710 0.0317 0.0251 0.0024  0.0031 0.0033 

M1 0.0018  0.0032 0.0014 0.00069 0.00045 0.00005 0.00012 0.00016 

2J  
M2 0.0074  0.0088 0.0088 0.00105 0.00065 0.00005 0.00012 0.00016 
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The ATV comparison between OS-PPSS and DE-PPSS method in Chapter 3 is listed 

in Table 6-5, where M1 and M2 denote DE-PPSS method and OS-PPSS, respectively. 

Though it is observed that OS-PPSS here is slightly less robust than DE-PPSS, but the 

proposed PSS scheme here has satisfactorily acceptable performance index values 

compared with those of GPSS in Chapter 3 (see Table 3-5), as can also be confirmed in 

Figure 6-8. The reason is that the two normalized damping ratio *  in Table 3-3 are 

10.40 and 23.92 while the corresponding values in Table 6-4 are lower with 4.15 and 

4.24, respectively. Typical transient response curves of rotor angles of G1 and G2 at 

light, medium and heavy load conditions in Figure 6-8 validate this observation. 

 

6.4.2 System II 

The 8-machine 24-bus system is shown in Figure 2-6 of Chapter 2. To improve the 

system damping, G1−G7 are seven potential sites for power-signal PSS installation. The 

resulting PSS parameters and electro-mechanical modes are listed in Tables 6-6 and 6-7, 

with the system damping effectively enhanced. In Chapter 3, PSSs are installed on G1, 

G2, G3, G5, G6, and G7, and the system damping are satisfactorily improved. By 

comparison, PSSs on G3, G5, G6 and G7 in this chapter are adequate to meet the robust 

stability requirement with the proposed method. The number of PSS has been reduced 

from 6 to 4. 
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Table 6-6. PSS parameters for system II 

Site KPSS T1 T2 T3 T4 

G3 -1.299 0.102 0.068 0.075 0.180 

G5 -0.195 0.266 0.196 0.176 0.158 

G6 -0.020 0.161 0.162 1.959 0.075 

G7 -1.104 0.146 0.164 0.097 0.166 

 

Table 6-7. Electromechanical modes of the closed-loop system II 

No.       *  P      *  P  

1 -1.959 15.465 0.081 24.34 1.00 0.126 0.007 3.68 1.00

2 -1.417 11.67 0.046 30.51 1.00 0.121 0.006 3.57 1.00

3 -1.317 10.850 0.063 20.86 1.00 0.121 0.005 4.01 1.00

4 -1.451 10.107 0.134 10.81 1.00 0.142 0.012 3.51 1.00

5 -0.939 7.448 0.027 35.44 1.00 0.125 0.003 8.22 1.00

6 -2.149 3.099 0.078 27.61 1.00 0.570 0.032 14.63 1.00

7 -0.721 2.882 0.056 12.82 1.00 0.243 0.034 4.23 1.00

 

Similarly, the same three-phase-to-earth fault near bus 15 as that in Section 3.4.2 is 

applied and the deviations of generators’ electrical power in p.u. are investigated. The 

performance indices are presented in Table 6-8; and the electrical power responses of 

G8 are plotted in Figure 6-9. Despite slightly less robust than DE-PPSS, the proposed 

OS-PPSS scheme is satisfactorily acceptable compared with GPSS, as can also be 

confirmed in Figure 6-9. The reason is that the lower least damping ratio *  achieved 

in Table 6-7 is 3.51; by comparison, the corresponding value in Table 3-7 is 3.97. 
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Figure 6-8. Transient responses of system I under typical load conditions 
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Figure 6-9. Transient responses of G8 of system II under typical operating conditions 
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Table 6-8. Performance indices of system II 

 1eP  2eP  3eP  4eP  5eP  6eP  7eP  8eP  

M1 0.0759  0.0428 0.0765 0.0607 0.0777 0.0519  0.1087  0.1385 
1J  

M2 0.0802  0.0337 0.0718 0.0568 0.0930 0.0506  0.1194  0.2052 

M1 0.0068  0.0020 0.0096 0.0047 0.0093 0.0029  0.0051  0.0121 
2J  

M2 0.0069  0.0018 0.0093 0.0046 0.0096 0.0029  0.0053  0.0187 

 

6.5 Summary 

Under the framework of probabilistic eigenvalue analysis, the probabilistic PSS 

design considering optimal siting is investigated. A combination optimization model is 

proposed and a recursive GA is developed to solve this problem. The outstanding 

characteristics of the present GA can be summarized as: a) a mixed integer-binary 

coding is adopted to handle the discrete and continuous variables; b) the PMX-based 

crossover operator is used to resolve the integer bit conflict. Case studies show that the 

proposed optimal-siting probabilistic PSS design method can also achieve adequate 

robust stability compared to the method in Chapter 3, but the number of PSS installed 

has been reduced. 
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7 CONCLUSIONS AND FUTURE WORK 

 

 

7.1 Summary 

The past decades have witnessed a growing attention with poorly-damped, low 

frequency oscillation problems in interconnected power systems. Power system 

stabilizers have been widely employed to solve oscillation problems as a very 

cost-effective damping controller. In this thesis, the robust and coordinated PSS design 

has been deeply investigated with the application of some evolutionary algorithms. 

 

Under multiple operating conditions, power system nodal voltages and nodal 

admittances are chosen as basic variables and the probabilistic eigenvalue analysis is 

introduced to evaluate eigenvalue expectation and covariance under the assumption of 

normal distribution. Two probabilistic sensitivity indices are derived and adopted to 

determine robust PSS siting. The results of PSIs are consistent with the results of mode 

analysis in case studies. The probabilistic eigenvalue analysis in Chapter 2 lays the 

foundation for most studies in the thesis. 

 

A probabilistic eigenvalue-based optimization model has been formulated by 

probabilistic eigenvalue analysis to consider a wide range of operating conditions in 

Chapter 3. To overcome some limitations of previous gradient-based optimization 
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methods, such as high demand on initialization and trapping in local optimum, 

differential evolution (DE), as a new branch of EAs, has been introduced to solve the 

highly nonlinear optimization problem. Studies show that DE is not remarkably 

sensitive to its control parameters over specified ranges. This makes it easy to select its 

parameters for the probabilistic PSS design problem. A comprehensive comparison 

study between the proposed DE-based approach and a gradient-based conventional PSS 

(GPSS) indicates that the former is more robust than the latter. 

 

In Chapter 4, a systematic method that can consider system contingencies in PSS 

design has been developed. A three-stage critical contingency screening process is first 

conducted to reduce the number of contingencies according to a post-contingency small 

signal stability index. In the first stage, the stability indices for all post-contingency 

cases are calculated one by one for one time period. In the second stage, the top k 

(usually 3-5) most severe contingencies for each time period t are accumulated into a 

contingency pool and ranked according to their stability index. In the third stage, the 

final n contingencies are selected as initial contingent tuning conditions based on some 

strategies, such as the ranking of averaged least damping ratio, etc. A multi-objective 

optimization model is developed and a min-max method is adopted to transform it into a 

single-objective optimization model. A BLX-α GA is recursively used until all 

post-contingency criteria are satisfied or some other termination condition is met. Case 

studies show that all post-contingency criteria can be satisfied by the recursive GA 

approach. Transient simulation experiments are conducted based on a prescribed set of 
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contingencies, which correspond to some extreme conditions from the stability point of 

view. The results show that this approach can more effectively enhance 

post-contingency damping compared to a conventional method. 

 

The system contingencies are further concluded in the probabilistic PSS design model 

by a multi-objective optimization model in Chapter 5. To reduce the number of 

contingencies, the critical contingency screening is first performed to select the top n 

contingencies based on a post-contingency probabilistic small signal stability index. A 

PSO technique is recursively used until all post-contingency criteria are satisfied or 

some other termination condition is met. Numerical experiments over multiple 

contingencies and a wide range of load conditions show that the PSO consumes less 

computing time than the DE and the BLX-α GA and the proposed model can further 

improve system performance compared to the probabilistic PSS design model in 

Chapter 3. 

 

To settle the optimal siting problem, i.e., the minimum number of PSS locations, in 

the probabilistic PSS design, a combination optimization model has been proposed in 

Chapter 6. A special GA with a mixed integer-binary coding and a PMX-based 

crossover operator is developed to handle the discrete and continuous variables in the 

optimization model and resolve the integer bit conflict. Case studies show that the 

proposed optimal-siting probabilistic PSS design method can also achieve adequate 
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robust stability compared to the method in Chapter 3, but the number of PSS installed 

has been reduced. 

 

7.2 Recommendation for Future Work 

Lessons from several cascading outages during the past several years have called for 

the recommendation of new technologies being applied in power systems, such as 

distributed generation technologies, wide area measurement system (WAMS) [9], 

which are on the way of rapid expansion. On the other hand, the new power system 

environment with competitive power market introduced further has great impact on the 

power system operation patterns. Thus the following issues on damping controller 

design merit attention in future studies. 

 

1. At present, some elementary models have been developed to consider damping 

controller design in distributed generation environment [70, 71, 110]. However, the 

stochastic characteristic of wind power is not considered in these publications. Thus the 

probabilistic PSS design could be further extended to include the variation 

characteristics of wind power generation in the model. 

 

2. Some fundamental studies have been conducted on how to consider nonlinear effects 

in damping controller design of small signal analysis [95, 127] under stressed operating 

conditions. Yet these still exhibit spaces for improvement, for example, applying the 
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EAs to the damping controller design with high order terms of SSSA taken into account; 

considering the time-delay effect in the WAMS-based PSS design. 

 

3. FACTS device and HVDC system are more complicated than PSS and they are being 

applied more and more widely. The probabilistic controller design in [13] can be further 

extended to consider system contingencies in these sophisticated power electronic 

equipments, which should be more challenging. 

 

4. In recent years, an advanced evolutionary algorithm, coevolutionary computation has 

been applied in unit commitment [25], strategic interaction in electricity markets [26], 

reactive power optimization [93], etc. The decomposition and coordination idea in the 

coevolutionary architecture is very attractive so that convergence performance of 

classical EAs can be particularly improved. An investigation study on the effectiveness 

of applying the coevolutionary computation to the probabilistic PSS design is of 

particular interest. 

 

5. To release the computing burden, a hybrid method of EAs and Heffron-Philips Model 

could be considered in PSS design. On the one hand, the lead/lag time constants of PSS 

can be derived from the GEP(s) phase compensation [53, 59]; on the other hand, only 

the PSS gains are tuned by EAs so that the search space can be considerably reduced. 
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APPENDIX A  PROBABILISTIC EIGENVALUE    

      ANALYSIS 

 

 

A1  Power System Model 

A1.1  Framework 

The power system models in this thesis will be constructed under the GMT/PMT 

framework [31, 139], where the machines, system components and the associated 

control devices are represented by only two types of elementary transfer blocks (first 

and zero order) as shown in Figures A-1 (a)-(b). Any standard power system 

components could be easily and versatilely ‘plugged’ in to form a small perturbation 

state space model irrespective of the complexity of the system. 

xi

bb
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pTk

pTk


 xmi

ki
m

(a)   Zero order block (b)   First order block  

Figure A-1. Two types of elementary transfer blocks 

By eliminating the zero-order input vector iM  through proper substitution, here 

vectors iX , X  and M  are used to collect all the xi, x and m variables of Figures 

A-1 (a)-(b), the following system connection matrix could be constructed. 
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where R  and oY  are input and output vectors. The constructions of sub-matrix 1L  

to 9L  are described detailed in [31, 139]. The first order transfer block in Figure A-1 

(b) can be represented as 

itab )p(p) XKKXK (  (A-2) 

where aK , bK  and tK  are diagonal matrices collecting parameters ba Tk / , 

bb Tk /  and ba TT /  in Figure A-1 (b), respectively. Thus from equation (A-1) and 

(A-2), the state space equation is obtained by eliminating the non-state vector M.  








DRCXY

REBRAXX

o


 (A-3) 

where )( ba K-FKSA   with -1)( t FK-IS  , 731 HLLLF   and )( -1
9LH  . 

In the thesis it is assumed that the state vector X  is a n dimensional vector; R  is a 

r dimensional vector representing the input signals; A  is a n×n state matrix; B  is a 

n×r input matrix; C  is a m×n output matrix; D  is a m×r feedforward matrix. It 

should be mentioned that the RE   term is often avoided in the usual representation of 

power system components [31, 139]. 

A1.2  Network equation 

The nodal admittance matrix Y  is usually used to describe the network 

configuration and parameters of a power system. The network equation used in 

eigenvalue analysis can be expressed by Y  of entire system as 

VYI   (A-4) 

VYI   (A-5) 
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A1.3  Load model 

The voltage dependency of load characteristic is represented by an exponential function 

b
iiLi

a
iiLiLiLiLi VVjQVVPjQPS )()( 0000   (A-6) 

For the constant impedance load adopted in the thesis, a = b = 2. 

A2  Probabilistic Eigenvalue Analysis 

A2.1  Probabilistic eigenvalue analysis 

In the probabilistic eigenvalue analysis, the statistical nature of nodal voltages is 

determined by the probabilistic load flow calculation [150]. If the nodal voltage vector 

V is defined in rectangular coordinates, nodal injected power vector will be a quadratic 

function of nodal voltages. By accurately expanding )(VS  in Taylor series, the 

second-order terms will have the same form as )(VS . Considering 0V , the power 

expectation can be expressed as equation (A-7) which takes into account the correction 

of covariances 

),,()()(
,


jiVji CVVgVV  SSS  (A-7) 

where 
jiVC

,
is the covariance between voltages iV  and jV . Consequently, the 

correcting equations used in probabilistic load flow calculation are given as, 

 







 T
VSVV

V

)( 11 JCJC

VJS
 (A-8) 

where VJ  is the Jacobian matrix. 

Under the assumption of the normal distribution, eigenvalue expectations are 

computed from the expectations of nodal voltages, which is similar to that in the 
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conventional deterministic eigenvalue analysis. To determine eigenvalue variances, 

eigenvalue   is regarded as a nonlinear function of nodal voltages with the linearized 

expression as 

VJ  [  (A-9) 

where J  denotes the first-order partial derivative matrix of eigenvalues. The 

eigenvalue variances C  are derived as 

T
V  JCJC   (A-10) 

A2.1  First and second sensitivity analysis 

The general formulations for the first and second order sensitivities of an eigenvalue 

k  are [148, 167]: 
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 (A-12) 

where ix  and jx  denotes parameter variables, the left and right eigenvectors kW  

and kU  responding to mode k, satisfy 1k
T

k UW . In equation (A-12), the derivative 

of the left eigenvector T
kW  is a linear combination of all eigenvectors: 
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To calculate the PSIs in Section 2.3, the sensitivity of   in equation (2-5) can be 

obtained by equation (A-11), which is similar to the conventional eigenvalue sensitivity 
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calculation [148, 167], but the sensitivity of 
k

  in equation (2-5) have to be derived 

from the second-order sensitivities in equation (A-12). 

The covariances 
kk

C  , , 
kk

C  , , 
kk

C  ,  and 
kk

C  ,  of an eigenvalue kkk j   

are calculated from VC  by equation (A-14), which could be generally denoted as 

kk
C  ,  with (

k
 , 

k
 ) standing for the four combinations of 

k
  and 

k
 . 
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where N is the number of power system network nodes. The covariance sensitivity with 

respect to m-th PSS gain mK  can be derived as 
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Considering 
kkk

C  ,
2   and 

kkk
   in equation (A-15), the sensitivity of 

the standard deviation 
k  is simply with 

mm K

C

K
kk

k

k
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By linearizing the damping ratio of an eigenvalue at the expectation point, 

kjkk  , then 

kBkkAkk DD   (A-17) 

with 

32
kkAkD  , 

3

kkkBkD   (A-18) 

The variance of k  is then derived as 

kkkkkkkk
CDDCDCDC BkAkBkAk  ,,

2
,

2
, 2  (A-19) 



136 

and the variance sensitivity of m-th PSS parameter will be 
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The sensitivity of the standard deviation 
k  is then obtained from 

kkk
C  ,

2   in 

equation (A-22) 
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Therefore, the probabilistic sensitivity indices determined in equations (2-5), (2-6) 

can be calculated. To reduce the computation requirement and the accumulative error, 

sparsity technique becomes important in this study and is employed for the partial 

derivative calculation of system matrix A by: a) properly arranging the computing 

sequence of partial derivatives for different system variables; b) using the sparse and 

symmetrical nature of the nodal admittance matrix, the covariance matrix and the 

second order sensitivity matrix. 
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APPENDIX B  MACHINE MODELS 

 

 

B1  Fourth-order Generator Model 

The fourth-order generator model is used in the thesis for modeling the d-axis and 

q-axis transient dynamics with the following ODE equations [128]. 

refp  0/  (B-1.1) 

MPPp em ][   (B-1.2) 

doqdddfdq TEIXXEEp  ])([  (B-1.3) 

qodqqqd TEIXXEp  ])[(  (B-1.4) 

The GMT/PMT representation of the model is given in Figure B-1. 
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Figure B-1. GMT/PMT representation of the fourth-order generator model 
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B2  Sixth-order Generator Model 

The sixth-order generator model used in the thesis is a subtransient generator model 

that assumes the presence of a field circuit and an additional circuit along the d-axis and 

two additional circuits along the q-axis and with the saturation effect neglected. The 

block diagram of this model is given in Figure B-2 [125, 129] and its GMT/PMT 

diagram is shown in Figure B-3. A group of its ODE equations can be referred to in 

[128]. 

 

 
 

Figure B-2. Block diagram of sixth-order generator model 
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Figure B-3. GMT/PMT representation of the sixth-order generator model 
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APPENDIX C  TEST SYSTEM DATA 

 

 

The three-machine system (system I) are shown in Figure 2-3 and the eight-machine 

system (system II) are in Figure 2-6. In the following tables, except for the dynamic 

data, all per unit data are on 100MVA base for both systems. Transformer’s primary 

and secondary voltage ratio is specified on the ‘From’ side of transformer branch. 

C1  Three-machine System (System I) 

Table C-1. Bus data of system I 

 Bus 

No. 

P 

(p.u.) 

Q 

(p.u.) 

Curve

No. 

PV- 

Voltage 

Curve

No. 

Load A 4 1.250 0.500 3 - - 

Load B 5 1.000 0.350 8 - - 

Load C 6 0.900 0.300 20 - - 

G1 7 1.130 0.000 3 1.000 1 

G2 8 0.850 0.000 21 1.025 1 

G3 9 0.000 0.000 - 1.040 31 

 

Table C-2. Line data of system I 

No. From To 
Branch 

Number 
R (p.u.) X (p.u.) B/2 (p.u.) 

Transformer 

Ratio 

1 1 5 1 0.0085 0.0720 0.0745 - 

2 5 2 1 0.0119 0.1008 0.1045 - 

3 1 4 1 0.0320 0.1610 0.1530 - 

4 4 3 1 0.0100 0.0850 0.0880 - 

5 2 6 2 0.0390 0.1700 0.3580 - 

6 3 6 2 0.0340 0.0184 0.3160 - 

7 1 7 1 0.0000 0.0625 0.0000 1.0000 

8 2 8 1 0.0000 0.0586 0.0000 1.0000 

9 3 9 1 0.0000 0.0576 0.0000 1.0000 
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Table C-3. Generator parameters of system I 

Machine 
Parameter 

G1 G2 G3 

Capacity (MVA) 250 250 1200 

H (pu) 3.20 3.01 1.97 

D (pu) 0.01 0.01 0.01 

dx (pu) 1.796 1.9688 1.752 

qx (pu) 1.725 1.8867 1.1628 

dx (pu) 0.2396 0.272 0.7296 

qx (pu) 0.2396 0.272 0.7296 

doT  (s) 6.00 5.89 8.96 

qoT  (s) 0.535 0.6 0.31 

   * Generator’s per unit data are on its capacity base 
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Figure C-1. Block diagram of static exciters in system I 

 

Table C-4. Exciter parameters of system I 

Exciter 
Parameter 

EXC1 EXC2 EXC3 

aK (pu) 100 100 100 

aT (s) 0.05 0.05 0.05 

rT (s) 0.02 0.02 0.02 

 



142 

C2  Eight-machine System (System II) 

Table C-5. Bus data of system II 

 Bus 

No. 

P 

(p.u.) 

Q 

(p.u.) 

Curve

No. 

PV- 

Voltage 

Curve

No. 

L1 2 2.870 1.440 1 - - 

L2 3 3.760 2.250 4 - - 

L3 4 2.270 
2.690 

(1.419)*
6 - - 

L4 8 5.000 2.300 2 - - 

L5 9 
0.864 

(1.324)*
0.662 5 - - 

L6 10 0.719 0.474 1 - - 

L7 11 0.700 0.500 1 - - 

L8 14 
4.300 

(3.225)*

2.200 

(1.32)*
3 - - 

L9 15 5.200 2.500 2 - - 

L10* 1 1.200 0.800 1 - - 

G1 17 2.000 0.000 3 1.00 1 

G2 18 1.600 0.000 5 1.02 32 

G3 19 4.300 0.000 2 
1.00 

(1.03)* 

1 

(32)* 

G4 20 2.250 0.000 2 1.00 1 

G5 21 3.060 0.000 2 1.00 1 

G6 22 6.000 0.000 30  1.01 33 

G7 23 3.100 0.000 1 1.00 1 

G8 24 0.000 0.000 - 1.00 31 

   ( )* Data used in Chapter 4 

 

Table C-6. Shunt capacitor of system II 

Bus No. G (p.u.) B (p.u.) 

7 0.000 -1/0.732 

7 0.000 -1/0.732 

8 0.000 1.0 
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Table C-7. Line data of system II 

No. From To 
Branch 

Number 
R (p.u.) X (p.u.) B/2 (p.u.) 

Transformer 

Ratio 

1 1 24 1 0.0000 0.0150 0.0000 1.0750 

2 1 2 2 0.2120 0.1480 0.0000  - 

3 1 3 2 0.0294 0.2080 0.0000  - 

4 2 4 1 0.0540 0.1900 0.1650 - 

5 4 23 1 0.0000 0.0124 0.0000 1.0750 

6 3 22 1 0.0000 0.0217 0.0000 1.0750 

7 2 3 2 0.0068 0.0262 0 - 

8 3 4 1 0.0559 0.2180 0.1954 - 

9 4 10 1 0.0214 0.0859 0.3008 - 

10 4 11 1 0.0150 0.0607 0.2198 - 

11 6 1 1 0.0000 0.0180 0.0000 1.0250 

12 6 7 2 0.0066 0.0686 0.93985 - 

13 7 7 1 0.0000 0.7320 0.0000 - 

14 7 7 1 0.0000 0.7320 0.0000 - 

15 7 13 1 0.0000 0.0180 0.0000 1.0250 

16 8 11 1 0.0037 0.1780 0.1640 - 

17 13 9 1 0.0034 0.0200 0.0000 - 

18 17 5 1 0.0000 0.0347 0.0000 - 

19 8 5 1 0.0000 0.0010 0.0000 1.0270 

20 16 5 1 0.0000 0.0100 0.0000 1.0270 

21 7 16 2 0.0040 0.0500 0.6950  - 

22 10 8 1 0.0165 0.0662 0.2353 - 

23 11 9 1 0.0114 0.0370 0.0000 - 

24 9 8 1 0.0578 0.2180 0.1887 - 

25 14 8 1 0.0033 0.0333 0.0000 - 

26 19 14 1 0.0000 0.0375 0.0000 1.0750 

27 9 12 1 0.0196 0.0854 0.0810 - 

28 15 8 2 0.0060 0.0260 0.0000  - 

29 8 8 1 0.0000 -1.0000 0.0000 - 

30 15 12 3 0.0090 0.1020 0.0550  - 

31 12 20 1 0.0000 0.0438 0.0000 1.0250 

32 9 18 1 0.0000 0.0640 0.0000 1.0250 

33 12 21 1 0.0000 0.0328 0.0000 1.0250 
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Table C-8. Generator parameters of system II 

Machine 
Parameter 

G1 G2 G3 G4 G5 G6 G7 G8 

Capacity 
(MVA) 

100.0 235.0 637.50 286.00 388.40 706.0 882.0 1880.0

H (pu) 2.620 3.336 3.075 3.846 4.196 2.124 4.507 3.745 

D (pu) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

ar (pu) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

lx (pu) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

dx (pu) 1.6330 1.8100 1.9508 0.9046 0.7500 2.2663 1.2172 3.2148

qx (pu) 1.6330 1.8100 1.9508 0.6401 0.6110 2.2663 0.5998 3.2148

dx (pu) 0.1970 0.2841 0.3060 0.3581 0.3061 0.2697 0.3493 3.2148

qx (pu) 1.6330 1.8100 1.9508 0.6401 0.6110 2.2663 0.5998 3.2148

dx  (pu) 0.1480 0.1831 0.1983 0.2520 0.1961 0.1680 0.2496 3.2148

qx  (pu) 0.1480 0.1831 0.1983 0.2520 0.1961 0.1680 0.2496 3.2148

doT  (s) 4.000 6.20 6.200 5.5300 5.9500 8.3750 7.2400 10.000

qoT  (s) 9999.0 9999.0 9999.0 9999.0 9999.0 9999.0 9999.0 9999.0

0dT  (s) 0.0600 0.1920 0.0500 0.0500 0.0500 0.2240 0.0500 0.1000

0qT  (s) 0.2400 1.8900 0.5000 0.0500 0.0500 1.6600 0.2000 0.2000

* Generator’s per unit data are on its capacity base 
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Figure C-2. Block diagram of IEEE-Type I exciters in system II 
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Figure C-3. Block diagram of speed-governor in system II 

 

Table C-9. Exciter parameters of system II 

Exciter 
Parameter

EXC1 EXC2 EXC3 EXC4 EXC5 EXC6 EXC7 EXC8

aK (pu) 50 50 50 20 20 50 50 50 

aT (s) 0.05 0.03 0.01 0.02 0.02 0.04 0.03 0.03 

fK (pu) 0.023 0.04 0.05 0.0 0.0 0.04 0.1 0.2 

fT (s) 0.8 0.715 0.715 0.0 0.0 0.715 0.715 0.715

eT (s) 0.5 0.5 0.5 0.05 0.05 0.5 0.5 0.5 

rT (s) 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 

 

Table C-10. Governor/turbine parameters of system II 

Governor/Turbine 
Parameter 

GOV2 GOV3 GOV4 GOV5 GOV6 GOV7 GOV8

R/1 (pu) 20.00  20.00 25.00 25.00 20.00 25.00  20.00 

maxT (pu) 3.53  9.56 4.29 5.83 10.60 13.20  28.20 

sT (s) 0.50  0.50 2.67 2.67 0.40 2.67  0.30 

cT (s) 0.20  0.20 11.70 11.70 0.20 11.70  0.05 

3T (s) 0.00  0.00 5.00 5.00 0.00 5.00  0.00 

4T (s) 1.00  1.00 -1.00 -1.00 1.00 -1.00  1.00 

5T (s) 1.00  1.00 0.50 0.50 1.00 0.50  1.00 
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Table C-11. Typical daily operation curves [147, 161] 

            hour of the day           
  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
 1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
 2 0.92 0.92 0.92 0.92 0.92 0.92 1.03 1.03 1.15 1.10 1.15 0.90 0.92 0.92 1.15 1.15 1.15 0.92 0.92 1.06 1.05 1.05 0.92 0.91 
 3 0.62 0.62 0.61 0.61 0.61 0.91 0.91 0.91 1.08 1.37 1.67 0.60 0.60 0.91 1.21 1.67 1.67 1.67 0.76 1.21 1.21 0.93 0.91 0.75 
 4 0.86 1.47 0.86 0.71 1.47 1.11 0.45 0.72 0.72 1.35 1.10 0.67 1.47 1.10 0.88 0.37 1.23 0.98 1.47 0.74 1.10 1.10 1.47 0.60 
 5 1.47 1.19 1.09 0.52 0.52 0.95 1.30 1.30 0.65 0.65 0.26 0.26 1.35 1.43 1.56 1.56 1.43 1.43 0.26 0.52 0.52 1.30 1.30 1.18 
 6 0.74 0.30 0.30 0.30 0.30 0.74 0.74 0.89 1.34 1.34 1.64 1.04 1.04 1.04 1.50 1.50 1.04 1.34 0.89 0.89 0.89 1.40 1.40 1.40 
 7 0.53 0.11 0.11 0.11 0.11 0.36 0.79 0.79 2.15 2.38 1.85 1.06 0.53 1.59 1.86 1.85 1.08 1.38 1.32 1.06 1.06 0.79 0.79 0.34 
 8 1.03 1.03 0.19 0.19 0.19 0.19 0.60 0.80 0.56 0.56 0.56 1.31 1.31 1.69 1.69 2.00 2.00 1.10 0.50 1.30 1.30 1.30 1.30 1.30 
 9 1.07 0.53 0.18 0.18 0.18 0.53 0.53 1.07 1.07 2.14 1.74 0.53 0.89 1.07 0.89 0.53 0.55 1.60 1.60 1.07 2.14 1.42 1.41 1.08 
 10 0.84 0.52 0.52 0.52 0.52 0.85 1.07 1.07 1.93 2.56 1.72 0.67 0.38 0.58 1.07 1.55 1.55 0.65 0.34 1.28 1.93 1.07 0.65 0.20 
 11 0.52 0.52 0.26 0.26 0.15 0.36 1.29 1.80 0.54 0.52 2.32 0.26 0.26 0.71 1.29 2.32 0.26 0.26 1.29 2.58 2.58 1.80 1.29 0.56 
 12 0.52 0.52 0.52 0.52 0.52 1.04 2.60 1.82 1.06 0.26 0.26 0.26 0.83 0.68 0.60 0.52 0.52 0.52 1.04 2.87 2.87 1.30 1.30 1.05 
 13 0.41 0.34 0.57 0.50 0.34 0.54 0.81 1.01 0.68 1.51 1.85 1.49 1.49 1.14 1.34 1.24 0.81 1.01 1.17 1.17 1.68 1.51 0.85 0.54 
 14 0.24 0.24 0.24 0.24 0.24 0.24 0.24 2.08 2.08 0.73 2.08 0.73 2.08 0.73 2.78 0.73 2.18 0.80 1.20 1.21 0.97 0.73 0.73 0.48 
 15 0.67 0.67 0.67 0.67 0.67 0.67 0.67 1.33 1.33 1.33 1.33 1.33 1.33 0.67 0.67 1.33 1.33 1.33 1.33 1.33 1.33 0.67 0.67 0.67 

No. 16 1.99 1.99 1.77 1.77 1.77 1.77 1.77 0.44 0.44 1.11 1.11 1.11 0.18 0.18 0.66 0.66 0.66 0.22 0.22 0.66 0.66 0.66 1.10 1.10 
 17 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.70 1.96 1.60 1.60 1.24 1.40 1.60 1.96 1.96 1.60 1.60 0.71 0.71 0.89 0.89 0.90 0.16 
 18 0.37 0.37 0.37 0.37 0.37 0.37 0.37 0.37 0.37 2.22 2.95 1.11 0.37 0.72 1.48 2.57 2.22 1.11 0.74 0.74 1.48 1.48 0.74 0.74 
 19 0.19 0.19 0.19 0.19 0.29 1.94 1.94 1.94 0.04 0.04 0.04 0.04 1.97 1.97 1.97 1.97 1.97 1.97 1.99 0.79 0.79 0.79 0.39 0.39 
 20 0.32 0.32 0.32 0.32 0.32 0.94 2.83 1.57 0.64 1.26 2.51 1.89 0.18 0.18 0.18 1.38 1.26 0.18 0.18 0.94 2.83 2.20 0.94 0.32 
 21 0.21 0.21 0.21 0.21 0.21 0.82 1.23 0.41 0.82 2.26 2.26 0.41 0.41 1.23 2.26 2.26 2.26 1.23 0.41 1.02 1.64 1.42 0.41 0.21 
 22 0.65 0.43 0.43 0.43 0.43 1.08 1.08 2.16 2.16 2.16 2.16 2.16 2.16 0.23 0.23 1.08 0.22 1.08 1.08 0.65 0.65 0.43 0.43 0.43 
 23 0.23 0.23 0.23 0.23 0.23 0.91 0.91 1.36 1.36 2.70 2.70 0.40 0.05 0.45 1.58 2.49 1.81 0.68 0.68 1.36 1.36 0.91 0.91 0.23 
 24 0.28 0.28 0.28 0.28 0.28 0.28 0.60 2.00 1.70 1.72 1.71 1.88 1.87 1.71 1.71 1.71 1.71 0.60 0.60 0.60 0.60 0.60 0.60 0.40 
 25 0.37 0.37 0.37 0.37 0.37 0.37 0.37 0.37 0.37 1.48 1.48 2.95 2.95 0.37 0.37 0.37 0.48 1.95 2.95 0.37 0.84 1.89 1.85 0.37 
 26 0.84 0.34 0.34 0.34 0.34 0.84 0.84 1.01 1.51 1.51 1.47 1.18 1.18 1.18 1.40 1.40 1.18 1.51 1.01 1.01 1.01 0.90 0.90 0.79 
 27 0.67 0.62 0.62 0.67 0.70 0.77 1.03 1.13 1.24 1.24 1.19 1.03 1.13 1.13 1.08 1.13 1.13 1.03 0.98 1.03 1.24 1.29 1.08 0.82 
 28 0.70 0.62 0.62 0.62 0.70 0.77 0.93 1.08 1.24 1.32 1.24 1.01 0.93 0.93 1.08 1.24 1.24 1.16 0.85 1.08 1.32 1.32 1.16 0.85 
 29 0.79 0.79 0.68 0.56 0.68 0.68 0.79 1.01 1.35 1.46 1.24 0.79 0.68 0.68 1.24 1.35 1.35 1.24 0.79 0.90 1.46 1.35 1.13 1.01 
 30 1.01 1.01 1.01 1.01 0.91 0.91 1.01 0.91 1.01 1.01 1.01 0.81 0.91 1.01 1.01 0.91 1.01 1.01 0.91 1.01 1.03 1.03 1.01 0.91 
 31 1.01 1.01 1.02 1.02 1.02 1.02 1.01 1.00 1.00 0.99 0.98 0.98 0.99 1.00 1.00 0.99 0.99 0.98 0.99 1.00 1.00 1.00 1.00 0.99 
 32 1.03 1.02 1.03 1.02 1.01 1.02 1.02 1.01 0.99 0.97 0.95 1.00 1.01 1.02 0.99 0.97 0.97 0.98 0.99 0.99 0.99 1.00 1.01 1.02 
 33 1.04 1.02 1.03 1.04 1.01 1.00 1.03 1.02 1.02 0.97 0.98 1.00 0.98 0.99 1.00 1.02 0.98 1.00 0.97 1.01 1.00 0.99 0.98 1.03 
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