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Abstract 

The objective of this work is to design supplementary damping controllers for flexi- 

ble ac transmission system (FACTS) devices to damp inter-area oscillations in power 

systems. The designed controller is required to ensure settling of inter-area oscil- 
lations within 12-15 s following possible disturbances and consequent changes in 

operating conditions in the system such as a line outage. 
The conventional damping control design approach considers a single operating 

condition of the system. The controllers obtained through these approaches are 

simple but tend to lack robustness. To address this issue, a multiple model adap- 

tive control algorithm is applied here for damping control design through FACTS 

devices. The difficulties associated with implementation of adaptive controllers'are 

overcome by a fixed structure controller designed by placing the closed-loop eigen- 

values of the system at desired locations in the left-half of the complex plane. The 

robustness issue is addressed by considering a family of operating conditions and 

optimizing over the worst case scenario. 'H,,,, norm based optimization approaches 

can ensure robustness up to a certain degree without any prior knowledge of the 

possible operating conditions. The 'H,,, problem is generally solved analytically. 

However, to address the additional specifications such as minimum settling time, a 

numerical approach to solution through linear matrix inequality (LMI) formulation 

is applied here. The H,,,, mixed-sensitivity problem and the normalized H,,,, loop- 

shaping problem have been translated into a generalized regulator framework and 

solved through LMI approach with additional pole-placement constraints. 

The control design methodologies are illustrated through case studies on a pro- 

totype power system with a variety of FACTS devices. The performance and ro- 

bustness of the design is validated using frequency domain analysis and time domain 

simulations. 
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Chapter I 

Introduction 

Low frequency electromechanical oscillations are inherent in large inter-connected 

power systems. These oscillations, commonly referred to as inter-area oscillations, 

are associated with groups of synchronous generators in one geographical region 

swinging with respect to other groups in a different region. They are characterized 
by lightly damped modes in the frequency range of 0.1-1.0 Hz. Adequate damping 

of these oscillations is a pre-requisite for secure operation of a system. In recent 

times, many incidents of system outage resulting from these oscillations have been 

reported [1] 
- 

Inter-area oscillations are associated with large power transfer over weak trans- 

mission links. In the present business environment of the electricity supply industry, 

long distance power trading is increasingly putting more stress on the existing trans- 

mission system. As a result, low frequency oscillations involving the weakly damped 

inter-area modes have become more pronounced, risking the system security. This 

has led to a renewed interest in robust damping control design in order to reduce 

the risks of system outage following inter-area oscillations [2]. 

Over the last three decades, several measures have been adopted to add supple- 

mentary damping control to improve the system security margin by reducing the 

possibility or extent of undesirable oscillations. A number of options have been pro- 

posed for mitigating the inter-area oscillations. These include methods to modulate 

15 



Chapter I Introduction 

active and reactive power through generator voltage regulator, generator mechan- 
ical power, power order in HVDC transmission, transmission system parameters 
(voltage, series impedance, phase angle etc. ) and loads. Since a major contributing 
factor for negative damping is the high gain fast acting excitation system, it seems 
intuitively obvious that an effective way to increase system damping is to modify its 

action. This has led to the traditional approach to damping of inter-area oscillations 
through use of power system stabilizers (PSS) that provides supplementary control 

action through the excitation system of the generators. However, in the present day 

competitive market environment, ensuring proper coordination between the PSS is 

becoming increasingly difficult due to lack of system wide information available to 

individual generating companies. 

In recent times, the use of controllable components in electric power transmis- 

sion system is growing. These components consist of high power electronic switches 
to control the current and voltage across large inductors and capacitors in differ- 

ent topologies. These are collectively referred to as flexible ac transmission system 
(FACTS) devices [3,4]. Some of the most commonly used FACTS devices are 

thyristor controlled series capacitors (TCSC), static var compensators (SVC) and 

thyristor controlled phase angle regulators (TCPAR). Use of these controllable com- 

ponents has increased the capacity of the existing transmission lines. This avoids 

or, at least, delays the requirement of installing new lines which is often restricted 
due to economic and environmental reasons. Apart from enhancing the transfer 

capacity of the transmission system, supplementary control action is added to these 

FACTS devices to damp out inter-area oscillations. 

One of the major concerns in a practical system is that the number of dominant 

inter-area modes is often larger than the number of control devices available. [5]. 

In recent years, much of the research attention is, therefore, focussed on designing 

control structures to damp multiple swing modes. The primary idea behind the 

control design is to employ a combination of remote feedback stabilizing signals 

with diverse modal contents. The remote stabilizing signals are often referred to as 

16 



Chapter I Introduction 

'global signals' to illustrate that they contain information about the overall network 
dynamics as opposed to local control signals which lack adequate observability of 

some of the significant inter-area modes [6]. For local modes, the largest residue 
is associated with a local signal e. g. generator rotor speed signal for PSS. But for 

inter-area modes, the local signals may not be the ones with maximum observabil- 
ity. The signal with maximum observability for a particular mode can be from a 

remote location or combined information from several locations. The recent ad- 

vances in wide area measurement technologies (WAM) using phasor measurement 

units (PMU) can deliver synchronous phasors and control signals at a high speed 
(e. g. at a 30 Hz sampling rate) [6,7]. It is possible to deploy PMU at strategic 
locations on the grid and obtain a coherent picture of the entire network in almost 

real time [7]. From an economic viewpoint, implementation of a centralized control 

scheme using global signals may be more cost effective than installing new control 
devices [5]. In this thesis, a number of case studies on robust damping control design 

employing remote signals are presented. 

The conventional damping control design approach considers a single operating 

condition of the system [8]. A lead-lag controller is designed using the gain margin 

and phase margin based technique to ensure desired closed-loop performance under 

a particular operating condition. The controllers obtained through the conventional 

approaches are simple but tend to lack robustness since, at times, they might fail to 

produce adequate damping at other operating conditions, even after careful tuning. 

To address this issue, researchers, over the years, have proposed several adaptive 

control structures for power system stabilizers some of which are briefly mentioned 

in Chapter 4. The main concern in power system operation is that following a dis- 

turbance (e. g. a fault in one of the buses followed by outage of a transmission line), 

the system switches to another operating condition which is not known specifically 

in advance. From past experiences and contingency studies, one can have an ap- 

proximate idea about the set of possible operating scenarios that are most likely 

to be encountered following such a disturbance. However, the number of such pos- 

sibilities might be very high with a large degree of uncertainty. Therefore, online 

17 



Chapter I Introduction 

identification is required to detect the trend in the post-disturbance dynamic behav- 

ior and switch an appropriately weighted combination of pre-tuned controllers. One 

such adaptive algorithm is the multiple-model adaptive control (MMAC) scheme, 

which was originally introduced by Lainiotis [9]. In this research, MMAC scheme 
has been applied for power system damping control design through FACTS devices. 

The basic motivation behind applying this scheme in power system is that without 

any requirement to identify the post-disturbance dynamics prior to initiating the 

control action, it can achieve the desired performance. 

An adaptive control scheme, involving a large number of possible models (for 

different operating conditions) and corresponding controllers would be difficult to 

implement in practice. Therefore, a fixed structure controller is a better option 

provided it can achieve the desired performance robustness for a set of possible 

operating conditions. In Chapter 5, the focus is on designing a single controller 

which is able to guarantee the performance specification for a range of operating 

conditions. The basic idea is to place the closed-loop eigen-values of the system at 

certain desired locations in the left-half of the complex plane to achieve the desired 

damping. The robustness issue is addressed by considering a family of operating 

conditions and optimizing over the worst case scenario. To start with, the design 

procedure is presented for a single-input, single-output (SISO) system for easy un- 

derstanding. Later on it is generalized in the multi-variable framework. 

In a practical power systems, it is extremely difficult to identify all possible post- 

fault operating conditions following a disturbance. Hence, considering a family of 

operating conditions and optimizing the performance for the worst case scenario 

might not always be feasible. In such situations, a norm based optimization ap- 

proach can be employed primarily because of the fact that it can ensure robustness 

up to a certain degree without any prior knowledge about the set of possible operat- 

ing conditions. Application of 'H,,, norm based control design techniques for power 

systems has been reported in the literature to guarantee stable and robust operation 

of the system. The H. problem is solved analytically based on the Riccati equation 
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approach. However, additional specifications like a minimum damping ratio require- 
ment cannot be obtained in a straightforward manner through analytical solution 
of the Riccati equation. It is possible to address these issues by proper selection of 

weights but there is no systematic guidelines for that either. On the other hand, the 

numerical approach to the solution through an LMI formulation has advantages as 

additional pole-placement constraints can be imposed to ensure minimum damping. 

Application of the H,,,, approach using LMI has been reported in [10,11] for de- 

sign of power system stabilizers (PSS). A mixed-sensitivity approach with an LMI 

based solution has been used for single-input-single-output (SISO) damping con- 
troller design through super-conducting magnetic energy storage (SMES) dev 

' 
ices 

[12,13,14]. Here, this approach has been extended in the multi-variable framework 

for damping control design through different FACTS devices employing remote sig- 

nals [15,16]. A mixed-sensitivity design formulation with an LMI based solution 

is given in Chapter 6. Here, the designer specifies the performance requirements in 

terms of the weighted closed-loop transfer functions and a stabilizing controller is 

obtained which satisfies these criteria. One of the difficulties is that the selection of 

appropriate mixed-sensitivity weights is not straightforward. Moreover, it is possi- 

ble for the closed-loop specifications to be made without considering the properties 

of the nominal system, which can often be undesirable. 

A loop-shaping design methodology, however, does not suffer from the above 

drawbacks. It combines the characteristics of both classical open-loop shaping and 

R,, optimization. Zhu et. al. [17] and Farsangi et. al. [18] have applied this tech- 

nique for power system damping control design. However, the problem was solved 

analytically using a standard normalized coprime factorization approach, wherein 

time domain specifications in terms of minimum damping ratios (pole-placement) 

could not be considered explicitly in the design stage. In Chapter 7, the problem of 

robust stabilization of a normalized coprime factor system description is converted 

into a generalized R,, regulator problem. The standard technique for solving an'H,,,, 

sub-optimal problems using linear matrix inequalities (LMI), proposed in [19,20,21] 
7 
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Chapter I Introduction 

is used to obtain the solution with additional pole-placement constraints. In addi- 
tion to robust stabilization of the shaped system model, a minimum damping ratio 
has thus been guaranteed for the critical inter-area modes of the closed-loop system. 

For each of the above mentioned design methodologies several case studies were 

made employing different types of FACTS devices. In this thesis, only a few illus- 

trative test cases are included to describe the design procedure and validate the 

performance of the designed controllers. Following this introductory note, Chapter 

2 provides an overview on different categories of electromechanical oscillations en- 

countered in power system with brief description of some of the incidents from-the 

past. Chapter 3 describes the modelling of several components present in the test 

system considered for this study. Chapter 4 gives an overview of the MMAC strat- 

egy and its application for damping control design along with the simulation results. 
The concept of simultaneous stabilization with performance validation is presented 

in Chapter 5. A detailed methodology for 'H,,, control design in the LMI framework 

is described in Chapter 6. Application of the normalized H, "' loop-shaping approach 

for FACTS damping controller design is outlined in Chapter 7 with a case study. 

Chapter 8 summarizes the findings in this work with a brief overview of the future 

research directions. 

Contributions of the thesis 

* Application of multiple-model adaptive control strategy for robust damping of 

inter-area oscillation under uncertain post-disturbance operating conditions 

e Extension of the simultaneous stabilization approach in multi-variable frame- 

work and its application for robust damping control design 

* Extension of the H... mixed- sensitivity approach in multi-variable framework 

and solving the robust control design problem using LMI with pole-placement 
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e Týanslation of the normalized loop-shaping problem into generalized regula- 

tor framework and solving it numerically through LMI with additional pole- 

placement constraints 
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Chapter 2 

Power system oscillations 

Oscillations in power systems have attracted a considerable amount of interest 

among the researchers over the last few decades. For easier understanding of this 

complex phenomenon various classification of power system oscillations have been 

proposed according to the interaction types, operating conditions, duration i. e. time- 

frame of the event etc. This chapter provides a brief overview of the different cat- 

egories of power system oscillations based on interactions characteristics amongst 

various components in the system. Some of the major grid collapses attributed to 

these oscillations are briefly mentioned. 

2.1 Nature of electromechanical oscillations 

Electromechanical oscillations appeared as soon as synchronous generators were op- 

erated in parallel. The mechanical inertia and power angle characteristics led to 

oscillations in the frequency range of 1.0-3.0 Hz and were known as 'hunhng' at that 

time. As power systems became interconnected, areas of generation were found to be 

prone to oscillations at 0.2-1.0 Hz [1]. The use of high gain voltage regulation in or- 

der to improve first swing transient stability aggravated the situation. As the level 

of power transmission rose, largely through existing interconnections which were 

becoming weak and inadequate, load characteristics added to the problem causing 

spontaneous oscillations at particular times of the day as shown in Fig. 2.1 [1]. In this 

case, the system was first-swing stable but became unstable with growing oscillation. 
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Figure 2.1: Spontaneous Oscillations on the Pacific AC Intertie, August 
2,1974; Source: CIGRE Technical Report 111 on Analysis and Control of Power 
System Oscillations, 1996 

Electromechanical oscillations encountered in an inter-connected power system 

can be broadly classified into the following categories: 

9 Intra-plant oscillations 

9 Local plant oscillations 

* Inter-area oscillations 

9 Control mode oscillations 

9 Torsional oscillations 

2.1.1 Intra-plant oscillations 

Intra-plant oscillations are observed between machines in the same power generation 

site. The oscillating frequency varies in the range of 2.0 to 3.0 Hz depending on 

the unit ratings and the reactance connecting them. This is termed as intra-plant 

because the oscillations manifest within the generation plant complex itself. The 

rest of the system does not get affected. 

2.1.2 Local plant oscillations 

These are associated with swinging of one particular generator with the rest of the 

system. The oscillation frequency varies in the range of 1.0 to 2.0 Hz. The variation 
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Chapter 2 Power system oscillations 

in the speed of a synchronous generator is shown in Fig. 2.2 as a typical example of 
this type of oscillation. The oscillation frequency in this particular case is approxi- 
mately. 1.0 Hz. 

'a 

587 10 
time, s 

Figure 2.2: A typical example of local oscillation with approximately 1.0 Hz fre- 
quency 

As the name suggests, the impact of this type of oscillation is localized. For 

analysis purpose, the rest of the system is modelled as a constant voltage source 

whose frequency is assumed to remain constant. This approach of modelling in 

power system stability literature is known as single-machine-infinite-bus (SMIB) 

model. 

2.1.3 Inter-area oscillations 

Inter-area oscillations are associated with a large part of the network. It involves 

swinging of a group of machines in one part of the system against another group in 

the other part. The impact is across a large portion of the inter-connected system 

with oscillation frequencies less than 1.0 Hz [2]. The variation in tie-line power 

transfer between two areas is shown in Fig. 2.3 as a typical example of inter-area 

oscillation. The oscillation frequency in this case is approximately 0.3 Hz. 
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A typical example of inter-area oscillation with approximately 0.3 Hz 

Inter-area oscillation is a complex phenomenon as it involves many parts of the 

system exhibiting highly non-linear dynamic behavior. The damping characteristic 

of the inter-area mode is dictated by the tie-line strength, nature of the loads and 

power flow through the inter-connection. The interaction of loads with the dynamics 

of generators and their associated controls plays an important role in this. Secure 

operation of the system in the presence of lightly damped inter-area modes is ex- 

tremely difficult. This thesis focuses primarily on the inter-area oscillations as these 

are most severe in terms of the impact on the secure operation of the power system 

[2]. 

2.1.4 Control mode oscillations 

Control mode oscillations are associated with generators and their associated con- 

trols such as a poorly tuned exciter, governor, HVDC converter control and SVC 

control. It has been observed that the load and excitation systems interact through 

these control modes [221. 'Ransformer tap-changing control also interacts in a com- 

plex manner with non-linear loads thus giving rise to undesired voltage oscillations 

[23]. 
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2.1.5 Torsional mode oscillations 

Power system oscillations 

Torsional mode oscillations are associated with the turbine-generator shaft system 
in the frequency range of 10.0-46.0 Hz. A typical case of such oscillation is shown 
in Fig. 2.4. 
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Figure 2.4: A typical example of torsional mode oscillation 

Usually these modes are excited when a multi-stage turbine generator is con- 

nected to the grid system through a series compensated line [24]. It is because of 

the interaction between a mechanical torsional mode of the shaft system and the se- 

ries capacitor at the natural frequency of the electrical network. The shaft resonance 

appears if the natural frequency of the network equals the synchronous frequency 

minus torsional natural frequency during changes in degree of series compensation 

of a line. 
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2.2 Historical evidences of oscillation related in- 
cidents 

Inter-area oscillations have caused a number of system upsets over the last fifty years. 
Quite a few of these incidents led to system separation through tie-line tripping. Few 

of them led to wide scale system blackouts. The details of these events can be found 

in [25,11. Some of them are briefly listed here. 

In early 1960's, oscillations were observed when the Detroit Edison (DE), 

Ontario Hydro (OH) and Hydro Quebec (HQ) systems were inter-connected. 

This was due to high gain voltage regulators. Without PSS at that time the 

problem persisted and the idea of the inter-connection was abandoned. 

In 1966, a similar problem was encountered during attempted interconnection 

between the Saskatchewan, Manitoba and Western Ontario systems. 

In 1969, oscillations were observed under several operating conditions in the 

Finland-Sweden (and Norway)-Denmark interconnected system. 

In 1971 and 1972, over seventy incidents of unstable inter-area oscillations 

occurred in the Mid-Continent Area Power Pool (MAAP) system in North 

America. The oscillations were triggered by minor disturbances and had fre- 

quencies of 0.12-0.25 Hz. About ten of these incidents contributed towards 

total isolation of the North Dakota system. 

During 1971-74, attempts were made to connect the Yugoslav power system 

with the Italian and Austrian networks. As a result, undamped inter-area 

oscillations in the frequency range of 0.17 to 0.22 Hz caused tripping of several 

tie-lines. 

In 1975, unstable oscillations of 0.6 Hz were encountered on the interconnected 

power system of New South Wales and Victoria. 

An incidence of spontaneous low frequency oscillations was first experienced on 

the Scotland/ England interconnection in 1978. The phenomena was initially 
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attributed to large power transfers (more than 1400 MW), high gain Scotish 

exciters and load characteristics. 

In 1982 and 1983, the State Energy Commission of Western Australia (SECWA) 

experienced lightly damped system oscillations in the frequency range of 0.2- 
0.3 Hz. 

e In 1984, unstable inter-area oscillations of 0.1-1.1 Hz occurred on the Tai- 

wanese power system. 

* In September 1985, inter-area oscillations were observed on the interconnected 

system of Ghana and Ivory Coast. A full stability analysis revealed the pres- 

ence of a poorly damped inter-area mode of 0.6-0.7 Hz. 

o On August 10,1996, the Pacific AC Inter-tie (PACI) experienced unstable 
inter-area oscillations of 0.23 Hz following the outage of four 400 kV lines [1]. 

e The Brazilian interconnected system had a similar black-out on March 11 7 
1999, which left the whole city of Rio under darkness. 

The incidents mentioned here span a period of many years and is by no means 

a complete list. Many such events in the developing world do not appear in power 

engineering literature. Over the years people have investigated the reason behind 

these phenomena and have come up with some important observations and conclu- 

sions. A brief description of the situation leading to the blackout of August 10,1996 

in the Western Electricity Co-ordination Council (WECC) (also known as WSCC) 

is presented here to emphasize the importance of understanding and controlling 

oscillations for secure operation of the grid. 

2.3 Oscillations in the WECC system 

Power transfer capability in the WECC system has been limited by stability consid- 

erations for years due to the long distances between load centers and generation sites. 

On several occasions this resulted in system separation. Insufficient damping and 

synchronizing torque was primarily responsible for this. The history of inter-area 
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oscillations in this system has influenced the system planning, design and opera- 
tion strategy. Insufficient damping turned out to be the major constraint when in 
1964, the northwest and southwest parts of the United States were inter-connected 

through the Colorado river storage project. Within a year of inter-connected oper- 

ation, there were at least a hundred tie-line separations due to the oscillations of 

power, frequency and voltage. In 1965, the problem was solved by modifications 

made to one of the hydro-unit governors [26]. 

It was about this time, work was initiated to develop time domain stability 

programs for more detailed analysis and understanding of inter-connected systems. 
This was extremely useful as it coincided with the planning of many 345 kV and 
500 kV transmission projects, including the northwest-southwest inter-tie which 

consisted of two 500 kV ac lines and ± 400 kV dc circuit. The initial plan was 

to transport 2000 MW through the ac circuits and 1440 MW through the dc line. 

Stability performance assessment showed insufficient damping torque for ac power 
flows exceeding 1300 MW. It was found from the study that undamped oscillations 

of power, frequency and voltage at about 0.33 Hz [27] were the major bottleneck 

for larger power transfer. It was later realized that many of the generator high gain 

automatic voltage regulators (AVR) produced negative damping at around 0.33 Hz. 

This led to the development and application of PSS in the region. It was found from 

the time domain simulations that sufficient damping would exist for the most severe 

disturbance with 1800 MW through the ac lines if all generators in the system were 

equipped with PSS. After all the units were retrofitted with PSS, the poorly damped 

oscillations disappeared and the stability limit was based upon the synchronizing 

torque only. 

The Bonneville Power Authority (BPA) implemented a 1400 MW braking resis- 

tor at Chief Joseph Dam in 1974 to improve the first swing stability of the system. 

This meant the system could operate with power flow as high as 2500 MW through 

the AC interconnection with adequate stability margin. With increased loading, 

however, slowly growing oscillations were observed. This indicated that insufficient 
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damping torque was again a problem at higher loading levels. This problem was 
overcome by the development of a scheme [28] to modulate the northern terminal 

of the northwest-southwest dc line in such a manner as to provide positive damping 
to the ac system at the inter-tie frequency. 

It is interesting to note from the case history that the transmission capacity was 
increased from 1300 MW to 2500 MW without adding any transmission circuits. 
The only additional components required were PSS, braking resistors and HVDC 

modulation. Many other interfaces in western USA are limited by insufficient damp- 

ing torque and are highly dependent on PSS and other devices to provide positive 
damping. Currently, there is a 0.7 Hz lightly damped inter-area mode identified 

from system models and various analytical techniques. In one interface, nearly 750 

MVAr of static VAr compensators have been installed to improve the system damp- 

ing so that the planned transmission capacity was available [29]. 

On August 10,1996, the Pacific AC inter-tie (PACI) emerged from the dormant 

state that had lasted since 1974. The entire inter-connected system split into four 

islands with a loss of approximately 30 GW of loads. More than seven millions 

customers were affected by this catastrophic event [30]. The mechanism of failure 

was a transient oscillation, under conditions of high power transfer on long distance 

lines that had been progressively weakened through a series of fairly routine resource 

losses. The series of events were simulated based on the dynamic models assembled 

from the databases of several utilities. The simulation results showed a well damped 

response for the set of contingencies. The simulated response did not show any de- 

cay in the voltage level. The power flow through pacific HVDC tie was observed 

constant because of constant power control in the simulation model. The simulated 

frequency dip was only 60% of the recorded value. 

On the contrary, undamped oscillations in inter-tie power flow were recorded in 

practice. Voltages at several locations were depressed. The power flow through the 
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HVDC tie was observed to vary. This showed a serious discrepancy between the sim- 
ulation model and the actual system dynamic characteristics highlighting the need 
for model validation. The oversimplified model of the HVDC tie and its control 
were replaced with four-terminal links and control at converter levels. The AGC ac- 
tion was included during the transient which is normally not considered in dynamic 

simulation. Due to the presence of large turbo-generators, the power output could 
not pick up immediately following a frequency decay. This was simulated by not 
representing the governor action of large units. Even after all these modifications, 
the simulated system response differed appreciably from the recorded observation 

until the dynamic load model was included. 

The long history of inter-area oscillations in the WECC system and other in- 

terconnected systems, reported in [1], clearly identifies inadequate damping as the 

primary factor leading to system separation. The amount of damping and the fre- 

quency of oscillation varies with change in system operating conditions. The oper- 

ating range of a power system is usually very wide, requiring an oscillation damping 

control strategy that would be effective over this whole range. Therefore, it is neces- 

sary to have comprehensive modelling and analysis of all the components interacting 

amongst each other through oscillations prior to designing robust control strategies. 
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In power systems, the primary sources of electrical energy are the synchronous 

generators. The problem of power system stability is primarily to keep the intercon- 

nected synchronous machines in synchronism [8]. Their stability is alsodependent 

on several other components such as the speed governors, excitation systems of the 

generators, the loads, the FACTS devices etc. Therefore, accurate understanding 

of the characteristics and modelling of these components are of fundamental impor- 

tance for stability studies and control design. The general approach to modelling 

of several power system components is quite standard. A quick overview of these 

models is given in this chapter with respect to a particular test system. 

A 16-machine, 5-area test system is considered in this work to illustrate dif- 

ferent control design techniques. In this chapter an overview of the test system 

including the models used to represent its various components (e. g. generators) is 

presented. The numerical data for the model parameters is provided in Appendix A. 

The dynamic behavior of an inter-connected power system is described by a set of 

non-linear differential-algebraic equations (DAE). Linearization of these DAE about 

an operating point to obtain the linearized system matrix is described in Section 

3.4. The critical eigen values of the system are also shown. Appropriate selection 

of the feedback signals corresponding to the critical inter-area modes of the system 

is discussed in Section -3.5. Simplification of the linearized system model, which is 

a pre-requisite to control design, is described in Section 3.6. 
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Figure 3.1: 16-machine, 5-area study system with an installed FACTS device 

3.1 Overview of the test system 

A 16-machine, 68 bus test system, shown in Fig. 3.1, is considered here for the case 

studies. This is a reduced order equivalent of the inter-connected New England test 

system (NETS) and New York power system (NYPS) which is taken from [31]. The 

buses are renumbered as in [25] keeping the topology and the data (static and dy- 

namic) the same as in [31]. There are five geographical regions out of which NETS 

and NYPS are represented by a group of generators whereas, import from each of 

the three other neighboring areas, Area #3, Area #4 and Area #5 are approximated 

by equivalent generator models. 

Generators G1 to G9 are the equivalent representation of the NETS generation 

whilst, CIO to C13 represent the generation of the NYPS. Generators G14 to G16 

are the dynamic equivalents of the three neighboring areas connected to the NYPS. 

There are three major transmission corridors between NETS and NYPS connecting 

buses #60-#61, #53-#54 and #27-#53. All these corridors have double-circuit 

tie-lines for which the line parameters are given in Appendix A. In the steady-state, 

33 

controller to be designed Y measured signals from different 
location of the system 



Chapter 3 Test system model 

the total tie-line power exchange between NETS and NYPS is 700 MW. 

The NYPS is required to import 1500 MW from Area #5. To facilitate this 
large amount of power transfer, either a series connected FACTS device, such as a 
thyristor controlled series capacitor (TCSC) or a thyristor controlled phase angle 

regulator (TCPAR) could be installed in the line connecting buses #18 and #50. 

Alternatively, a shunt connected device such as an SVC could be installed at either 

of these buses. Here the control design exercise has been carried out with different 

types of FACTS devices installed in the NYPS-Area #5 corridor. 

3.2 Models of different components 

Accurate modelling of the generators and their excitation systems is of fundamental 

importance for studying the dynamic behavior of power systems. Besides generators 

and excitation systems, other components such as the dynamic loads (e. g. induction 

motor type), controllable devices (e. g. thyristor controlled series capacitor (TCSC), 

power system stabilizer (PSS)), prime-movers etc. need to be modelled as well. The 

dynamic behavior of these devices is generally described through a set of differential 

equations. The power flow in the network is represented by a set of algebraic equa- 

tions. This gives rise to a set of differential-algebraic equations (DAE) describing 

the power system behavior. Different types of model have been reported in the 

literature for each of the power system components depending upon their specific 

application [8,32]. In this section, the relevant equations governing the dynamic 

behavior of only the specific types of models used in this study is described. The 

IEEE recommended practice regarding d-q axis orientation [33] of a synchronous 

generator is used. This results in a negative d axis component of stator current, for 

an overexcited generator delivering power to the system. 

3.2.1 Generators 

All the generators of the test system (G1 to C16) are represented by a sub-transient 

model [32,8] with four equivalent coils on the rotor. Besides the field coil, there 
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is one equivalent damper coil in the direct axis and two in the quadrature axis. 
The mechanical input power to the generator is assumed to be constant during the 

disturbances such as a 3-phase fault, obviating the need for modelling the prime- 

mover. The differential equations governing the sub-transient dynamic behavior of 

the ith generator is given by: 
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(Xqi' Xisi)lqil (3.2.6) + Ed* 

dt 4qo 

for i= 11 21 ... Im, where, 

m total number of generators, 

Ji generator rotor angle, 

wi rotor angular speed, 
Eqj : transient emf due to field flux-linkage, 

Edi' transient emf due to flux-linkage in q-axis damper coil, 

Oldi sub-transient emf due to flux-linkage in d-axis damper, 

V)2qi sub-transient emf due to flux-linkage in q-axis damper, 

Idi : d-axis component of stator current, 

lqi : q-axis component of stator current, 
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Xdi7Xdi'iXdi" 
synchronous, transient and sub-transient reactances, respectively 

along d-axis, 
Xqi 

i 
Xqi') Xqi 

synchronous, transient and sub-transient reactances, respectively 
along q-axis, - 
Td, ', Td,, " d-axis open-circuit transient and sub-transient time constants, respec- 
tively 

Tqo I 7Tq,, 
" q-axis open-circuit transient and sub-transient time constants, respec- 

tively 

The stator transients are generally much faster compared to the swing dynamics. 

Hence, for stability studies, the stator quantities are assumed to be related to the 

terminal bus quantities through algebraic equations rather than state equations. 
The stator algebraic equations are given by: 
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(3.2-8) 

for i= 11 21 ... I m, where, 
Vi generator terminal voltage magnitude, 

Oi generator terminal voltage angle, 

R, j resistance of the armature, 

X1, j armature leakage reactance. 

The notation is standard as in [321. The parameters used for the test system are 

given in Appendix A. 

3.2.2 Excitation systems 

The generators G1 to C8 are equipped with slow excitation systems (IEEE-DCIA) 

whilst C9 is equipped with a fast acting static excitation system (IEEE STlA) and 

a speed-input power system stabilizer (PSS) [8,34] to ensure adequate damping for 

36 



Chapter 3 Test system model 

its local modes. The rest of the generators are under manual excitation control. 

The differential equations governing the behavior of an IEEE-DCIA type exci- 
tation system are given by: 
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where, 
Ef di : field voltage, 
Vt, i : measured voltage state variable after sensor lag block, 

and the rest of the notation carries their standard meaning [32]. 

The governing equations for the IEEE-STIA type excitation system are given 

by: 

d Vt rt. =i [-Vtri + Vtil (3.2.13) 
dt Tri 

Efdi =Kai(vrefi - vtri) (3.2.14) 

The fast acting static excitation system at generator C9 is equipped with a power 

system stabilizer (PSS) to provide supplementary damping control for the local 

modes. The feedback signal for this PSS is the measured speed of the generator G9. 

The dynamic response of the PSS is modelled by: 

Vpssi 7-: Kpssi- STW (I + STli) (I + ST3i) 
(3.2.15) 

(I + STw) (I + ST2i) (1 + ST4i) 

where, 
Vtj : measured terminal voltage, 

and the rest of the notation carries their standard meaning as in [32]. The parame- 

ters used for the test system are given in Appendix A. 
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3.2.3 Network power flow model 
The network power balance equation for the ith generator bus is given by: 
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for i= 11 2, ..., m 

Power balance equations for the i" non-generator bus is given by: 

k=n 

PLi (Vi) + 1: Vi Vk[Gik COS(Oi - 
Ok)+ Biksin(Oi- 001 0 (3.2.18) 

k=l 
k=n 

QLi(Vi)+ 1: ViVk[Giksin(Oi- Ok)- Bik COS(Oi - Ok)l 0 (3.2.19) 
k=l 

for i=m+ 11 

where, n is the total number of buses in the system andyi k= Gik +jBik is the 

element of the ith row and k th 
column of the bus admittance matrix Y. 

The power-flow data (bus and line data) is given in Appendix A. 

3.3 Modelling of FACTS devices 

Flexible AC transmission systems (FACTS) devices are installed in power systems to 

exert continuous control over the voltage profile or power flow pattern [3,4]. These 

devices are able to change the voltage profile and power flows in the system in such 

a way that thermal limits are not exceeded, stability margins are increased, losses 

minimized, contractual requirements fulfilled, etc. without violating the economic 
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generation dispatch schedule [35]. However, the mere presence of these devices does 

not improve the overall damping of the system appreciably. To obtain extra damp- 

ing, supplementary control is required to be added to these FACTS devices. Several 

methods for designing such damping control strategies through the FACTS devices 

occupy a significant part of this thesis. 

In this section, the steady-state and the small-signal dynamic models of several 

series and shunt connected FACTS devices are briefly presented. The power injec- 

tion model is used for the steady-state representation of the FACTS devices as it 

is relatively simple to incorporate into an existing power flow algorithm without 

having to alter the original bus admittance matrix Y [36]. The power injection 

equations are given for different types of devices and the Jacobian terms for these 

equations with respect to the states as well as the algebraic variables are presented 

in Appendix B. The small-signal dynamic models of the series connected devices are 

presented considering a single time-constant block to represent the response time 

of the switching circuitry. For the shunt voltage control devices, a separate volt- 

age control loop is involved with appropriate response time for the voltage sensing 

hardware and time-constants for the voltage regulator block. 

3.3.1 Thyristor controlled series capacitor (TCSC) 

A TCSC is a capacitive reactance compensator which consists of a series capacitor 

bank shunted by a thyristor controlled reactor (TCR) in order to provide a smooth 

variation in series capacitive reactance [3,4]. The circuit configuration of a typical 

TCSC is shown in Fig. 3.2. 

When the TCR firing angle is 180 degrees, the reactor becomes non-conducting 

and the series capacitor has its normal impedance. As the firing angle is advanced 

from 180 degrees to less than 180 degrees, the capacitive impedance increases. On 

the other hand, when the firing angle is 90 degrees, the reactor become fully con- 

ducting and the TCSC helps in limiting the fault current [3]. Continuous control 

over firing angle produces a variable effective capacitance, which partly compensates 
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Figure 3.2: Thyristor controlled series capacitor (TCSQ topology 

for the transmission line inductance and thereby, controls the power flow through 

the line. 

The control action of the TCSC is usually expressed in terms of its percentage 

compensation k,, defined as k, = xc x 100% where, XL is the reactance of the line 
XL 

and XC is the effective capacitive reactance offered by the TCSC. 

Let us consider that the TCSC is connected in the line between bus k and bus 

m. The resistance of the line is neglected for simplicity of calculation. If I is the 

current flowing through the line, the TCSC having capacitive reactance XC can be 

represented by a voltage source V,, as shown in Fig. 3.3 where, V,, is given by- 

vse =: -jxcI 

Test system model 

(3.3.1) 

The power injection model is obtained by replacing the voltage source by an 

equivalent current source 7, in parallel with the line as shown in Fig. 3.4 where 7, 

is given by: 
vse 

Xkm 
(3.3.2) 

The current source 1, corresponds to the injection powersSk and S, which are 

given by: 

Sk Vk(-7s) (3.3-3) 
-3m V, (7.9) * (3.3.4) 
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Figure 3-3: Voltage source model of TCSC 
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Figure 3.4: Power injection model of TCSC 

From (3.3-3) and (3.3.4) the real and reactive power injection equations of the 

TCSC connected between bus k and m can be obtained by algebraic simplification 

and are given by (3.3.6)-(3.3.9) where, percentage compensation (k, ) is given by: 

and XL is the reactance of the line. 

kc =ý 
Xc (3.3-5) 
XL 

Pk = 
k, Vk Vm Bkm sin (Ok 

- Om) (3.3-6) 
(kc - 1) 

kc 2 Qk = 
Bkm [vk 

- 
VkVrn COS (Ok 

- Om)] (3.3.7) 
(kc - 1) 
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k, 
PM = (kc - 1) 

VVkBkm sin (0, 
n - Ok) (3.3.8) 

ke [V2 
-V (3.3.9) m rnVk COS (Om 

- 
Ok)] Qm Zk7 1) 

13km 

The dynamic characteristics of the TCSC is assumed to be modelled by a single 
time constant (Ttcsc = 0.02 s) representing the response time of the TCSC control 

circuit as follows: 

d 
Akc -I (-Akc + Ak, 

-,, f + Akc-ss) (3.3.10) 
dt 7tc8c 

The small-signal dynamic model is given in Fig. 3.5 where, Ak, is the incremental 

change in value of k, about the nominal value of 0.5 (50% compensation). The 

reference setting Ak, 
-,, f 

is augmented by Ak, 
-,, within a limit of 0.3 

and Ak, 
-,, i,, - -0.4 in the presence of supplementary damping control. 

Akc-max 

Akc-ref 

Akc 

Akc'- ss 
Akc-min 

Figure 3.5: Small-signal dynamic model of TCSC 

3.3.2 Static VAr compensator (SVC) 

A static VAr compensator (SVC) is a shunt connected static VAr generator or ab- 

sorber whose output is adjusted to exchange capacitive or inductive current so as to 

maintain or control specific variables of the electrical power system (typically bus 

voltage) [3,4]. A typical topology of a SVC comprises a parallel combination of a 

thyristor controlled reactor and a fixed capacitor as shown in Fig. 3.6. 

The reactive power injection of a SVC connected to bus k is given by: 

V2 
k ki B,,, 
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C 

Test system mOdel 

Figure 3.6: Static VAr compensator (SVC) topology 

where, Bsvc = Bc - BL and BC and BL are the susceptance of the fixed capacitor 

and thyristor controlled reactor) respectively. 

The small-signal dynamic model of a SVC is shown in Fig. 3.7 where, T,,, is 

the response time of the switching circuitry, T, is the time constant representing 

the delay in measurement and Tj and T, 2 are the time constants of the voltage 

regulator block. AB, is given by: 

ABsvc = ABc - ABL 

AV ss-svc 

Avr-svc 

Kv L 
-1 

1- 

-1 

1 

1+ST 1+ST v2 Svc 
J 

-AB max 

AVt Avt-svc 1+STM I 

IýBmax 

ABsvc 

Figure 3.7: Small-signal dynamic model of SVC 

(3.3.12) 
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The dynamic equations are given by: 

dA 
Bsvc I 

ABsvc +1- 
TV i AV, 

-SVC - dt TSVC 
I- 

TO) 

Test system mOdel 

KvTv, 
Avt-SVCI TO 

+ 
KvTvl [2Wss-svc + ýýVref (3-3.13) 
Tv2Tsvc 

d 
-AV, -SVC 

(-AVr-svc - KvAVt-svc + KvVref +Kvvss-svc) (3-3-14) 
dt Tv2 

d1 
-Avt-SVC (Avt - Avt-svc) (3-3-15) 
dt TM 

The reference input AV,, f, in Fig. 3.7, is set to a point to maintain acceptable 

voltage at the SVC bus, while the supplementary input AV,, 
-,,, 

is controlled to 

damp inter-area oscillations. A thyristor controlled reactor (TCR) of 150 MVAr 

capacity is considered in parallel with a fixed capacitor (FC) of 200 MVAr. At 1.0 

pu voltage, this corresponds to a susceptance range of -1.50 pu to 2.0 pu which sets 

the limits of the SVC output. The steady-state settings of the FC and the TCR was 
fixed 150 MVAr and 33 MVAr, respectively to maintain 1.0 pu voltage at the SVC 

bus. 

3.3.3 Thyristor controlled phase angle regulator (TCPAR) 

A thyristor controlled phase angle regulator (TCPAR) is basically a phase-shifting 

transformer adjusted by thyristor switches to provide a rapidly variable phase angle 

[3,4]. In general, phase shifting is obtained by adding a perpendicular voltage vec- 

tor in series with a phase. This vector, which can be made variable using a number 

of power electronic topologies, is derived from the other two phases via a shunt 

connected transformer [3,4) as shown in Fig. 3.8. 

A TCPAR is connected in the line between buses k and m as shown in Fig. 3.9, 

the exciter transformer being fed from the bus k side. The injected voltage can be 

modelled as an ideal voltage source V, = VZO in series with the line impedance 

Zkrn. The power injection model is obtained by replacing the voltage source by an 

equivalent current source 7,, in parallel with the line as shown in Fig. 3.9 where 7,, 
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Figure 3.8: Thyristor controlled phase angle regulator (TCPAR) topology 

and Ishare given by: 

7se = 
Vse (3.3-16) -2km 

7sh= 7k- 7se (3.3-17) 

The series current source 7,, in addition to the shunt current 7sh corresponds to the 
injection powers 9k and 3,, which are given by: 

Sk Vk (-7sh 
- 

-Ise)* (3.3.18) 

3, m Vrn (7se) * (3.3.19) 

From (3-3-18) and (3-3-19) the real and reactive power injection equations of 

the TCPAR connected between bus k and m can be obtained through algebraic 

manipulation and are given by: 

Pk Vk Vm [Gkm f COS Okm - COS (Okm + 0) J+ Bkmf sin0kin- sin(Okm + 

(3.3.20) 

Qk VkVm [Gkmf sinOkm- sin(Okm + 0) 1- Bkm f COS Okm - COS Am + 0) 1] 

(3.3.21) 
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Figure 3.9: Power injection model of TCPAR 

Test system mOdel 

Pm VnVk [Gmk ICOS omk COS (Omk- + Brnk f sin Ornk 
- sin (omk 

- 0) 11 

(3-3.22) 

Qm VmVk [Gmk f Sin Omk sin (Omk Bmk f COS Omk 
- COS (omk 

- 0) 1] 

(3-3.23) 

The small-signal dynamic model of a thyristor controlled phase angle regulator 

is given in Fig. 3.10 where, Ttp,,, 
r represents the response time of the switching 

circuitry. 

ax 

Aos s 
Aymi n 

Figure 3.10: Small-signal dynamic model of TCPAR 

The dynamic equation is given by: 
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1 
AOss) dt' Ttcpar 

(-AO + AOref +L (3.3.24) 

The reference input AO,, f, in Fig. 3.10, is set to a point which ensures that the 
desired power flows in the line, while the supplementary input Ao, ', is controlled to 
damp inter-area oscillations. The steady state value of the phase angle 0 was set to 
10 degrees for the required power transfer between Area #5 and NYPS in the test 

system model. 

3.4 Linearized system model 

The dynamic behavior of a power system in the low frequency range (0.1-2 Hz) is 

usually expressed as a set of non-linear differential and algebraic (DAE) equations. 
The algebraic equations result from the network power balance and generator stator 

current equations. The high frequency network and stator transients are generally 

ignored when the analysis is focused on low frequency electromechanical oscillations. 

The initial operating state of the algebraic variables such as bus voltages and angles 

are obtained through a standard power flow solution. The initial values of the 

dynamic variables are obtained by solving the differential equations through simple 

substitution of the algebraic variables into the set of differential equations. The set 

of DAE is then linearized around an equilibrium point and a set of linear DAE is 

obtained as follows: 

ýb =f (X, Z, u) (3.4.1) 

0=g (X, Z, u) (3.4.2) 

y=h (x, z, u) (3.4.3) 

where, f and g are vectors of differential and algebraic equations and h is a 

vector of output equations. The inputs are normally reference values such as speed 

and voltage at individual units and can be voltage, reactance and power flow as set 

in FACTS devices. The outputs can be generator power output, bus frequency, bus 

voltage, line power flow or current etc. The notations xE R', zE R', uE RP and 

yERq denote the vectors of state variables, algebraic variables, inputs and outputs, 
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respectively. 

Test system model 

Linearizing (3.4.1) to (3.4.3) around the equilibrium point f xO, zo, uO I results in 
the following: 

af 
Ax + Ox 

2f--AZ 
+ Oz 

LfAU 
(3.4.4) au 

o- 
ag 

Ax + Ox 
29-AZ 

+ Oz 
2-9-AU 

(3.4.5) au 

Ay = 
Oh 

Ax + ax 
Oh 

Az + Oz 
ah 

Au (3.4.6) au 
Elimination of the vector of algebraic variables Az from (3.4-4) and (3.4-6) yields 

the following: 

A. ýý = AAx + BAu 

Ay = CAx + DAu 

(3.4.7) 

(3.4.8) 

where, A, B, C, D are the matrix of partial derivatives in (3.4.4) to (3.4.6) evaluated 
at equilibrium jxO, zo, uOj as follows: 

af Of 2g ag Of Of (agý -, ag 
A= 

Ox az 
( ) 

Oz ax 
B= 

au - Oz 0z) au 
(3.4.9) 

Oh Oh ( Og ý -1 a9 Oh Oh 2g -' (99 c= _ Ox ý az 0z) ax 
D= _ au Oz 

) ( 
Oz 

1 

au 

'The linearized system matrix A is obtained based on the particular operating 

condition. For FACTS damping controller design, the input matrix B has the same 

number of rows as that of A with non-zero entries corresponding to the states of the 

respective FACTS device, the rest of the elements being zero. The elements of'the 

output matrix C depend on how the feedback signals are related to the states and/or 

the algebraic variables. Appropriate selection of the feedback signals is discussed in 

the next section. The entries of the D matrix are zero as there is no direct influence 

of the control input on the FACTS device by the measured signals. 

The A, B7 C and D matrices represent the linearized model of the test system 

which is used for analysis and control design throughout the rest of this thesis. In- 

terested readers are recommended to go through [32] for further detail regarding the 
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Table 3.1: Inter-area modes of the test 

Test system model 

with a TCSC installed 
Eigen-value Damping ratio Frequency (Hz) 

0' 
± jw 

ý2 27r 

-0.154 ±j 2.46 0.0626 0.3913 
-0-139 ±3 3.19 0.0435 0.5080 
-0.217 ±3 3.92 0.0554 0.6232 

-0.248 ±3 4.97 0.0499 0.7915 

Table 3.2: Inter-area modes of the test system with a SVC installed 
Eigen-value Damping ratio Frequency (Hz) 

Cr ± 3w (2+LU2 27r 

-0.154 ±j 2.42 0.0635 0.3853 

-0.137 ±j 3.17 0.0432 0.5039 

-0.218 ±3 3.90 0.0558 0.6204 

-0.248 ±j 4.97 0.0499 0.7913 

methodology of obtaining a linearized power system model. 

For the specific case with one TCSC installed in the system, the total number 

of state variables associated with the linearized sYstem model is 132. From. the 

computed eigen-values of the linearized system model, it is found that the system 

has four inter-area modes which are lightly damped as shown in Table 3.1. Out of 

the four inter-area modes, the first three are critical requiring additional damping. 

Mode #4, on its own, settles in less than 10.0 s as its frequency (0.79 Hz) is higher 

than that of the other modes (the higher the oscillation frequency, the faster is the 

settling for a given damping ratio). Since the influence of this mode on inter-area 

oscillation does not last beyond 10.0 s and an overall system settling time of 10-12 s 

is acceptable, it is not required to provide additional damping to this mode. There- 

fore, the objective is to design a controller to produce robust damping for the three 

critical inter-area modes. 

With a SVC installed in the system, the total number of states is 136. The 

inter-area modes of the system in this case is shown in Table 3.2. 
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Table 3.3: Inter-area modes of the test system with a TCPAR isntalled 
Eigen-value Damping ratio Frequency (Hz) 

Or ± 3(. A) 
(2+W2 

-0.155 ±3 2.40 0.0644 0.3813 
-0.138 ±3 3.13 0.0439 0.4988 
-0.219 ±3 3.89 0.0561 0.6187 
-0.248 ±3 4.96 0.0499 0.7896 

The total number of states of the system with the TCPAR installed is 132. The 

inter-area modes of the system with a TCPAR are shown in Table 3.3. 

3.5 Choice of remote signals 

There are two aspects which need to be looked into prior to designing a controller for 

controlling a particular mode of the system. Firstly, that mode of interest should be 

controllable from the location of the controller i. e. it should be possible to influence 

the behavior of that mode from the chosen controller site. Secondly, that mode 

should be observable in the chosen feedback signal i. e. the behavior of that mode 

should get reflected in the feedback signal. In control system literature, these are 

quantitatively referred to as modal controllabihty and modal observability, respec- 

tively [37,38]. The product of these two quantities is known as the residue [37,38]. 

-A 
B 

.1 The transfer function equivalent of a system G(s) =[ CýD is given by: 

G (s) =C (sl - A)-'B +D 

The direct transmission term D can be dropped for simple understanding without 

affecting the final conclusion. Using the orthogonal relationship between the right 

(V) and left (W) eigen vector matrices of A, i. e., VW = 1, (3-5-1) can be rewritten 

as: 

C (sI - A)-' B 

= CVW (sl - A)-'VWB 

= CV[V-'(sl - A) W-']-'WB 

= CV (sl - A)-' WB 
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i=n CviwiB 
Ai 

i=n Ri E=l 
s- Ai 

Test system model 

(3.5.2) 

1ý- is known as the modal residue which is the product of modal observability 
(Cvj) and modal controllability (wjB). The controller location and the feedback 

signal(s) are selected in such a way that the model residues corresponding to each 

of the critical modes are as high as possible [39]. 

In power systems, the location of the controllable devices (FACTS devices) are 

generally decided from steady-state considerations. It might not be cost effective to 

place a FACTS device at a particular location from damping considerations only. 
In practice, these devices are placed in such a way to have optimum impact on'the 

steady-state performance enhancement (improving the voltage profile, facilitating 

power flow etc. ) [3,4]. Once the location of these devices are fixed, the modal 

controllability of a particular mode becomes fixed and cannot be changed by the 

control designers. However, the modal observability and hence the residue can be 

maximized through proper selection of available feedback signals. 

Selection of proper feedback signal involves two decisions on the part of the de- 

signer. Firstly, to decide which type of signal to use out of a number of available 

types such as voltage, active power, reactive power, machine speed etc. It is impor- 

tant to note that for comparing signals of different types, the residues need to be 

properly scaled [401. Once the type of signal is decided upon, the next task is to 

choose the appropriate locations from where that signal needs to be obtained. For 

that a modal observability analysis is carried out with all the available signals and 

the one with maximum modal observability is selected. Further details regarding 

appropriate choice of feedback signals can be found in [39,41,42,43]. The choice 

of appropriate feedback signal should broadly satisfy the following criteria: 

1. The feedback signal must have a high degree of sensitivity at and around the 

swing mode frequency to be damped. This is reflected as a high peak in the 
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frequency response. In other words, the swing mode must be observable in 

the feedback signal. 

2. There should be very little sensitivity to the other swing modes in order to 

minimize the interaction between the modes through the controller. 

I The feedback signal should have little or no sensitivity to its own output in 

the absence of a power swing. This is known as inner loop sensitivity [42] and, 
does not involve the swing mode dynamics. 

It is to be noted that the method of controllability and observability alone might 

not always be adequate to identify the most effective feedback signals. The final 

selection should be made using a more detailed input-output controllability analysis. 
For SISO systems, this should be done by avoiding the right half plane (RHP) zeros 

and ensuring large Hankel singular values (HSV) for the chosen input-output combi- 

nation. For MIMO systems, in addition to the RHP-zeros and the HSV indicators, 

the minimum singular value (MSV) and the relative gain array (RGA) number are 

used as detailed in [43]. 

'u- 
ror the test system with a TCSC installed, the active power flow in the trans- 

mission lines was chosen as the feedback signal. Bus voltage and reactive power flow 

signals were not chosen, as the exciter and flux-decay dynamics are also dominant 

in these signals in addition to the oscillatory modes. The normalized residues for 

different signals corresponding to each of the critical inter-area modes of the test 

system is shown in Table 3.4. Only a few of the most effective signals with maximum 

residues for each mode are shown in the following tables. 

The results reveal that P51,45, P18,16 and P13,17 are the most effective signals for 

mode #1, mode #2 and mode #3, respectively, where P51,45, P18,16 and P13,17. in- 

dicate the power-flow in the lines connecting buses #51-#45, buses #18-#16 and 

buses #13-#17, respectively. It is evident from the table that although mode #1 

is observable in the locally available signals P50,51, P50,18 (shown in boldface), the 

observability of the other two modes are poor. Therefore, it is concluded that local 
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Table 3.4: Normalized residues for active power flow signals from different lines with 
a TCSC installed in the system 

Mode I Mode 2 Mode 3 
Line Residue Line Residue Line Residue 

51 - 45 1.00 18- 16 1.00 13- 17 1.00 
50- 51 0.67 41- 14 0.79 36- 17 0.67 
50- 18 0.63 42- 18 0.75 60- 61 0.34 
35- 34 0.63 41- 42 0.55 53- 30 0.30 
45- 35 0.63 53- 30 0.34 61- 36 0.29 
34- 36 0.57 53- 47 0.31 54- 53 0.29 
53- 47 0.56 51- 45 0.29 50- 51 0.27 
36- 34 0.55 50- 51 0.29 50- 18 0.25 
53- 54 0.50 36- 17 0.28 34- 36 0.24 
41- 40 0.49 50- 18 0.28 68- 37 0.21 

Tab le 3. 5: Normalized resi dues for active power flow signals from different lines with 
a SVC i nstalled in the sys tem 

Mode 1 Mode 2 Mode 3 
Line Residue Line Residue Line Residue 

13 - 17 1.00 18- 16 1.00 13- 17 1.00 
51 - 45 0.74 13- 17 0.81 17- 36 0.64 
50 - 51 0.62 18 -42 0.78 60- 61 0.35 
18 - 69 0.60 41 -42 0.56 53- 30 0.30 
35 - 34 0.60 53- 30 0.33 61- 36 0.30 
45 - 35 0.60 47- 53 0.32 54- 53 0.29 

signals might not always be the most appropriate for all the critical modes. Under 

these circumstances, the signals from remote locations need to be transmitted to the 

controller site. The normalized residues for the power signals from different lines 

with the SVC installed in the system is shown in Table 3.5. It can be seen that in 

this case, only two signals P13,17 and P18,16 are required for observing all the three 

inter-area modes. With the TCPAR installed in the system, P51,45, P14,41 and P13,17 

are the most appropriate feedback signals for the three dominant inter-area modes 

as shown in Table 3.6. Mode#2, P18,42 is almost as good as P14,41. 

Considering the appropriate feedback signals as determined above, the output 

matrix C for the state-space model of the test system is constructed [32]. 
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Table 3-6: Normalized residues for active power flow signals from different lines with 
a TCPAR installed in the system 

Mode 1 Mode 2 Mode 3 
Line Residue Line Residue Line Residue 

51- 45 1.00 14- 41 1.00 13- 17 1.00 
50- 51 0.83 18- 42 0.98 36- 17 0.66 
34- 35 0.82 41 -42 0.69 60- 61 0.35 
35- 45 0.82 53 - 30 0.40 53- 30 0.30 
18- 50 0.79 47- 53 0.40 61- 36 0.30 
34- 36 0.75 41 -40 0.34 54- 53 0.20 
47- 53 0.70 40 -48 0.33 34- 36 0.23 

3.6 Simplification of system model 

The order of the controllers synthesized using H,,,, norm optimization techniques 

are at least as high as the order of the open-loop system (132 for the present test 

system with TCSC). lt might be even higher with the incorporation of the weighting 
functions. Therefore, it is mandatory to simplify the system model, if possible, to 

ease the design procedure and avoid any complexity in the final controller. 

This is known as the model order reduchon problem where the central idea is 

the following: Given a high-order system model G(s), derive a low order approxi- 

mation G, (s) such that the infinity norm of their difference JIG(jw) - G, (jw)ll,,. is 

sufficiently small. The same concept is also applicable for simplifying the controller 

once it is designed. 

A number of model reduction techniques are available in control system litera- 

ture. Modal truncation, residualization, balanced truncation, Schur balanced model 

reduction, optimal Hankel norm approximation are the main ones. The Schur bal- 

anced model reduction [44,37] procedure has been used in this work for simplifying 

the system model as it is numerically robust. The basic objective is to compute a 

k" order simplified model G, (s) from the nh order original system G(s) such that: 

n 

JIG(jw) - Gr(jW)Iloo :521: oi 
i=k+l 
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Figure 3.11: Frequency response of original (132 order) and simplified (7 order) 
system model with a TCSC 

where, ai = -ýI, \j(PQ) and Aj(PQ) is theith eigen-value of PQ and P, Q are the 

solution of the following Lyapunov equations [44,37j: 

pAT +AP+BB T=0 (controllability grammian) (3.6-2) 

QA + ATQ + CTC =: 0 (observability grammian) (3.6-3) 

Ai denotes the Hankel singular values (HSVs) of G(jw). 

The 132 order test system model could be simplified down to a 7th order re- 

duced equivalent without loosing much information in the relevant frequency range 

of interest (0.1 - 1.0 Hz). The HSVs [37] provide an idea about the extent of sim- 

plification that can be achieved. The frequency response of the original and the 

simplified system, shown in Fig. 111, confirms that they are closely matched in the 

frequency range of interest. The model reduction exercise has been carried out using 

the schmr function available in the robust control toolbox [45] of Matlab [46]. For 

other types of FACTS devices installed in the system, the reduced system model for 

control design is derived similarly. 
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However, when the size of the system becomes larger (say an order of more than 

1000), solving the Lyapunov equations to compute P and Q becomes extremely dif- 

ficult. In those cases, approximate solutions, obtained by Krylov subspace method, 
have been found useful [47]. It was found that for a test system with approximately 
380 states, the Krylov subspace based technique was computationally faster than 

the conventional model reduction, but suffered from a larger error. This is shown in 

terms of the frequency response of the original and reduced system in Fig. 3.12. For 

conventional model reduction using the robust control toolbox [451 of Matlab [46], 

the CPU time on a Pentium-IV 2.99 GHz machine, for this particular system, was 

52.0 s. Numerical approach using Krylov subspace based method could perform the 

necessary computations within 0.09 s, however, at the expense of accuracy as shown 

in Fig. 3.12. 
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Figure 3.12: Frequency response of the original (365 states) and reduced (20 states) 

system model using Krylov subspace based technique 

One way to overcome this is to use Krylov subspace based technique to reduce 

the order to less than 100 and then apply Schur's balanced truncation approach 

for better speed and accuracy combined as shown in Fig. 3-13. A mix of the two 

techniques could achieve the simplification within 8.4 s resulting in a 84% saving in 
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time with same degree of accuracy. 
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Figure 3.13: Frequency response of the original (365 states) and reduced (20 states) 
system: simplified down to 100 states using Krylov subspace based technique and 
then to 20 states using balanced truncation 
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Multiple-model adaptive control 
approach 

A conventional damping control design approach considers a single operating con- 
dition of the system [8]. A lead-lag controller is designed using the gain margin 

and phase margin based technique to ensure desired closed-loop performance un- 
der a particular (say nominal) operating condition. The controllers obtained from 

these approaches are simple but tend to lack robustness since, at times, they fail 

to produce adequate damping at other operating conditions. To address this issue, 

researchers, over the years, have proposed several adaptive control structures for 

power system stabilizers (PSS). Researchers [48) have applied the model reference 

adaptive control (MRAC) strategy wherein, the error between the output response 

and the reference model output is used to modify the controller parameters, such 

that the system behavior is driven to match the behavior of the reference model. A 

self tuning control (STC) of PSS has been reported in [49] where the amount of pole 

shifting is adjusted depending upon the changes in system operating conditions. 

Bandyopadhaya and Prabhu [50] have presented a gain scheduling control (GSC) 

scheme for PSS, where the controller parameters are tuned based on the minimiza- 

tion of the distance between the current and the desired operating points. 

The primary concern in power system operation is that following a disturbance 

such as a fault at one of the buses, followed by outage of a part of the transmission 

network, the system switches to a different operating condition or network topology 
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which is not known specifically in advance. From past experience and contingency 

studies, one can at most have an approximate idea about the set of possible op- 

erating scenarios following such a disturbance. However, the number of elements 
in this set might be high. Moreover, there exists a degree of uncertainty in the 

way the power system is likely to behave following a disturbance. Therefore, on- 
line identification is required to detect any trend in the post-disturbance dynamic 

behavior and switch an appropriately weighted combination of pre-tuned controllers. 

One such adaptive algorithm is the multiple-model adaptive control (MMAC), 

which was originally introduced by Lainiotis [9]. Subsequently, it has been employed 

for the control of aircraft [511 and for regulation of hemodynamic variables [52,53]. 

In this work, the concept of MMAC has been applied [541 for power system damping 

control design. The basic motivation behind applying this scheme in power system 

model is that it can achieve the desired performance without any requirement to 

identify the post-disturbance dynamics prior to initiating the control action. The 

assumption, though, is that the actual system response can be represented by a 

single or a suitable combination of a finite number of linearized models. Separate 

controllers (PI, PID) are also assumed to be designed a priori to ensure satisfactory 

performance for each of these models. 

Theoretically, one can not claim that a convex combination of stabilizing control 

moves necessarily produces a stable closed-loop response. However, it has been found 

that the MMAC strategy has produced adequate stability margin and robustness 

for a range of test cases considered in this work. 

4.1 Overview of MMAC strategy 

A schematic overview of the conventional multiple-model adaptive control (MMAC) 

scheme is given in Fig. 11. 

The recursive algorithm uses a bank of linearized system models (corresponding 

to different operating conditions) to capture the possible system operating scenario 
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Figure 4.1: Schematic overview of the MMAC strategy 

following a disturbance. One separate controller k is designed and tuned, a priori, 
based on each model k in the model bank. At each simulation step, the actual 

system response is compared with the response of the linearized models which are 
driven by the same control input. The differences in the response of each model with 

respect to the actual system response is used to generate individual model residuals. 
Using these residuals, the probability of each model representing the actual system 

response is computed. Based on the probabilities, suitable weights are assigned to 

individual control moves such that the less probable models carry less weight. This 

ensures that the controllers designed for the less probable models influence the final 

control move to a lesser extent. The resultant control action is, thus, a probability 

weighted average of the control moves of each individual controller. 

At each stage of the recursive algorithm, two tasks are performed i. e. calculation 

of the probability using a Bayesian approach and assignment of suitable weights 

based on the computed probability value. 
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Calculation of probability: Bayesian approach 

The recursive Bayes theorem is used for computing the probability of each model 
in the bank. The theorem calculates the conditional probability of the ith model 
(corresponding to the ith operating condition) in the model bank being the true 

model of the system given this model population. The probabilities are assumed 
to be stochastic and Gaussian in nature and thus take a form of the exponential of 

the negative square of the residuals [55]. At the k th step, the probability for the ith 

model is calculated as: 

exp 16T Cf Ei, k) Pi, k-I 
Pi, k -N2i, 

k 

(_ 1,, T exp 2 ýj, kCf 6i, k) Pj, k-I 
j=l 

where, 
Fi, k - Yk - Ytý, k 

is the error or model residual at the current step. The total number of models 

in the model bank is denoted by N and Cf is the convergence factor used to tune 

the rate of convergence of the probabilities. Large values of Cf magnify the model 

residuals and cause an acceleration of convergence to a single model. The recursion 

is initialized by assigning equal probabilities (11N) to all the models in the bank. 

At each iteration, new probabilities are calculated thereby improving upon those 

computed at the previous iteration. One major advantage is that this algorithm 

is computationally inexpensive. An additional benefit is that the poor models are 

rejected exponentially and thereby allowing a widely varying set of models without 

necessarily leading to a large drop in controller performance, especially during the 

initial stages [56]. 

To summarize, for a given set of models, the above algorithm recursively deter- 

mines the probability of the i" model being the true model of the system. The 

computation is based on the present model residuals with respect to the actual 

system response and the previous probabilities for each model [55]. 
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4.1.2 Calculation of weights 

MultTle-model adaptive control approach 

Based on the probability of the individual models, calculated during each recursive 
step, suitable weights are assigned to the control actions of each of the controllers. 
The model with a higher probability is assigned a higher weight and vice versa. One 

of the features of this Bayesian approach is that it can only assume a steady-state 

probability of either zero or one and consequently, the algorithm converges to a 

single model. However, due to the uncertainties associated with a practical power 

system, it is unlikely that any single model in the model bank would be exactly 

equivalent to the system under control, and hence proper blending of control action 
is often required. Models attaining a probability of zero cannot enter the subsequent 

recursions and hence an artificial cut-off 3, i,, is used to keep them alive. At the k th 

step, the ith model is assigned a weightWi, k such that: 

Pi, k 
N 

VPi, k > ýmin 

E Pj, k Wi,, 
k j=1 (4.1-3) 

0 VPi, k < )3min 

For models with Pi, k < /3rnin) the probability is reset to Pi, k =: Oin and these 

models. are then excluded from being weighted. At the k th iteration, the resulting 

probability-weighted control move is computed as: 

N 

Uk 
E Wj, k * Uj, k (4.1.4) 

j=1 

4.2 Study system 

The MMAC scheme involves a number of linearized system models corresponding 

to different operating conditions. To illustrate the basic principle, a simple study 

system is considered to start with and later on the method is illustrated using the 

study system described in Chapter 3. 

A simple 4-machine, 2-area study system, shown in Fig. 4.2, is considered first. 

This system is one of the benchmark models for performing studies on inter-area 

oscillation because of its realistic structure and the availability of system parame- 

ters [2,8] in the public domain. All four generators are represented using the 
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Area Area #2 

Figure 4.2: 4-machine, 2-area study system with a TCSC 

sub-transient model with DC (IEEE-DC1A type) excitation system, as described 
in Chapter 3. Power flow and dynamic data for the system can be found in [8]. 
The system consists of two areas connected by a weak transmission corridor. To 

enhance the transfer capability of the corridor, a TCSC is installed in one of the 
lines connecting buses #8 and #9, as shown in Fig. 4.2. From the transfer capacity 
enhancement point of view, the percentage compensation k, of the TCSC is set to 
10%. A maximum and minimum limit of 50% and 1%, respectively, is imposed on 
the dynamic variation of k,. Under normal operating conditions, the power flow 

from Area #1 to Area #2 is 400 MW. Eigen-value analysis for this base case, dis- 

played in Table 4.1, shows the presence of one lightly damped inter-area mode and 
two reasonably damped local modes of oscillation [2]. 

Table 4.1: Electromechanical modes of oscillation of the 4-machine, 2-area study 
system 

Mode f (Hz) 
Inter-area 0.0129 0.6308 

Local 0.0809 1.0813 
Local 0.0789 1.1159 

The lightly damped inter-area mode creates a possibility of spontaneous inter- 

area oscillations following a disturbance in the system. The objective, therefore, 

is to design a damping control scheme for the TCSC to mitigate these unwanted 

oscillations. Moreover, the control action should be robust with respect to varying 

operating conditions. The real power flow in the line connecting buses #10 and #9 

was chosen as the feedback stabilizing signal for the controller since the inter-area 

mode was found to be highly observable [39] in this measured signal. 

4 
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4.3 Model bank 

Multiple-model adaptive control approach 

4.3.1 4-machine, 2-area system 

More than ten linearized small-signal models were required to span the entire space 
of anticipated operating conditions of the system following a disturbance. Distur- 
bances include either a bus fault rendering outage of a line or a sudden change in 

power flow through the key tie-lines or a change in the nature of the loads etc. Cor- 

responding to each of the post-disturbance operating conditions, different linearized 

models of the system were obtained. 1deally, each one of them should have been 

included in the model bank. However, to reduce computation time, only the five 

most probable models, in terms of their likelihood to represent the actual system 

response, were used. The operating scenarios and corresponding model identifiers 

are summarized in Table 4.2. 

Table 4.2: Operating conditions of the 4-machine, 2-area study system (see Fig. 4.2) 
used in the model bank 
Model No. Tie-line flow (MW) Outage of line 

1 400 no outage 
2 400 7-8 
3 400 8- 9 
4 300 no outage 
5 500 no outage 

Model #1 represents the nominal operating condition with 400 MW power trans- 

fer through the corridor and all tie-lines in place. Model #2 reflects the situation 

with one of the tie-lines between buses #7 and #8 switched off. Model #3 corre- 

sponds to an outage of one of the tie-lines connecting buses #8 and #9. In both of 

the above cases, the tie-line power flow was assumed to remain unchanged at 400 

MW. Two different tie-line power exchanges of 300 MW and 500 MW between Area 

#1 and Area #2 were represented by models #4 and #5, respectively with all the 

tie-lines in operation. The description of these operating conditions along with their 

respective model identifiers can be found in Table 4.2 at a glance. 
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4.3.2 16-machine, 5-area system 
This study system is described in Chapter 3. Only a few credible contingencies are 
considered for building the model bank for a relatively large power system model 
such as this one. For example, a fault in the two main transmission corridors between 
bus #53-#54 and #60-#61 are severe contingencies. Also a sudden change in power 
flow through a line can be included. In this way, nine probable system models 
have been considered for which the operating scenarios and corresponding model 
identifiers are summarized in Table 4.3. 

Table 4.3: Operating conditions of the 16-machine, 5-area system (see Fig. 3.1) used 
in the model bank 
Model Tie-Line flow (MW) Outage of line Type of load 

1 700 No outage CI 
2 700 53-54 C1 
3 700 60-61 C1 
4 700 27-53 CI 
5 100 No outage C1 
6 900 No outage C1 
7 700 No outage CI + CC 
8 700 No outage C1 + CP 
9 700 No outage Dynamic load 

Model #1 corresponds to the nominal operating condition with 700 MW power 

transfer through the tie-lines. Model #2, #3 and #4 describe the situation when 

one of the tie-lines between buses #53-#54, #60-#61 and #27-#53, respectively are 

taken out. Model #5 and #6 correspond to 100 MW and 900 MW power exchange 

between NETS and NYPS. Model #7 and #8 consider the presence of combinations 

of constant current (CC), constant power (CP) and constant impedance (CI) loads. 

In model #9, a dynamic induction motor type load is considered at bus #41. 

4.4 Control tuning and robustness testing 

4.4.1 4-machine, 2-area system 

The first step towards formulating the MMAC scheme is to design and tune the 

controllers for the five linearized system models, described in Table 4.2. The order 
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of each of these system models was 41. To facilitate control design, each of these 
models were simplified to their respective 3rd order equivalents. The frequency 

response of the simplified system is shown in Fig. 4.3 with respect to the original 
one for the nominal operating condition. 

m 

lo' 10 10 

frequency, rad/s 

Figure 4.3: Frequency response of original (41 order) and simplified (3 order) system 
model 

To improve the damping ratio of the critical inter-area mode, a controller, as 

shown in Fig. 4.4, was designed for the reduced system model using conventional 

gain-margin and phase-margin based techniques [38]. The controller gain was tuned 

to meet the specified closed-loop performance criteria. In this case, the criterion 

was to achieve a closed-loop damping ratio of 0.25 for the inter-area mode under 

the chosen operating conditions. A damping ratio of 0.25 generally ensures settling 

of inter-area oscillations within 10-12 s, a criterion commonly adopted by the power 

system utilities [1]. 

The controller gains were adjusted individually for each model (operating condi- 

tion), using root-locus techniques to achieve a damping ratio of 0.25 for the inter-area 

mode i. e. the controller k was tuned so as to ensure a closed-loop inter-area mode 

damping ratio of 0.25 for model k. However, this did not necessarily ensure that 

satisfactory damping ratios would be preserved using controller k for plant models 
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Figure 4.4: Frequency response of the lead-lag controller designed for the nominal 
operating condition 

other than k. In fact, it is clear from Table 4.4 that in certain cases, either the 

system becomes unstable or the damping ratio is below the acceptable limit. For 

the cases marked as 'unstable' in Table 4.4, the damping ratio for the inter-area 

mode was acceptable, but some of the other modes of the closed-loop system had 

negative damping ratios. 

Table 4.4: Closed-loop damping ratio of the inter-area mode for different models 
(see Table 4.2) and controllers 
Controller 

No. 1 2 
Model No. 

3 4 5 
1 0.25 0.23 unstable 0.17 unstable 
2 0.26 0.25 unstable 0.18 unstable 
3 0.16 0.15 0.25 0.11 0.22 
4 unstable unstable unstable 0.25 unstable 
5 0.18 0.17 0.27 0.12 0.25 

If the controllers were tuned to obtain a less conservative damping ratio of 0.15 

instead of 0.25, then the instabilities could be avoided in some cases, but the damping 

ratios under certain operating conditions were below 0.1, which is not acceptable 

for secure operation of the power system. It is to be noted that although the above 

discussion is specific to this particular test system, it still represents the general 

lack of robustness of the conventionally tuned controllers under different operating 
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conditions encountered in a practical power system. 

4.4.2 16-machine, 5-area system 

To improve the damping ratio of the critical inter-area modes, an observer based 

state-feedback controller was designed for each of the models (operating conditions). 
The state-feedback gain was determined to ensure settling of inter-area oscillations 

within 10-12 s. The place function available with the control system toolbox in 

Matlab [46] was used to compute the required gain. In power systems, all the states 

are not always available for feedback and hence an observer [38] was designed to 

derive these states from the measured outputs (e. g. line power flow). 

Controllers designed using such an observer based state feedback are not very 

robust over a range of possible operating conditions. The performance of the de- 

signed controllers has been examined against different post-disturbance conditions 
described by the linearized models in the model bank. A few simulation results for 

certain plant model and controller combinations are shown in Figs. 4.5 and 4.6. 

Model #1, Controller #1 

25 
time, s 

-1 
Model #3, Controller #3 

10 15 20 25 
time, s 

2-2 
A 
cb -2 
Co 

Figure 4.5: Performance of conventional controllers designed for the respective plant 
models; model and controller identifiers (see Table 4.3) are shown on top of each 
subplot 

It can be seen in Fig. 4.5 that the model #I - controller #I combination has a well 
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Figure 4.6: Performance of conventional controllers under other operating conditions 
(models); model and controller identifiers (see Table 4.3) are shown on top of each 
subplot 

settled response, as expected. Similarly, satisfactory performances were obtained for 

models with the corresponding controllers, As an example the performance of model 

#3 is shown with controller #3. However, the responses for model #2 - controller 

#4, model #2 - controller #9, model #3 - controller #1 and model #3 - controller 

#6, shown in Fig. 4.6, are inferior as oscillations of a small magnitude continue 

beyond 15.0 s. This has provided the motivation to adopt an adaptive approach for 

improving the performance robustness under varying operating conditions. 

4.5 Test cases 

It is clear from the results shown in Table 4.4 and Fig. 4.6 that a conventional con- 

troller k, designed and tuned on the basis of model k, is not necessarily guaranteed 

to meet the desired performance specification for other models. Therefore, some 

mechanism needs to be devised for on-line identification of the trend in dynamic be- 

havior following a disturbance and switch to an appropriately weighted combination 

Multiple-model adaptive control approach 

-10 

'D 

-20 

-25 

0) 
. -15 
Ln 
(D 
li -20 

a 

Model #3, Controller #1 

.. fi ...... ....................... ....... j 

-30 L 
0 5 10 15 20 25 

time, s 

Model #3, Controller #6 
-10 

a) 

-25 

69 



Chapter 4 Multiple-model adaptive control approach 

of the controllers. Two situations can arise depending on the uncertainty involved 

in a practical power system and the limit on the number of models that can be in- 

cluded in the model bank from the computational complexity point of view. In one 

case, the model corresponding to the dominant post-disturbance behavior is likely 

to be present in the model bank, wherein, the scheme should pick up thecontroller 

corresponding to that model with maximum weight. In the other case, the model 

representing the dominant post-disturbance behavior is less likely to be present in 

the model bank, so, the scheme should be able to ensure proper blending between 

the control moves of the existing controllers to achieve the desired performance cri- 

teria. These two test cases have been treated separately in this chapter and are 

elaborated in the following subsections. 

4.5.1 Test case I 

For the 4-machine, 2-area system (Fig. 4.2), a solid three phase line to ground fault 

was simulated at bus #8 for 80 ms, followed by opening of one of the tie-lines 

connecting buses #7 and #8. Rom Table 4.2, it can be seen that this particular 

post-disturbance situation is captured in model #2. All five models, including model 

#2, were kept in the model bank and the corresponding controllers in the controller 

bank. The objective was to see whether and how quickly the adopted MMAC al- 

gorithm could identify the dominant post-disturbance behavior and switch to the 

appropriate controller (#2 in this case) to achieve the desired performance. 

For the 16-machine, 5-area system (Fig. 3.1), a three phase solid line to ground 

fault was simulated at bus #53 for 80 ms, followed by opening of one of the tie-hnes 

connecting buses #53 and #27. From Table 4.3, it can be seen that this particular 

post-disturbance operating condition is captured by model #4. All nine models, 

including model #4, were kept in the model bank and the corresponding controllers 

in the controller bank. 
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4.5.2 Test case Il 

Multiple-model adaptive control approach 

Due to the uncertainties involved in a practical power system, it is unlikely that 

any single model in the model bank would be the exact equivalent of the system 

under control. Moreover, due to computational constraints, only a few out of the 

large number of possible models can be included in the model bank. To replicate 
these two likely situations, model #2 and the corresponding controller #2 were. de- 

liberately removed from the respective banks. The same disturbance, as described 

before, was considered in this case as well. The idea is to validate whether a blended 

version of the remaining control moves is able to achieve the desired performance 
in the absence of the actual controller. This demonstrates the ability of the MMAC 

algorithm to pick up a proper blend of the relevant post-disturbance behaviors to 

closely mimic the actual system response. 

For the 16-machine, 5-area system, two simulation studies were done. In the 

first case, the same disturbance, as described in Test case I, was considered. In 

the second case, a sudden partial loss in generation at generator G1 was i- mposed. 

Model #4 and the corresponding controller #4 was deliberately removed from, the 

respective banks for the first simulation study. The model corresponding to the 

second disturbance was absent in both the model and controller bank. The idea, as 

before, was to determine whether an appropriate blending of the remaining control 

moves was able to achieve the desired performance in the absence of the actual 

controller. 

4.6 Choice of convergence factor and artificial cut- 
off 

Two of the most important factors influencing the success of a MMAC scheme are 

the proper choice of the convergence factor (Cf) and the artificial cut-off (Oj"), 

described in (4.1.1) and (4.1.3), respectively. The choice, of course, is very much de- 

pendent on the specific system to be controlled and the design of the model banks. 
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Although there are no hard and fast rules for choosing these parameters, a gen- 
eral guideline can be presented. Fig. 4.7 shows the time variation of the computed 
weights for some selected values of Cf and Oi,,. 
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Figure 4.7: Variation of the computed weights for different values of convergence 
factor and artificial cut-off 

It can be seen that with increasing values of Cf, the poor models are rejected 

quickly, whereas lower values of Cf help the blending. Higher values of the cut-off 
0,,, j, on the other hand, retain even the least probable models to help this blending. 

If there is a high chance that the post-disturbance behavior would be dominated by 

one of the models in the model bank, it is preferable to use a high value of Cf to 

quickly reject the unwanted models and a low value of 0,, i,, to prevent them from 

being retained during recursion. For a practical power system, this might not always 
be the relevant scenario. In practice, the number of probable models is often too 

large for all of them to be included in the model bank keeping the computational 

constraints in mind. Moreover, due to the uncertainties involved in the parameters, 
it is unlikely that any single model in the model bank would be exactly equivalent 
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to the system under control. The calculated values of model residuals during the 
initial stages might be misleading in the sense that the dynamics of the system 
during the fault are often completely different from those during the post-fault 
situation. Therefore, instead of quickly rejecting the majority of the models based 

on the initial model residuals, blending is preferred by using lower values of Cf and 
higher values of )3, i,,. 

4.7 Simulation results with a 4-machine, 2-area 
study system 

Simulations were performed in the Simulink [57] environment of Matlab [46] using 

a fixed step-size of 1.0 ms and a 4"' order Runge-Kutta solver. The results are 

separately presented for the two test cases. 

4.7.1 Test case I 

The results of the time domain simulation for Test case I are shown in Figs. 4.8 to 

4.11. Here, the linearized model of the power system corresponding to the post- 

disturbance situation (model #2) was considered to be present in the model bank. 

As a result, the residual for model #2 decreases after a few initial recursive steps and 

consequently the weight corresponding to this model goes up to attains a steady- 

state value of almost 1.0, as may be seen in Fig. 4.8. 

The objective, in this case, is to demonstrate the ability of the MMAC scheme 

to identify the unknown operating condition and switch the appropriate controller. 

This is why a relatively high value (==0.05) was chosen for the convergence factor Cf 

to quickly reject the unwanted models. Also, the artificial cut-off Oi,, was kept to 

a small value (=0.001) to avoid retaining these unwanted models during subsequent 

recursive steps. If more blending is desired, both Oi,, and Cf can be adjusted ac- 

cordingly as illustrated in the previous section. 

The dynamic behavior of the system in response to the disturbance described 
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time, s 

Figure 4.8: Test case I: Variation of the weights corresponding to each model 
described in Table 4.2 
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Figure 4.9: Test case I: Angular separation between generators GI-C3 and G4-G2 

following a 3-phase fault at bus #8 and opening of one line between buses #7 and 
#8 (see Fig. 4.2) 
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Figure 4.10: Test case 1: Power flow in the line between buses #10 and #9 following 

a 3-phase fault at bus #8 and opening of one line between buses #7 and #8 (see 
Fig. 4.2) 
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Figure 4.11: Test case I: Variation in percentage compensation of the TCSC within 

imposed limits of 1% and 50% 
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above is shown in Fig. 4.9. The displays show the relative angular separation be- 
tween machines #G1, #G4 and #C3, #G2. Inter-area oscillation involves a group 
of machines in one area swinging against a group in another area and is, therefore, 
mostly manifested in these particular relative angular differences. It can be seen 
that the lightly damped oscillations are settled in 10-12 s in the presence of the ap- 
plied control scheme. Power flow in the line connecting buses #10 and #9, shown in 
Fig. 4.10, also settles within the stipulated time-frame. The sharp fall in the power 
flow, just after 1.0 s, is due to the inception of the fault which is cleared after 80 ms. 
Fig. 4.11 shows the resultant control action, which is dominated by the response of 
controller #2, because of its higher weight as shown in Fig. 4.8. 

Simulation results illustrate that the MMAC scheme is able to identify the domi- 

nant post-disturbance behavior and switch in the appropriate controller without any 
prior knowledge about the specific operating condition. The weights corresponding 
to the other pre-designed controllers decay exponentially to the minimum cut-off 
level. This ensures that the system performance is nearly close to the optimum 

considering that the post-disturbance dynamic behavior of the system is quite likely 

to be governed by one of the models in the bank. 

4.7.2 Test case Il 

The results of the time domain simulation for Test case 11 are shown in Figs. 4.12 to 

4.15. Contrary to the previous case, the linearized model (model #2) of the power 

system governing the post-disturbance behavior and the corresponding controller 
(controller #2) were intentionally removed from the model bank. As a result, none 

of the model weights attain a steady-state value of almost 1.0 as shown in Fig. 4.12. 

After a few recursive steps, during which the trend is not very clear, it can be 

seen that the behavior is governed primarily by models #4, #1 and #5, in that 

order. As before, the amount of blending can be adjusted by changing Cf, and/or 

)3, i,. In this case, the value of Cf was chosen to be relatively low (0.01) as the 

chances of converging to a single model is less. Also, the magnitude of the artificial 
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CUt-Off Ominwas increased (=0.01) to retain even the least probable models. 

Fig. 4.13 exhibits the dynamic behavior of the system in response to the same 
disturbance, as in the previous case. It can be seen that the lightly damped inter- 

area oscillations are settled in 10-12 s. Power flow between buses #10 and #9, 

shown in Fig. 4.14, also settles within the specified time. Fig. 4.15 shows the resul- 
tant control action, which is dominated by the response of controllers #4, #1 and 
#5 due to their relatively higher weights, as shown in Fig. 4.12. 

The simulation results show that, even though the actual model governing the 

response of the system after the disturbance is absent, the MMAC scheme is able 
to properly blend the control moves of the remaining controllers and still maintain 

a reasonably similar performance. In fact, no noticeable deterioration can be'ob- 

served in terms of performance in Fig. 4.13, when compared with Fig. 4.9. This is 

particularly encouraging as it makes the MMAC scheme a reasonable candidate for 

application in large practical power systems, where the chances of convergence to a 

single model are remote, as described earlier. 

4.8 Simulation results with a 16-machine, 5-area 

study system 
4.8.1 Test case I 

The results of time domain simulation for Test case I are shown in Figs. 4.16 and 

4.17. 

The linearized model of the power system corresponding to the post-disturbance 

situation (model #4) was present in the model bank. As a result, the error residual 

for model #4 starts decreasing after a few initial recursive steps and consequently 

the weight corresponding to this model increases and attains a steady-state value of 

almost 1.0, see Fig. 4.16. As before, a relatively high value (0-005) was chosen for 

the convergence factor Cf to quickly reject the unwanted models. Also, the artifi cial 

CUt-Off Ominwas kept to a small value (0.0001) to avoid retaining these unwanted 
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Figure 4.12: Test case 11 : Variation of the weights corresponding to each model 
described in Table 4.2 
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Figure 4.13: Test case 11: Angular separation between generators GI-G3 and G4-G2 
following a 3-phase fault at bus #8 and opening of one line between buses #7 and 
#8 (see Fig. 4-2) 
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Figure 4.14: Test case 11: Power flow in the line between buses #10 and #9 following 
a 3-phase fault at bus #8 and opening of one line between buses #7 and #8 (see 
Fig. 4.2) 
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Figure 4.16: Test Case 1: Variation of the weights corresponding to each model 
described in Table 4.3 
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models during subsequent recursive steps. 

Multiple-model adaptive control approach 

The displays in Fig. 4.17 show the angular separation between machines GI-G15 

and G14-G13. It can be seen that the lightly damped oscillations are settled in 12-15 

s in the presence of the applied control scheme. Power flow between buses #60 and 
#61 also settles within the acceptable time frame. The resulting control is primarily 
dominated by controller #4 owing to its higher weight. The simulation results 
illustrate that the control scheme is able to identify the dominant post-disturbance 
dynamics and switch to the proper controller without any prior knowledge about 

the post-disturbance operating condition by using on-line recursive calculation of 

model probabilities and associated weights. 

4.8.2 Test case Ila 

For the two simulation studies presented in this section, the model governing the 

post-disturbance dynamics were not present in the model bank and also the corre- 

sponding controllers were absent from the controller bank. The simulation results 

for Test case Ila are shown in Figs. 4.18 and 4.19. 

Contrary to the previous case, the linearized model (model #4) of the power 

system governing the post-disturbance dynamics and the corresponding controller 

(controller #4) were intentionally removed from the model bank. As a result, weights 

corresponding to none of the models attain a steady state value of almost 1.0, unlike 

the previous case, see Fig. 4.18. 

As before, the amount of blending can be adjusted by changing Cf , and/or 

Omin- In this case, the value of Cf was chosen to be relatively low (0-0001) as the 

chances of converging to a single model is less. Also, the magnitude of the artificial 

cut-off 3 .. j,, was increased to 0.01 to retain even the least probable models. Fig. 4.19 

exhibits the dynamic behavior of the system in response to the same disturbance as 

in the previous case. 
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It can be seen that the lightly damped inter-area oscillations are settled in 12-15 

s. Power fiow between buses #60 and #61 also settles within the specified time. 
The simulation results illustrate that, even though the actual model governing the 

response of the system after the disturbance is absent, the control scheme is able 
to properly blend the control moves of the remaining controllers and still maintain 

reasonably similar performance. It should be noted that the compensation of the 

TCSC varies from 20% to 80% in both the cases as shown in Figs. 4.19 and 4.17. 

The range of variation is relatively large as a single centralized controller is used 

to damp all three inter-area modes. This is one of the drawbacks of a centralized 

controller. 

4.8.3 Test case Ilb 

The simulation results for Test case Ilb are shown in Figs. 4.20 and 4.21. A sudden 

partial generation loss was considered at generator G1. After 1.0 s, generation at 

unit GI was reduced to 25% of its rated capacity, a contingency not considered while 

building the linearized models and corresponding controllers. The same values of 

Cf and Oi,, were used as in Test case Ila to ensure proper blending. The system 

response is shown in Fig. 4.21. 

The simulation results illustrate that, even though the actual model governing 

the response of the system after the disturbance is absent, the control scheme is able 

to properly blend the control moves of the remaining controllers and still maintain 

reasonably similar performance. In fact, no noticeable deterioration can be observed 

in terms of performance in Fig. 4.17, when compared with Figs. 4.19 and 4.21. This 

is particularly encouraging as it makes this model based control scheme a reasonable 

candidate for application in large practical power systems, where the chances of 

convergence to a single model are remote. 
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4.9 Summary 

Multiple-model adaptive control approach 

In this chapter, the application of a multiple-model adaptive control scheme for 

robust damping of inter-area oscillations in power system using a TCSC is demon- 

strated. The lack of robustness of the conventional controllers under varying oper- 

ating conditions is demonstrated highlighting the motivation behind adopting such 

an adaptive strategy. A recursive Bayesian approach is used for computing the cur- 

rent probability of each model being close to the post-disturbance behavior of the 

system and the results are used to determine the subsequent control actions. The 

control output of each individual controller is assigned a weight based on the com- 

puted probability of each model and the resulting control action is the probability- 

weighted average of the control moves of individual controllers. The algorithm is 

shown to work satisfactorily for the study system under two different test cases 

where the model corresponding to the post-disturbance behavior is either present or 

not present in the model bank. When the model is present, the recursive Bayesian 

approach is able to identify the proper model within a few iterative steps and switch 

to the appropriate controller accordingly. On the other hand, when the exact model 

is removed from the bank, the scheme performs an appropriate blending of the re- 

maining control moves to achieve reasonably similar performance as before. This 

indicates the potential applicability of the MMAC scheme for large practical power 

systems where the actual behavior is unlikely to be governed by a single model. 

In can be noted that it is not possible to prove that a convex combination of sta- 

bilizing control moves necessarily produces a stable closed-loop response. ljowever, 

it has been found that the MMAC strategy has produced adequate stability margin 

and robustness for a range of test cases considered in this research. 

However, one of the problems with such a model based adaptive control scheme 

is real-time implementation especially if the number of possible operating conditions 

is large. 
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Simultaneous stabilization 

In the previous chapter, an adaptive control scheme was illustrated involving a num- 
ber of controllers designed and tuned over a range of possible operating conditions. 
Such adaptive control schemes might be difficult to implement especially, if the num- 
ber of possible operating scenarios to be considered in the model bank is large. In 

this chapter, the focus is on designing a single controller which is able to guarantee 

the performance specification for a range of operating conditions. 

The concept of a robust and low-order controller design by weighted and nor- 

malized eigenvalue-distance minimization (WNEDM) is applied for improving the 

damping of the inter-area modes. The technique was applied for a single-input, 

single-output (SISO) power system model in [58,25] and has been later extended 

for MISO systems in this work [591. The basic idea is to place the closed-loop eigen 

values of the system at certain desired locations in the left-half of the complex plane 

to achieve desired level of damping. The robustness issue is addressed by considering 

a family of operating conditions and optimizing over the worst case scenario. 'The 

design procedure is first presented for a SISO system for easy understanding' and is. 

generalized in the multi-variable framework. A case study is presented based on the 

power system model described in Chapter I The objective is to provide additional 

damping to the three inter-area modes by a single FACTS device employing remote 

signals. The problem is formulated to address multi-input-single-output (MISO) 

control design for a group of single-input-multi-output (SIMO) system models. 
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5.1 Eigen-Value-Distance Minimization 

In eigen-value distance minimization problem [60], the desired closed-loop pole lo- 

cations are specified and a suitable controller is sought to move the open-loop poles 
towards the specified locations. An optimization problem is then solved with the 

controller parameters as the design variables. The order of the controller is assigned 
beforehand. For easier understanding, let us begin with a SISO system model. The 

general feedback control set-up for such a system is shown in Fig. 5.1 where, G(s) 

and K(s) are the transfer functions of the system and the controller, respectively. 

K(s) 
U 

G(s) 
y 

Figure 5.1: Closed-loop feedback configuration with negative feedback 

In polynomial form, an n 1h order system G(s) and a M1h order controller K(s) 

can be represented as follows: 

G(s) - 
Ng(s) 
D, (s) 

ng, s n+ ngn-1 n-1 +... + ngo 

dgn Sn+ dgn-1 Sn-1 + 
... 

+ dgo 

K(s) = 
Nk(s) 

= 
nkmS'n+ nkrn- 1 Sm-'+... + nkC 

Dk (8) dkmS7n+ dkm-lS'm-l+... + dkO 

(5.1.1) 

(5.1.2) 

The transfer functions are proper if dgn 
:ý0 and dk7n 

zý 0. The closed-loop 

transfer function is given by: 

T(s) - 
G(. s)K(s) Ng(s)Nk(s) 

1+ G(s)K(s) Ng(s)Nk(s) + Dg(s)Dk(S) 

The characteristic polynomial for (5.1.3) is given by: 

J (s) = Ng (s) Nk (s) + Dg (s) Dk (S) 

6n+, 
rnSn+rn , n+7n- ++ 618 + 60 + 6n+m-1 

(5.1.3) 

(5.1.4) 
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where, 6=[ 6n+rn 6n+m-1 
... 

ýj 60 ] is the closed-loop characteristic vector. 

The roots of (5.1.4) are the closed-loop poles of the system. The coefficients of the 

transfer function of the controller in (5-1.2) can be reorganized in the form of a 

vector as follows: 

x=[ nk,,, dk, nkm-, dkm-1 
-.. nk, dki nko dkO 1 

The vector x is known as the controller parameter vector. Equating the coeffi- 

cients of equal power of s on both sides of (5.1.4) and using (5.1.5), the following 

equation is obtained [61]. 

Px =6 

where, P is a (n + rn + 1) x (2m + 2) matrix with the following structure: 

ngn dgn 00 

ngn-, dgn-, ngn dgn 

ngo dgo 

00 

n� d_ql 
. .. 

ngn dgn 

ngo dgo 
. .. ngn-, dgn-1 

ng, dgl 

ngo dgo 

(5.1.6) 

(5.1.7) 

The matrix P is known as the plant parameter matrix as its elements are ob- 

tained from the coefficients of the system model or plant polynomial in (5.1.1). 

Any 6 and hence any arbitrary pole-placement can be achieved through the 

proper choice of x, if 6 is in the column space of P. However, this is possible only 

when the matrix P is of full row-rank i. e. when m>n-1. Therefore, for arbitrary 

pole-placement, the minimum order of the controller K(s) should be just one less 

than that of the system itself i. e. n-1. 

The order of the controller becomes large for a large order system such as an inter- 

connected power system. It can be reduced if the aim of arbitrary pole-placement 
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for all closed-loop poles is relaxed to closed-loop stability with special emphasis on 
a few critical poles. Incidentally, this is exactly what is required in power system 
damping controller design where the damping ratios of only a few critical electro- 
mechanical modes are of importance as long as the others are stable. 

It is extremely difficult, if not impossible, to find a reduced order m<n-I 

controller (i. e. vector of controller parameters x) , such that (5-1.6) is satisfied for a 
desired characteristic polynomial P. The best that can be done is to choose x such 
that I Px -P1 is minimized. A solution to this optimization problem brings the 

actual characteristic polynomial close to the desired one. However, the closed-loop 

poles might not be near the desired ones individually. Therefore, it is preferable to 

minimize the distance between the desired and the actual eigenvalues (poles). 

A straightforward distance minimization approach has certain drawbacks. If 

two desired real poles are at s=-15.0 and s=-2.0 and the optimization algorithm 

provides a solution of s=-12.5 and s--0.5, the absolute error (=1.5) is the same for 

both the poles. However, the pole at s=-0.5 causes a larger change in the dynamics 

of the system. It is therefore necessary to minimize the normalized eigenvalue- 

distance instead of minimizing the absolute eigenvalue-distance. In order to attach 

more importance to the critical eigenvalues, the objective of eigenvalue-distance 

minimization must be weighted in addition to normalization. To achieve this, the 

modified objective function becomes: 

n+m 11pi - Ai (x) 11 
ci Ilitill 

where, pi and Ai(x) are the desired and actual locations of the ith closed-loop 

pole and ci is the weight associated with it. The controller parameter vector x is 

optimized based on the plant parameter matrix P. 

Appropriate selection of weights ci is extremely important for the optimization 
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algorithm to produce good results. For unstable poles, real poles with small ab- 
solute magnitudes and poorly damped complex poles, the weights should be high. 

For other poles, the weights can be relatively small. For any unstable open-loop 

pole, ci = 1000 is a recommendable choice. For real poles with a small absolute 

magnitude, the ci can be chosen between 10 to 100. Any poorly damped complex 

poles can be weighted by ci = m, ('11,10; where, (,,, i, is the minimum required damp- 

ing ratio of the pole, C is the damping ratio as the iteration proceeds and m, is an 

appropriately selected constant. The choice of suitable weights is suggested in detail 

in [60]. 

The concept of the weighted and normalized eigen-value-distance-minimization 

approach for a SISO system is extendable to any single-input, multi-output (SIMO) 

system. Let us consider a I-input, 3-output system and a 3-input, I-output con- 

troller as shown in Fig. 5.2. Note that the feedback sense in this case is chosen to be 

positive and the controller is present in the feedback path. This is used to illustrate 

that the formulation is general and can be extended to any possible feedback control 

loop configuration. 

) 

Figure 5.2: Closed-loop feedback configuration for a I-input, 3-output system with 
positive feedback 

The system model G(s) and the controller K(s) are given by: 

G, (s) 
G(s) G2 (S) 

G3 (8) 

Ng, l 

Dg 
Ng, 

2 

Ng, 3 
(S) 

90 

(5.1.9) 
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-T-T 
K, (s) Nk, 

l 
(s) 

K (s) K2 (8) 
== Dk (S) 

Nk, 2 
(S) 

L 
K3 (S) 

JL Nk, 
3 

(S) 
j 

where N,, i (s), D_, (s), Nk, j (s) and Dk (S) are given by: 

Ng, i (s) = ngn, i Sn + ngn-l, iS 
n-I + .. + ngi, is 

1+ ngo, is 
0 

Dg (s) = dgn8n+ dgn-1 Sn-1 +.. + dgls 1+ dgos 0 

Nk, i (s) = nk,, is'rn + nk. 
-I, iSm-1 + .. + nkl, iSl + nkO, iSo 

Dk (S)= dkm Sm+ dk. 
-187n-l+.. + dklS I+ dkoso 

for i=1 to 3. The closed-loop transfer vector is expressed as: 

Ng, l (s) 

G, j (s) 
Dk (S) Ng, 

2 
(S) 

L Ng, 
3 

(S) j 

J (S) 

(5.1.10) 

(5-1.11) 

(5-1.12) 

(5.1-13) 

(5.1.14) 

(5.1.15) 

where, 
3 

J(s) = Dk (s) Dg (s) -N (5.1-16) 
g, j 

(s)Nk, i 
(s) 

is the closed-loop characteristic polynomial. The elements of J are the coefficients of 
the characteristic polynomial. A vector x comprising the negatives of the coefficients 

of the numerator and denominator polynomials of the controller is defined as follows: 

x= [ -nk., 1 -nkm, 2 -nkm, 3 
dkm 

-. -nkO, 1 -nkO, 2 -nkO, 3 bkO IT 

(5.1.17) 

The negative sign before each entry of the coefficients in the numerator of the 

controller in (5.1.17) takes care of the positive feedback without disturbing the plant 

parameter matrix P, which in this case is given by a (n + rn + 1) x 4(rn + 1) matrix. 

In general, the dimension of P is (n +m+ 1) X (r + 1)(m + 1) for the 1-input, 

r-output case. The structure of P in such cases is shown in Appendix E. Having 

formulated the plant parameter matrix, the rest of the algorithm is similar to that 

outlined for the SISO case. 
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5.2 Robust pole-placement 

Simultaneous stabilization 

In the previous section, the controller parameter vector x is optimized based on the 

plant parameter matrix P. With changes in operating conditions, the plant parame- 
ter matrix P varies. In order to maintain an acceptable performance under several 

operating conditions, a robustness property has to be built into the controller. This 

is achieved by extending the technique, described in the previous section, to in- 

corporate other plant parameter matrices P corresponding to a number of (say q) 

probable operating conditions. 

For a specific 6 and x, q weighted and normalized eigenvalue-distances Fj (x) are 

evaluated corresponding to q different P matrices. The ultimate aim of the opti- 

mization procedure is to find an x such that the maximum of all of the objective 
functions is minimized. The weights ci are chosen such that the poorly damped 

modes are penalized heavily for the worst case Fj (x). 

This is an unconstrained optimization problem as there is no bound on x which 

might produce an unstable controller to provide the desired closed-loop damping. To 

overcome this possibility a constraint is imposed to ensure a stable controller. The 

controller design task, therefore, reduces to a constrained non-linear optimization 

problem given by: 

min max Fj (x) 
xi 

sub: real f roots (Dk (S)) <0 

The initial value of x can be chosen at random but a least-square solution of 

(5.1.6) provides a better initial guess for x. This constrained min-max problem is 

best solved by a sequential quadratic programming (SQP) [62,63] technique using 

the optimizatZon toolbox [64] available in Matlab [461. The SQP approach has three 

stages: 

1. Updating of the Hessian matrix of the Lagrangian. function 

Quadratic programming problem solution 
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3. Line search and merit function calculation 

Simultaneous stabilization 

In each iteration, a positive definite quasi-Newton approximation of the Hessian 

of the Lagrangian function is calculated using the Broyden-Fletcher- Goldfarb- Shano 
(BFGS) [65,66,67,681 method. In each iteration, a local quadratic approximation 
is used to compute an optimal search direction with the updated Hessian matrix. 
The optimal search direction is found as a solution to the local quadratic program- 

ming problem. The projection method suggested in [69] is used. Having found the 

optimal search direction, the optimum search length is determined by another single 

variable optimization method that utilizes a line search strategy with an objective 
to minimize a merit function. Out of a number of available merit functions, the 

one suggested in [70] seems to work very well when the original cost functions and 

constraints are highly non-linear in nature. This also ensures large contributions to 

the penalty parameter from constraints with smaller gradients, which would be the 

case for active constraints at the solution point. 

5.3 Case study 

In this section, the prototype power system model, described in Chapter 3, is con- 

sidered to illustrate the control design methodology in detail. The performance and 

robustness of the design is also validated. 

5.4 Control design 

To facilitate control design and to reduce the complexity of the designed controller, 

the nominal system model was simplified to a7 th order equivalent as described in 

Chapter 3. The plant parameter matrices were formed from the simplified system 

models corresponding to the following operating conditions: 

o All the tie-lines between NETS and NYPS in place. 

9 Outage of one of the tie-lines connecting buses 53 and 54 

* Outage of one of the tie-lines connecting buses 60-61 
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Table 5.1: Specified and achievable pole locations of closed-loop system (based on 
the simplified open-loop plant) 
Target Pole Locations Achieved Pole Locations 

-70.0 -59640.0 
-50.0 -1264.3 
-20.0 -328.62 
-2.0 -30-815 

-1.44 ±3 3.1285 -2.48±3 3.3076 

-0.42919 ±3 6.7477 -0.42525±3 6.7449 

-0.16726 ±3 0.18424 -0.19371±3 0.20403 

-0.55963±32.0849 -0.51534±j2.1137 
-0.31778±33-0071 -0.2715±32.9742 
-0.39049±j3.8164 -0.36348±33.8327 

* Outage of one of the tie-lines connecting buses 27-53 

A converged solution, xpt was considered acceptable if the damping ratios for 

the critical inter-area modes were more than 0.15 for all four operating conditions. 

Initially, the design was attempted with a second order controller but it did not pro- 

duce desirable damping for all the critical modes. The controller order was increased 

until the desired damping to all three critical modes was achieved. The resulting 

controller was of 6 th order. 

The fminimax function available in the optimZzation toolbox [641 in Matlab [461 

was used to find the parameters of the controller. The weights were selected as 

1000 for real poles with very small decay rates and 100002-1-2 for the poles with poor P 
damping ratios where, p is the damping ratio calculated in every iterative step. The 

optimization process converged within 10 iterations. Table 5.1 lists the specified 

and achieved closed-loop poles for the reduced system model. The poles shown in 

boldface correspond to the equivalent critical inter-area modes of the reduced order 

system. 

5.5 Simulation results 

To evaluate the performance and robustness of the designed controller, simula- 

tions were made in Simulink [571 for 25.0 s employing the trapezotdal integration 
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method. A three-phase solid fault for 80 ms (5 cycles) was simulated followed by 

auto-reclosing of the breaker or outage of a tie-line. The dynamic response of the 
system following the disturbance is shown in Fig. 5.3. 
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Figure 5.3: Angular separation between generators GI and G15 (see Fig. 3.1) fol- 
lowing the contingencies mentioned on top of each subplot 

The figures exhibit the relative angular separation between the generators located 

in separate geographical regions. It can be seen that inter-area oscillations settle 

within the specified time of 15.0 s for a range of post-fault operating conditions. A 

hard limit of 0.1 to 0.8 was imposed on the percentage compensation variation of 

the TCSC which is depicted in Fig. 5.4. 

5.6 Summary 

In this chapter, the concept of simultaneous stabilization has been presented in the 

SISO as well as multi-variable framework. An optimization problem was solved 

to determine the controller parameters that would guarantee closed-loop poles in 

certain target locations with preferential treatment to those poles corresponding 

to the inter-area modes. System models under different operating conditions were 
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Figure 5.4: Variation in percentage compensation of the TCSC (see Fig. 3.1) fol- 
lowing the contingencies mentioned on top of each subplot 

incorporated into the design formulation to achieve performance robustness. A 

min-max approach was adopted to optimize. the worst case scenario. The design 

methodology has been applied for multiple swing mode damping through a single 

FACTS device. 

5 10 15 20 25 
time, s 

Fault at bus 60 with line 60-61 out 

96 



Chapter 6 

Mixed- sensitivity approach using 
linear matrix inequalities 

Inter-area oscillations in power systems are triggered by disturbances such as varia- 
tion in load demand, the action of the voltage regulator due to a short circuit, etc. 
The primary function of the damping controllers is to minimize the impact of these 
disturbances on the system. At the same time, the control effort is required to be 

optimized considering the allowable ratings of the actuator devices (e. g. excitation 

systems, FACTS devices). In H,,,, control terminology, this is equivalent to designing 

a controller that minimizes the infinity norm of a chosen mix of closed-loop quanti- 
ties, as elaborated in this chapter. 

Application of 'H,,,, techniques for power system damping control design has been 

reported in the literature [71,72,73,74] to guarantee stable and robust operation of 

the system. An interesting comparison between various techniques is made in [75]. 

Broadly, there are two ways of solving a standard H,,,, optimization problem. One 

is the analytical approach wherein, a positive semi-definite solution to the Ricatti 

equation [37] is sought. Another approach is to numerically optimize certain per- 
formance index such that some additional constraints in the form of inequalities are 

satisfied. Although these inequalities are generally non-linear in nature, there ý are 

linearization techniques to convert it into linear matrix inequalities (LMI) [76,37], 

which are computationally easier to handle. 
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The analytical approach is relatively straightforward as it involves a non-iterative 

solution. However, additional design specifications such as the closed-loop damp- 

ing ratio cannot be obtained in a straight forward manner through this technique 
[12]. On the other hand, the numerical approach to solution using the LMI has an 

advantage as several design specifications can be addressed as additionally imposed 

constraints. To ensure a minimum damping ratio, the poles of the closed-loop sys- 

tem can be placed within a certain region of the complex plane, which is known as 

pole-placement. For power system damping control applications, this is extremely 

important as, in addition to ensuring performance robustness, a minimum settling 

time is mandatory. Moreover, the controllers obtained through a numerical ap- 

proach do not suffer from the problem of pole-zero cancellation [77]. 

Application of the H,,,, approach using LMI has been reported in [10,11] for 

design of power system stablizers (PSS). A mixed-sensitivity approach with a LMI 

based solution has been applied for damping control design through sup er- conducting 

magnetic energy storage (SMES) devices [12,13,141. Here, this approach has been 

extended in the multi-variable framework for damping control design through dif- 

ferent FACTS devices [15,16].. 

This chapter elaborates on the basic concept of mixed-sensitivity design formu- 

lation. The problem is translated into a generalized 'H,,,, regulator [76,37] frame- 

work. Solution to the problem is sought numerically using LMI with additional 

pole-placement constraints. The entire control design methodology is illustrated 

through two case studies on a prototype power system. Both decentralized and 

centralized designs have been considered involving three types of FACTS devices. 

The performance and robustness of the design is validated using frequency domain 

analysis and time-domain simulations. 
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6.1 H,, mixed- sensitivity formulation 

The standard mixed-sensitivity formulation for output disturbance rejection and 
control effort optimization is shown in Fig. 6.1, where, G (s) is the open-loop system 
model and K (s) is the controller to be designed. 

sl 

Figure 6.1: Mixed-sensitivity (SIKS) formulation for disturbance rejection and 
control effort optimization 

The sensitivity S= (I - GK)-' represents the transfer function between the 

disturbance input w and the measured output y. To minimize the impact of any 
disturbance on the measured output i. e. for disturbance rejection, it is required 

to minimize the H,,,, norm of the sensitivity, IISIL. To optimize the control effort 

within a limited bandwidth, it is required to minimize the Hc, " norm of the transfer 

function between the disturbance input w and the control input u. This is equivalent 

to minimizing IIKSIIO* Thus7 the optimization problem can be stated as follows: 

s 

min KES KS 
Oo 

where, S is the set of all internally stabilizing controllers K. 

However, it is not possible to simultaneously minimize both S and KS over the 

whole frequency range nor is it required in practice. Disturbance rejection is usually 

required at low frequencies, thus S can be minimized over the low frequency range 

whereas, KS can be minimized at higher frequencies where limited control action is 

required. Appropriate weighting filters Wi(s) and W2(s) are used to emphasize the 
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minimization of each individual transfer function at the different frequency range 

of interest. The minimization problem is formulated such that S is less than I 
WI GO 

and KS is less than The standard practice, therefore, is to select Wi(s) as an W2 (S) 

appropriate low pass filter for output disturbance rejection and W2(s) as a high-pass 

filter to reduce the control effort over the high frequency range. 

With the introduction of the weights, the problem can be restated as follows: 

Find a stabilizing controller, K, such that: 

min 
wis 

<1 KES W2KS 

c)o 

6.2 Generalized H,, problem with pole-placement 

The mixed-sensitivity problem, described in the previous section, is solved by con- 

verting it into a generalized H,, regulator problem. The first step is to set up a 

generalized regulator P corresponding to the mixed-sensitivity formulation. For sim- 

plicity, it is assumed that the weights W, and W2 are not present to begin with. The 

effect of the weights are included later. Without the weights, the mixed-sensitivity 

formulation in Fig. 6.1 can be redrawn in terms of the A, B, C matrices of the system 

as shown in Fig. 6.2. Without any loss of generality, it can be assumed that D=0. 

Figure 6.2: Generalized regulator set-up for mixed-sensitivity (SIKS) formulation 
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From Fig. 6.2, it can be readily seen that: 

-ý = Ax + Bu (6.2.1) 

Z, = Cx+w (6.2.2) 

Z2 ::::::: U (6.2.3) 

Cx+w (6.2.4) 

Therefore, the state-space representation of a generalized regulator P is given 
by: 

x All 01Bx 

Z1 c10w 
(6.2.5) 

Z2 001 

-Lui 
yc10j 

where, 

x: state variable vector of the power system (e. g. machine angle, machine speed 

etc. ) , 
w: disturbance input (e. g. a step change in excitation system reference), 

u: control input (e. g. output of PSS or FACTS controllers), 

y: measured output (e. g. power flow, line current, bus voltage etc. ), 

z: regulated output. 

To include the effect of the weighting filters in the generalized regulator, the 

state-space representations of W, and W2 are placed in a diagonal form using the 

sdiag function available in the LMI control tool, box [191 of Matlab [46] and the result 

is multiplied by P (without the weights) using the smult function also available in 

the same toolbox. 

TI 
flaving formulated the generalized regulator the next task is to find an LTI 

control law u= K(s)y for some performance index -y > 0, such that: JIT.. 11,, 
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-y, where, T,,, (s) denotes the closed-loop transfer function from w to Z. If the state- 
space representation of the LTI controller is given by: 

4- AkXk+ BkY 

U= CkXk+ DkY 

(6.2-6) 

the closed-loop transfer function T,,,, (s) from w to z is given by Twz(s) = Dj + 
C, l(sl - A,, )-'B, l where, 

A+B2Dk C2 B2 Ck 
A,, - (6.2.7) 

BkC2 Ak 

B, + B2DkD21 

B, j - (6.2.8) 
BkD21 

Cci C, + D12DkC2 D12Ck (6. ý. 9) 

D, j Dil + D12DkD21 (6.2,10) 

In addition to guaranteeing the robustness by achieving IIT,,, II. <7, another design 

requirement in power systems is to ensure that the oscillations settle within 10-15 

s [1]. This can be achieved if the closed-loop poles corresponding to the critical 

modes have a minimum damping ratio i. e. they are placed within a certain region 

in the left half of the complex plane. Therefore, the above problem statement can 

be modified to include this additional pole-placement constraint: 

Find an. LTI control law u= K(s)y such that: 

0 IITWZIIOO < -Y 

e Poles of the closed-loop system lie in D 

where, D defines a region in the complex plane having certain geometric shapes 

like disks, conic sectors, vertical/horizontal strips, etc. or intersections of these. 

A conic sector, with inner angle 0 and apex at the origin is an appropriate pole- 

placement region for power system applications as it ensures a minimum damping 

ratio cos-"9 for the closed-loop poles. 
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Figure 6.3: Conic sector region for pole-placement; minimum damping ratio for, the 
poles (modes) within the shaded region is cos-l' 2 

6.3 Matrix inequality formulation 

Using the bounded real lemma [77] and Schur's formula for the determinant of a 

partitioned matrix [37], it can be concluded that the H,, constraint JIT,,,, Il. < is 

equivalent to the existence of a solution X,,,, = X,,, T>0 to the following matrix 
inequality: 

X,,,, A, l +A TXW 
cl 

BT cl 
cclxoo 

B, j X,,,, CcTj 

--Yl DT< cl 

D, j --Yl 

(6.3.1) 

As mentioned in the previous section, a conic sector, with inner angle 0 and apex 

at the origin is chosen as the region D for imposing the pole-placement constraints. 

The closed-loop system matrix Ac, has all its poles inside the conical sector E) if 

and only if there exists XE) =XDT>0, such that the following matrix inequality is 

satisfied [21]. 

sin 0 (AcXD + XDA T) cos 0 (A, IXD - XDA T 

T 
cl 

T 
cl) <0 (6.3.2) 

Cos 0 (XDAc, 
- AaXD) sin 0 (XDAc, + AcjXD) 

) 

The design specifications are feasible if and only if (6.3.1) and (6.3.2) hold 
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for some positive semi-definite matrices X,,,, and XE) and some controller K= 
Ak Bk However, the problem is not jointly convex in X,, and X-D unless Ck Dk 

it is solvea for the same matrix X. In view of this, the sub-optimal H, 
), ) problem 

with pole-placement can be stated as follows: 

Find X>0 and a controller K, such that (6.3.1) and (6.3.2) are satisfied with 
Xv [20,211. 

The inequalities (6.3-1) and (6.3.2) contain A,, X and C,, X. Matrices A,, and 
C, j are functions of the controller parameters Ak, Bk7 Ck and Dk and the controller 

parameters themselves are functions of X making the products AjX, CJX non- 

linear in X. A change of controller variables is necessary to convert the problem 

into a linear one. This is described in the next section. 

6.4 Linearization of the matrix inequalities 

The controller variables are implicitly defined in terms of the (unknown) matrix X. 

Let X and X-1 be partitioned as: 

RM 
MT U)7 

X-1 
SN 

NT 
(6.4.1) 

=( 
R 

MT 0X satisfies the identity For and F12 T 0N 
X112 

The new controller variables are defined as: 

A=NAkM T+ NBkC2R+SB2Ck MT +S (A + B2Dk C2) R (6.4.2) 

f3 = NBk+ SB2Dk (6.4.3) 

0=Ck MT + DkC2R (6.4.4) 

b= Dk (6.4.5) 

The identity XX-1 =I together with (6.4.1) gives: 

MN T =I-RS (6.4.6) 
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If M and N have full row rank, the controller matrices Ak, Bki Ck and Dk can be 

computed from A, B) C, D7 R) S, M and N. Moreover, the controller matrices can 
be determined uniquely if the controller order is chosen to be equal to that of the 

generalized regulator [21]. 

Pre- and post-multiplying the inequality X>0 by H2 T and r12, respectively 

and carrying out appropriate change of variables according to (6.4.2), (6.4.3), (6.4.4) 

and (6.4-5), the following linear matrix inequality (LMI) is obtained. 

>0 (6.4.7) 

Similarly, pre- and post-multiplying the inequality (6.3.1) by diag Th Tj 11 1) 

and diag(F12,1,1), respectively; and carrying out appropriate change of variables 

according to (6.4.2), (6.4-3), (6.4.4) and (6.4.5), the following LMI is obtained. 

T 
21 

<0 (6.4.8) 
11121 qf 22 

] 

where, 

AR + RA T +B2C+ CT BTB, +B2DD21 
T2 (6.4.9) 

(Bi + B2f)D21 

T21 
A+ (A + B2-bc2) 

T 
SB, + bD21 

(6-4-10) 
C, R+Dl2C Dil + D12DD21 

A TS ++ CTf3T (Cl + D12 b C2 
T 

SA + bC2 2 (6.4.11) 
22 

C, + D12DC2 

Proceeding in a similar fashion by pre- and post-multiplying the inequality (6.3.2) 

by H2 T and H2, respectively, and carrying out the change of variables according 

to (6.4.2), (6.4-3), (6.4.4) and (6.4.5), the following LMI is obtained. Details of the 

derivation are available in [20,21]. 

sin 0 (ýD + (I)T) COS 0 ((1) 
_ (I)T) 

COS 0 (41)T 
_ CD) sin 0 (, CDT + 11)) 
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where, 

Mixed-sensitivity approach using linear matrix inequalities 

AR+B20 A+B2b D21 

A SA + f3C2 

) 

(6.4.13) 

The system of LMI in (6.4.7), (6.4.8) and (6.4.12) are solved for R, S7 A, B7 C 

and b. A full-rank factorization MN T=I- RS of the matrix I- RS is computed 
via singular value decomposition (SVD) approach such that M and N are square 
and invertible. With known values R, S, A) f3j C^ 

7 
bý M and N the system of linear 

equations (6.4.2), (6.4.3), (6.4.4) and (6.4.5) is solved for Dk, Bk7 Ck and Akin that 

order. The controller is obtained as K(s) = Dk + Ck(SI- Ak)-'Bkwhich not only 
satisfies the criterion < -y but also places the closed-loop poles within D. 

6.5 Case study 

In this section, the prototype power system model, described in Chapter 3, is con- 

sidered to illustrate the control design methodology in detail. The performance and 

robustness of the design is also validated. 

6.5.1 Weight selection 

As mentioned earlier, the standard practice in 'H,, mixed-sensitivity design is to 

choose the weight W, (s) as an appropriate low pass filter for output disturbance 

rejection and W2 (s) as a high-pass filter to reduce the control effort in the high 

frequency range. In view of that, the weights are chosen as follows: 

wi (s) = 
30 W2 (8) `: ý 

los 

s+ 30' s+IO0 
(6.5.1) 

The frequency responses of these weighting functions are shown in Fig. 6.4. It 

can be seen that the two weights intersect at around 10 rad/s, (note that the critical 

modes to be controlled are below the frequency of 10 rad/s). Thus, the minimization 

of the sensitivity is emphasized up to this frequency and the constraint on the control 

effort is imposed soon after. It is to be noted that there is no hard and fast rule for 
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choosing the cut-off frequencies for the weights and some trial and error is involved 
before converging to a suitable choice. 

m 

(U 
cz 

10-1 la-, i(Y 10 19 1U 
frequency, rads/s 

id' 

Figure 6.4: Frequency response of the weighting filters W, (s) and W2(s) 

6.5.2 Control design 

To facilitate control design and to reduce the complexity of the designed controller, 

the nominal system model was reduced to a 7th order equivalent, as described in 

Chapter 3. The generalized regulator problem was formulated according to (6.2.5) 

using the simplified system model and the weights in (6.5.1). The control design 

problem is to minimize -y such that (6.4.7), (6.4-8) and (6.4-12) are satisfied. 

A series of functions, available with the LMI control toolbox [19] in Matlab [46], 

is used to formulate and solve the optimization problem. The first step is to define 

the solution variables (also known as the LMI variables) R, S, A) f3 and 0 using the 

1mivar function. The size of these variables and their structure is specified through 

this function. Having defined the solution variables, the next step is to set up the 

LMI in (6.4.7), (6.4.8) and (6.4.12) in terms of these variables. Each of the terms 

of an LMI and their respective positions are specified using the 1miterm function. 

In this design, a conic sector of inner angle 2cos-10-15 with apex at the origin was 

107 



Chapter 6 Mixed- sensitivity approach using linear matrix inequalities 

chosen as the pole-placement region to ensure a minimum damping ratio of 0.15 
for the closed-loop system. To achieve this, the value of 0 in (6.4.12) was set to 

cos-10-15. 

The three sets of LMI are combined in a system of LMI using the getImis func- 

tion. Having set up the LMI, -y is minimized using the mincx function such that 
the set of LMI are satisfied. The optimum value of the solution variables R, S7 A) 
b and 0 are retrieved from the output of the mincx function by using the dec2mat 

function. From R and S, M and N are determined through singular value decompo- 

sition of I- RS. Knowing R, S, M, N, A, b and C^ , the controller parameters Ak, 

Bk, Ckand Dkare determined from (6.4.2), (6.4.3), (6-4.4) and (6.4.5). The matlab 

routine for designing a controller using the above procedure is given in Appendix C. 

The order of the controller obtained from the design routine is equal to that of 
the reduced system order plus the order of the weights. As there are three weights 

associated with the three measured outputs and one with the control input, the size 

of the designed controller is 14 (=7+2+3+1). The designed controller was simplified 
further to a1 Oth order equivalent without affecting the frequency response as shown 

in Fig. 6.5. 

The frequency response of the sensitivity S and the control times sensitivity KS 

is plotted in Figs. 6.6 and 6.7. As discussed before, S should be low at the lower 

frequencies to achieve disturbance rejection but relatively higher values can be tol- 

erated at higher frequencies. This is achieved in the designed controller as seen 

from Fig. 6.6. On the other hand, to ensure satisfactory performance KS should be 

low at high frequencies to reduce the control effort which is evident in the achieved 

design as can be seen from Fig. 6.7. 

The state variable representation of the 3-input, 1-output controller for the TCSC 

is given in Appendix F. 
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Figure 6.5: Frequency response of the original (14 order) and simplified (10 order) 
controller 

The design steps can be summarized as follows: 

1. Simplify the system model 

2. Formulate the generalized regulator using the simplified system model and the 

mixed-sensitivity weights 

3. Define the LMI variables using the ImMar function 

4. Construct the terms of the LMI using the lmiterm function 

5. Assemble the individual LMI into a set of LMI employing the getImis function 

6. Solve the -y optimization problem with the set of LMI constraints using the 

mzncx function 

7. Retrieve the optimum value of the solution variables through the dec2mat 

function 

8. Determine the controller using the optimum value of the solution variables 

9. Simplify the designed controller 
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Figure 6.6: Frequency response of sensitivity (S) function 

Alternatively, the design problem can be solved by suitably defining the objec- 
tives in the argument of the function hinfmix available with the LMI control toolbox 
[19] in Matlab [461. The pole-placement constraint can be imposed by using'the 
lmireg function which is an interactive interface for specifying different LMI regions. 
The matlab routine illustrating the use of hinfmZX function for this design is given 
in Appendix D. 

6.5.3 Performance evaluation 

The eigen-values of the closed-loop system were computed to examine the perfor- 

mance of the designed controller in terms of improving the damping ratios of the 

inter-area modes. The results are summarized in Tables 6.1. It can be seen that 

the damping ratios of the three critical inter-area modes, shown in boldface, are 

improved in the presence of the controller. 

It is to be noted that by imposing the pole-placement constraint, as described ear- 

lier, a minimum damping ratio of 0.15 could be ensured for the simplified closed-loop 

system (simplified open-loop system and designed controller in feedback). However, 
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Figure 6.7: Frequency response of control times sensitivity (KS) function 

Table 6.1: Damping ratios and frequencies of the inter-area modes under nominal 
operating condition 
Mode No control With control 
no. f (Hz) f (Hz) 
1 0.0626 0.3913 0.2336 0.3590 
2 0.0435 0.5080 0.1316 0.5094 
3 0.0554 0.6232 0.1456 0,6384 
4 0.0499 0.7915 0.0550 0.7843 

the results shown here are based on the original system and therefore the damping 

ratios under certain situations are less than 0.15 but they are still adequate enough 

to ensure that oscillations settle within 12-15 s. 

The damping action of the designed controller was examined under different 

types of disturbances in the system. These included changes in power flow levels 

over key transmission corridors, changes in the type of loads etc. Table 6.2 displays 

the damping ratios of the inter-area modes for a range of power flows across the 

NETS and NYPS interconnection. 

The performance of the controller was tested with various load models including 
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Table 6.2: Damping ratios and frequencies of the critical inter-area modes at different 
levels of power flow between NETS and NYPS 
Power flow 

(MW) 
Mode 1 

f (Hz) 
Mode 2 

f (HZ) 
Mode 3- 

f (Hz) 
100 0.2420 0.3566 0.1374 0.5106 0.1351 0.6640 
500 0.2371 0.3578 0.1338 0.5097 0.1419 0.6451 
700 0.2336 0.3590 0.1316 0.5094 0.1456 0.6384 
900 0.2300 0.3609 0.1289 0.5093 0.1491 0.6251 

Table 6.3: Damping ratios and frequencies of the critical inter-area modes for, dif- 
ferent types of load models 
Type of 

load 
Mode 1 

f (Hz) 
Mode 2 

f (Hz) 
Mode 3 

f (Hz) 
CI 0.2336 0.3590 0.1316 0.5094 0.1456 0.6384 

CC+CI 0.2313 0.3608 0.1308 0.5175 0.1314 0.6353 
CP+CI 0.2251 0.3621 0.1309 0.5260 0.1175 0.6351 

Dynamic 0.2304 0.3582 0.1399 0.5135 0.1456 0.6381 

constant impedance (CI), a mixture of constant current and constant impedance 

(CC+Cl), a mixture of constant power and constant impedance (CP+Cl) and with 

dynamic load characteristics. The damping ratios of the inter-area modes are listed 

in Table 6.3 for different types of load characteristics. The damping ratios, displayed 

in the tables above, shows that the action of the controller is robust under varying 

operating conditions. 

6.5.4 Simulation results 

One of the most severe disturbances stimulating poorly damped inter-area oscilla- 

tions is a three-phase fault in one of the key transmission circuits. For temporary 

faults, the circuit breaker 'auto-recloses' and normal operation is restored, other- 

wise, one or two lines might have to be taken out for maintenance. There might be 

other types of disturbances in the system which are less severe compared to faults 

and are, therefore, not considered here. 

To evaluate the performance and robustness of the designed controller simula- 

tions were carried out corresponding to some of the probable fault scenarios in the 
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NETS and NYPS inter-connection. An outage of one of the lines in this corridor 
weakens the inter-connection considerably. The following disturbances were consid- 
ered for simulation with a three-phase solid fault for 80 ms (about 5 cycles) close to 
the following buses (see Fig. 3.1): 

1. bus #60 followed by auto-reclosing of the circuit breaker 

2. bus #53 followed by outage of one of the tie-lines between buses #53-#54 

3. bus #53 followed by outage of one of the tie-lines between buses #27-#53 

4. bus #60 followed by outage of one of the tie-lines between buses #60-#61 

The designed controller is aimed to settle the inter-area oscillations within 12-15 

s (performance criteria) following the disturbances. Moreover, it should be able to 

achieve this following any of the above disturbances (robustness) although the de- 

sign is based on a nominal operating condition (no outage). 

Simulations were carried out in Matlab Stmulink [57] for 25.0 s employing the 

trapezotdal integratton method. The disturbance was created 1.0 s after the start 

of the simulation. The dynamic response of the system following the disturbance 

is shown in Figs. 6.8,6.9 and 6.10. These figures exhibit the relative angular sep- 

aration between the generators located in separate geographical regions. Inter-area 

oscillations are mostly manifested in these angular differences and are therefore cho- 

sen for display. It can be seen that inter-area oscillations settle within the desired 

time frame of 12-15 s for a range of post-fault operating conditions and thus satisfy 

the robustness requirement as well. A hard limit of 0.1 to 0.8 was imposed on the 

variation of the percentage compensation of the TCSC which is depicted in Fig. 6.10. 

6.6 Case study on sequential design 

In this section, a case study on sequential design of damping controllers for multiple 

FACTS devices is presented. The basic control design formulation is exactly the 
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same as described in the previous section. However, a separate controller is de- 

signed for each of the FACTS devices sequentially. The feedback signals are chosen 

appropriately out of those locally available. 

6.6.1 Test system 

The test system used for this study is the same as described in Chapter 3. How- 

ever, instead of one, three FACTS devices are considered to be installed as shown 

in Fig. 6.11. 

The TCSC is installed in the line between buses #18 and #50 to provide a com- 

pensation (k, ) of 50%. An SVC is present at bus #18 to provide voltage support in 

the face of 1500 MW power transfer between area #5 and NYPS. The setting of the 

SVC is set to 117 MVAr to ensure nominal voltage at bus #18. A TCPAR, with a 

steady state phase angle (0) setting of 10 degrees, is installed in the line connecting 

buses #13 and #17 to facilitate 3000 MW power transfer from equivalent generator 
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The aim of this exercise is to design three separate damping controllers Ki, 

K2 and K3 using locally available signals such that inter-area oscillations can be 

damped. The location of the FACTS devices and the corresponding damping con- 
trollers are shown in Fig. 6.11, where yi, Y2 and Y3 are the measured feedback signals 

and ul, U2 andU3 are the derived control signals. 

6.6.2 Control design 

The control design formulation described in Section 6.6.2 produces a centralized 

controller in multi-variable form. Here, the design of the damping controllers is 

done in a sequential manner using the decentralized approach. The basic idea is to 

design a damping controller for one FACTS device to start with. The closed-loop 

system after including this controller is used to design the controller for the second 
device. Exactly the same procedure is repeated for the third device. At each stage 

of this sequential design, the system model is updated with the designed controller 

model. In such a design method, the order of the system increases as each loop 
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is closed depending on the number of states associated with the controllers of the 
individual FACTS devices. 

The sequential design of the controllers K1, K2 and K3 for the TCSC, SVC and 
TCPAR has been carried out in sequence. The choice of this sequence improves the 
damping of modes #1, #2 and #3 in that order. Other sequences were tested and 
found to produce slightly different controllers but essentially the same performance 
could be achieved. The same set of weights given in (6.6.1) and (6.6.1) has been 
found to work well for the design of all three controllers. 

W, (s) = 0.8475 
99s+11400 

(6.6.1) 
S2+ 156s + 12504 

W2 (s) = 0.8475 
0.1055s 2+0.037s + 0.0094 

(6.6.2) 
s(s + 0.0020)2 

Each of the controllers were reduced to 5" order by Schur balanced truncation 
[37] without significantly affecting the frequency response. The gain of the con- 
trollers (but not the controller structure) were tuned slightly to produce a damping 

ratio which ensured settling of oscillations in 10-12 seconds. The transfer functions 

of the designed controllers are given in Appendix F. 

6.6.3 Performance evaluation 

The eigen-values of the closed-loop system were computed considering sequential 
loop closure. Table 6.4 shows the eigen-values considering only the controller K, for 

TCSC. 

Table 6.4: Damping ratios and frequencies of inter-area modes with the controller 
for TCSC (Control loops for SVC and TCPAR open) 
Mode Open-loop Closed-loop 
no. f (Hz) f (Hz) 
1 0.0626 0.3945 0.1544 0.3434 
2 0.0434 0.5105 0.0545 0.4991 
3 0.0560 0.6269 0.0656 0.6191 
4 0.0499 0.7923 0.0502 0.7918 

The damping of mode #1, shown in boldface, is improved primarily with very 

little effect on modes #2, #3 and #4. Similarly Table 6.5 shows that the controller 
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Table 6.5: Damping ratios and frequencies of inter-area modes with the controllers 
for TCSC and SVC (Control loop for TCPAR open) 
Mode 

no. 
Open-loop 

f (Hz) 
Closed-loop 

f (Hz) 
1 0.1544 0.3434 0.1795 0.3158 
2 0.0545 0.4991 0.1031 0.4549 
3 0.0656 0.6191 0.0643 0.6184 
4 0.0502 0.7918 

_0.0603 
0.7864 

Table 6.6: Damping ratios and frequencies of inter-area modes with the controllers 
for TCSC, SVC and TCPAR (All the control loops closed) 
Mode Open-loop Closed-loop 

no. f (Hz) f (Hz) 
- 1 0.1795 0.3158 0.3140 0.2682 

2 0.1031 0.4549 0.2266 0.4444 
3 0.0643 0.6184 0.1105 0.4585 
4 0.0603 0.7864 0.0600 0.7858 

for SVC primarily improves the damping of mode #2, shown in boldface, besides 

improving mode #1 slightly. The controller for TCPAR primarily improves the 

damping of mode #3, shown in boldface, besides adding to the damping ratios 

of modes #1 and #2 as evidenced in Table 6.6. The combined action of the three 

controllers improves the damping of all three critical inter-area modes to an adequate 

level. 

6.6.4 Simulation results 

To validate the robustness of the designed controllers, non-linear simulation were 

made under the same set of operating conditions, described in Section 6.6.4. A 

three-phase solid fault for 80 ms (5 cycles) was considered as the disturbance fol- 

lowed by the contingency conditions depicted on top of the respective subplots. ý 

The angular separation between machines GI and G15 located in different areas 

is shown in Fig. 6.12 under several operating scenarios. In each case, the designed 

controllers for TCSC, SVC and TCPAR is able to settle the oscillations within 12-15 

s. The outputs of the individual FACTS devices are shown in Figs. 6.13,6.14 and 
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6.15 for the same operating conditions. Appropriate limits were imposed on the 

variation of the control variables as seen in these figures. The limit imposed on the 
TCSC is the same as before. For the SVC, the output variation limit was set to -150 
(inductive) to 200 (capacitive) MVAr. The limit on the phase angle of the TCPAr 

was set to 0 to 20 degrees. 

6.7 Summary 

In this chapter, the basic concept of mixed-sensitivity design formulation has been 

elaborated. The problem has been translated into a generalized H... regulator frame- 

work. The solution to the problem was sought numerical ly using LMI with additional 

pole-placement constraints. The control design methodology was illustrated by two 

case studies. In the first case, a centralized controller was designed for a single 

FACTS device. Feedback signals from three remote locations were employed for the 

controller. In the second case, a sequential design methodology was adopted for 

multiple FACTS devices. Local feedback signals were used to design decentralized 

controllers for individual FACTS devices. The performance and robustness of the 

design was validated using frequency domain analysis and non-linear simulations. 
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Chapter 7 

Normalized H,, loop-shaping 
using linear matrix inequalities 

Over the last decade, several researchers have investigated the use of H,,, optimiza- 
tion [71,74,72] and y-synthesis [78,79] for power system damping control design. 

The designed controller has the ability to maintain stability and achieve desired 

performance while being very less sensitive to changes in operating conditions. A 

mixed-sensitivity design formulation with linear matrix inequality (LMI) based solu- 

tion was illustrated in the previous chapter. In that approach, the designer specifies 

the performance requirements in terms of the weighted closed-loop transfer func- 

tions and a stabilizing controller is obtained which satisfies these criteria. One of 

the difficulties is that appropriate selection of the mixed-sensitivity weights is not 

straightforward. Moreover, it is possible for the closed-loop specifications to be 

made without considering the properties of the nominal system, which can often be 

undesirable. 

A loop-shaping design methodology, however, does not suffer from the above 

drawbacks. It combines the characteristics of both classical open-loop shaping and 

H... optimization. Zhu et. al. [17] and Farsangi et. al. [18] have applied this 

technique for power system damping control design. However, the problem was 

solved analytically using a standard normalized coprime factorization approach, 

wherein, the time domain specifications in terms of minimum damping ratios (pole- 

placement) could not be considered explicitly in the design stage. 
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In this chapter, the problem of robust stabilization of a normalized coprime factor 

system description is converted into a generalized H,,,, regulator problem [37]. The 

general methodology to 'H,,, sub-optimal solution using linear matrix inequalities 

(LMI), proposed in [19,20,21], is used to obtain the solution with additional pole- 

placement constraints. 1n addition to robust stabilization of the shaped system 

model, a minimum damping ratio could thus be guaranteed for the critical inter- 

area modes of the closed-loop system. 

7.1 Design approach 

The normalized coprime factorization approach for loop-shaping design was pro- 

posed by McFarlane and Glover in a series of research papers [80,81,82,83]. This 

is a two stage design procedure that combines the 'H,,,, robust stabilization with clas- 

sical loop-shaping. First, the open-loop system model is augmented by pre and post- 

compensators to give a desired shape to the open-loop frequency response. Then the 

resulting shaped system model is robustly stabilized with respect to coprime factor 

uncertainties by solving the 'H,,, optimization problem. In this chapter, the standard 

normalized coprime factorization based problem is converted into a generalized 

regulator problem. The solution is sought in the LMI framework with additional 

pole-placement constraints [20,211. 

Loop-shaping 

The basic principle of H,,, loop-shaping design is to pre- and post-compensate the 

system model and thereby, shape the open-loop frequency response. The idea is to 

specify the performance requirements prior to robust stabilization [81]. If W, and 

W2 are the pre and post-compensators respectively, then the shaped system model 

G, is given by G, = W2GWI as shown in Fig. 7.1. 

The controller K is designed by solving the robust stabilization problem'for 

the shaped system model G, as described later in Section 7.1.2. The equivalent 

feedback controller Kq for the original system model G is obtained by augmenting 
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Gs 

-------------------------------------------------------------- 
I 

c) Equivalent controller K 
eq 

Figure 7.1: Loop-shaping design procedure 

the designed controller K with the compensators i. e. Kq :=W, KW2 as shown in 

Fig. 7.1. 

The primary task in loop-shaping design is to choose appropriate pre and post- 

compensators. Based on the recommendations in [84], the following guidelines are 

normally used for shaping the open-loop system model [37]: 

The system inputs and outputs are properly scaled to improve conditioning of 

the open-loop plant. 

The compensators are chosen in such a way that the singular values of the 

shaped system model are desirable. This would normally correspond to high 

gain at low frequencies, roll-off rates of approximately 20 dB/decade at desired 

bandwidth(s), with higher rates at high frequencies [37]. 
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* Integral action is added at low frequencies. 

It should, however, be noted that the choice is specific to the particular appli- 
cation and some trial and error is involved prior to finalizing the selection. The 

maximum stability margin Emý,,, see (7.1.4) in Section 7.1.2, provides an indication 

as to whether the choice of the compensators is appropriate or not. If the margin 
is too small) Emax < 0.25, then the compensators need to be modified following 

the above guidelines. WhenEmax > 0.25, the choice is generally considered to be 

acceptable. 

7.1.2 Robust stabilization 

The robust stabilization of a system model in terms of its normalized coprime factors 

is described in this section. A normalized left coprime factorization of a system 

model G(s) is defined as follows: 

G(s) = M-'(s)N(s) (7.1.1) 

such that the following conditions are satisfied 

NU+MV=l 

MM* + NN* =I 

where, M*(s) = M'(-s) and U and V are stable. The nominal open-loop shaped 

system model G, can be be factorized into its left normalized coprime factors N and 

M-1 , as shown in Fig. 7.2. The perturbations around the nominal N and M-1 are 

represented as ANand Am, respectively. 

The largest positive number, e(= s ..... 
), such that the perturbed system model 

GA = (M + Am)-'(N + AN) can be stabilized by a controller, K, for all A- 

<6 is given by 

-1 

Emax inf 
I 

(I - GK)-' M-1 
K[Kj 

0o) 
where K is chosen over the set of all stabilizing controllers [80]. 

(7.1.4) 
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------------- i GA 

Figure 7.2: Normalized coprime factor robust stabilization problem 

The objective of the robust stabilization problem is to ensure stability under 

possible uncertainties in the system model. The larger the uncertainty against which 
the controller is able to ensure stability, the better is the design. In other words, 

obtaining a robust stabilizing controller is equivalent to maximizing the uncertainty 

measure E. Therefore, the control design problem boils down to minimizing the 

following cost function: 

min GK)-'M-1 
KES K_ 

00 
The following manipulation shows that the objective function (7.1.5) is equiva- 

lent to a four block norm optimization problem. Noting the fact that the H, ' norm 

is invariant under right multiplication by a co-inner function [82], introduction of 

[M N] in (7.1.5) does not affect the overall infinity norm. Therefore, the expression 

in (7-1.5) can be rewritten as follows: 

(I - GK)-' M-1 

Oo 

(I - GK)-' M-1 Im 
K 

(I - GK)-' II G] 
K 

S SG 
KS KSG 

00 

N] 
00 

00 
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where, S= (I - GK) -' is the sensitivity and S is the set of all stabilizing controllers. 
The problem of robust stabilization of a standard normalized coprime factor system 
model description is thus translated into a generalized R,, " regulator problem which 
can be equivalently stated as follows: 

s 

min Kc: S KS 

cy /"Y 
0(-x 

KSG 
00 

(7.1.6) 

The closed-loop transfer functions in (7.1.6) correspond to robustness against 

specific system model /controller perturbations as mentioned below. 

S: parametric perturbation on the system model 
SG: additive perturbation on the controller 
KS: additive perturbation on the system model 
KSG: input multiplicative perturbation on the system model 
Therefore, minimizing (7.1.6) maximizes the amount of allowable perturbations with 

guaranteed stability [85]. 

The generalized regulator P for minimizing the 'H,,,, norm of the closed-loop 

quantities in (7.1.6) can be formulated using the closed-loop set up in Fig. 7.3. It 

can be seen that: 

:ý= Ax + Bd2+ Bu 

z, - Cx + di 

Z2 -U 

y- Cx+d, 

Therefore, the state representation corresponding to the generalized regulator P 

is given by: 
All B, B2 x 

z C, Dil D12 d 

y C2 D21 0u 

where, Z= 
[Zl Z21t d= [di d2l'Bi = [0 B], B2 = [B], C, = [C O]T 

7D, I- 
1 0], D12 

100 
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zi z 
.2 d2 

Figure 7.3: Generalized regulator set-up for the four block problem in (7.1.5) 

I] T, D21= [10]. The generalized regulator P is given by: 

[Aý10 BIB 

c100 

0001 

cI 1- 00j 

The controller, K 
Ak Bk 

can be obtained by solving the H,, optimiza- Ck Dk 

tion problem given in (7. i. 6). 

In an analytical solution approach, additional constraints (e. g. pole-placement) 

cannot be imposed in the controller synthesis stage. Therefore, the solution is 

obtained here using a LMI formulation [20,21] as it offers the flexibility to im- 

pose additional pole-placement constraints which directly addresses the damping 

improvement issue. Having formulated the generalized regulator problem, the so- 
lution procedure is exactly the same as outlined in the previous chapter and is 

therefore, not repeated here. 

7.2 Case study 

In this section, the prototype power system model, described in Chapter 3, is con- 

sidered to illustrate the control design methodology in detail. The performance and 

robustness of the controller is also validated. 
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7.2.1 Loop-shaping 

To facilitate control design and to reduce the complexity of the designed controller, 
the nominal system model was simplified to a 7" order equivalent, as described in 
Chapter 3. Prior to solving the R,, problem, the simplified open-loop system has to 
be shaped following the recommendations in Section 7.2.1. A pre-compensator was 

used to introduce an integral action in the low frequency range and also to reduce 
the overall gain of the system in order to suit the desired performance requirements. 
The transfer function and the frequency response of the pre-compensator is given 
below: 

Wi(s) 

25- 

20 

15-- 

10- 

5- 

Co cm 0- 

-20- 2 10 lo- i Cp lo' 10 
2 lo' 10 

frequency, rad/s 

Figure 7.4: Frequency response of the pre-compensator 

(7.2.1) 

The three output channels were scaled with appropriate static weights to improve 

the conditioning of the open loop plant. Scale factors of 1.0,2.0, and 0.6 were used 

for the Ist, 2nd and 3rd outputs, respectively resulting in a post-compensator W2 

of the form: 

0.106s + 0.1096 

S+0.001 

1.0 00 
W2 0 2.0 0 

000.6 

(7.2.2) 
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The frequency response of the resulting shaped system model is shown in Fig. 7.5. 
The phases of the transfer functions from the three measured outputs to the input 
is shown separately as subplots in Fig. 7.6. 
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Figure 7.5: Frequency response of the reduced order original and shaped system 

7.2.2 Control Design 

The matrices A, B7 C, D of shaped system model were used to formulate the gen- 

eralized regulator P, defined in (7.1.12). Once the generalized regulator problem 

is formulated, the controller synthesis procedure is similar to that outlined in the 

previous chapter. The hinfmix function available in the LMI control toolbox [191 

was used to perform the necessary computations. The pole-placement constraint 

was specified in terms of a conic sector with apex at the origin and an inner angle 

0= 2cos-'(0.15) as before, which ensures a minimum damping ratio of 0.15. The 

design converged to an optimum H,,, performance index -ypt of 4.873. The damping 

ratio and frequency of oscillation of the three critical inter-area modes is shown in 

Table 7.1. The damping ratio of the 2 nd and 3 rd modes are below 0.15 although 

the design was done to ensure a minimum damping ratio of 0.15. This difference is 

expected as the design was based on the simplified model whereas, the results shown 

in Table 7.1 are based on the simplified controller and the original system model. 
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Figure 7.6: Phases of the transfer functions from the measured outputs to the input 

Table 7.1: Damping ratios and frequencies of inter-area modes under nominal oper- 
ating condition 
Mode Open-loop Closed-loop 

no. f (Hz) f (Hz) 
1 0.0626 0.3913 0.1701 0.3905 
2 0.0435 0.5080 0.1415 0.4931 
3 0.0554 0.6232 0.1152 0.6345 

The closed-loop damping ratios ensure satisfactory settling of inter-area oscillations 

within 12-15 s as shown in the next section. The state-space representation of the 
9th order controller is given in Appendix G. 

7.2.3 Simulation results 

To evaluate the performance and robustness of the designed controller, simulations 

were made corresponding to the same set of disturbance scenarios in the NETS and 

NYPS inter-connection, as described in the earlier chapter. The designed controller 

is required to settle the inter-area oscillations within 12-15 s (performance criteria) 

following the disturbances. Moreover, it should be able to achieve this following any 
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of the above disturbances (robustness) although the design is based on a nominal 
operating condition (no outage). 

Simulations were carried out in Simulink [57] for 25.0 s employing the trapezotdal 
integrahon method. The disturbance was applied 1.0 s after the start of the simu- 
lation. The dynamic responses of the system following the disturbance are shown 
in Figs. 7.7, and 7.8. 
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Figure 7.7: Dynamic response of the system in terms of angular separation between 

generators G1 and C15 under different operation conditions mentioned on top of 

each subplots 

These figures exhibit the relative angular separation between the generators lo- 

cated in separate geographical regions. Inter-area oscillations are mostly manifested 

in these angular differences and are therefore, chosen for display. It can be seen 

that the oscillations settle within the stipulated time frame of 15.0 s for a range 

of post-fault operating conditions and thus adhere to the robustness requirement 

as well. A hard limit of 0.1 to 0.8 was imposed on the variation of the percentage 

compensation of the TCSC which is depicted in Fig. 7.9. 
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7.3 Summary 

In this chapter, the application of the normalized H,,, loop-shaping technique for 

design of damping controllers has been illustrated. The first step in this design ap- 

proach is to pre- and post-compensate the linearized model of the power system using 

the McFarlane and Glover loop shaping technique. The problem of robust stabiliza- 

tion of a normalized coprime factor system model description has been translated 

to a generalized H,,, regulator problem. The solution was sought numerically using 

LMI with additional pole-placement constraints. By imposing the constraints, a 

minimum damping ratio could be ensured for the critical inter-area modes which 

resulted in settling of oscillations within the specified time. 
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Chapter 8 

Summary and future research 
opportunities 

In this thesis, a number of robust control design methodologies have been illustrated 
for designing FACTS controllers to damp inter-area oscillations in power systems. 

Application of the multiple-model adaptive control scheme for robust damping 

of inter-area oscillations in power system using a TCSC has been demonstrated in 
Chapter 4. The lack of robustness of conventional controllers under varying oper- 

ating conditions provides the motivation behind adopting such an adaptive control 

strategy. A recursive Bayesian approach is used for computing the current probabil- 
ity of each model representing the actual system response and the results are used 
to determine the subsequent control move. The control output of each individual 

controller is assigned a weight based on the computed probability of each model 

and the resulting control action is the probability-weighted average of the control 

moves of individual controllers. The algorithm is shown to work satisfactorily for the 

study system under two different test cases where the model corresponding to the 

post-disturbance behavior is either present or absent in the model bank. When the 

actual model is present, the recursive Bayesian approach is able to identify it within 

a few iterative steps and switch the appropriate controller accordingly. On the other 

hand, when the actual model is removed from the bank, the scheme performs proper 

blending of the remaining control moves to achieve a reasonably similar performance 

as before. This highlights the potential applicability of the MMAC scheme for large 
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practical power system where the dynamic behavior is unlikely to be governed by a 
single model. 

The key to the success of the MMAC scheme is the rate of convergence of the 

probabilities, which in turn, is governed by the appropriate choice of convergence 
factor Cf and artificial cut-off Oi,,, see Chapter 4 for details. A pattern of variation 
of the computed weights for different values of Cf and 13, j, has been provided in 

an attempt to set a tentative guideline for choosing them, depending on the scenario. 

An adaptive control scheme, involving a large number of possible models '(for 
different operating conditions) and corresponding controllers might be difficult to 

implement in practice. Therefore, a fixed structure controller is always a better 

option provided it can achieve the desired performance robustness for a range of 

possible operating conditions. The concept of simultaneous stabilization has been 

applied in which an optimization problem is solved to determine the controller pa- 

rameters that would guarantee closed-loop poles in certain target locations with 

preferential treatment to those poles corresponding to the inter-area modes. Sys- 

tem models under different operating conditions were incorporated into the design 

formulation to achieve the necessary performance robustness. A min-max approach 

is adopted to optimize the worst case scenario. The design methodology has been 

applied for multiple swing mode damping through a single FACTS device. 

In practical power systems, the set of possible operating conditions that might 

be encountered following a disturbance are not known. Hence, considering a family 

of operating conditions and optimizing the performance for the worst case scenario 

might not always be feasible. In such situations, the R., norm based optimization 

approach can be employed primarily because it can ensure a degree of robustness 

without any prior knowledge of the set of possible operating conditions. The h... 

problem is generally solved analytically based on the Riccati equation approach. 

However, additional specifications like minimum damping ratio requirement cannot 
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be captured in a straightforward manner through this approach. The 'H"" mixed- 
sensitivity design formulation has been translated into a generalized 'Ho, regulator 
problem. The solution to the problem is sought numerically using LMI with ad- 
ditional pole-placement constraints. The control design methodology has been il- 
lustrated through two case studies. In the first case, a centralized controller was 
designed for a single FACTS device. Feedback signals from three remote locations 

were employed for the controller. In the second case, a sequential design method- 
ology was adopted for multiple FACTS devices. Local feedback signals were used 
to design decentralized controllers for individual FACTS devices. The performance 
and robustness of the design was validated using frequency domain analysis and 
non-linear simulations. 

One of the difficulties with the previous approach is appropriate selection of 

the mixed-sensitivity weights which is not straightforward. Moreover, it is poss ' 
ible 

for the closed-loop specifications to be made without considering the properties of 
the nominal system, which can often be undesirable. To overcome these problems, 

a loop-shaping design methodology has been presented. The problem of robust 

stabilization of a normalized coprime factor system description is converted into a 

generalized H,, problem. The general methodology to H,,,, sub-optimal solution 

using LMI has been used to obtain the solution with additional pole-placement 

constraints. In addition to robust stabilization of the shaped system model, a min- 
imum damping ratio has thus been guaranteed for the critical inter-area modes of 

the closed-loop system. 

Throughout this work, it has been assumed that the use of phasor measurement 

units (PMU) based wide-area measurement (WAM) employing global positioning 

system (GPS) coupled with fibre optic based communication ensures transmission 

of remote signals in almost real time. Hence, no sizeable amount of delay in trans- 

mitting the remote signals to the controller site has been considered during the 

design or validation stage, However, the cost and associated complexities restrict 

the use of such sophisticated signal transmission hardware in a large commercial 
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scale. As a more viable alternative, the existing communication channels or Ahe 
internet is often used to transmit the signals from remote locations even though a 
relatively large amount of delay is involved. This delay can typically be up to 0.5- 
1.0 s depending on the distance, protocol of transmission and several other factors. 
Delays of such sizeable amount should be accounted for in the design stage itself by 

treating the power system as a dead-time system and reformulate the H,,,, design 

techniques using approaches available in the literature for dead-time systems. Fur- 

ther research can be continued in this direction. 

In this work, the controllers designed were shown to work for a single level of 

contingency. However, power system blackouts can take place following multiple 

contingencies meaning that they can be brought about by a cascaded combination 

of events such as multiple outages, protective relay malfunctioning etc. Considering 

the complicated nature of the power system and the operational uncertainties in- 

volved, it is extremely difficult, if not impossible, to design a single control structure 

which is robust enough to tackle multiple contingencies. Even the R,,,, controllers, 

designed and tuned for single contingency level, in general, fail to ensure satisfac- 

tory performance under the higher level contingencies. One way of tackling the 

problem would be to design a hierarchical control structure consisting of a bank of 

robust controllers designed and tuned to perform satisfactorily under each level of 

contingencies. Each of these controllers should preferably be robust with respect 

to any contingency within that level. Future research can be continued to design a 

hierarchical control structure to counter multiple contingencies in the system. , 

Having designed the controllers and validated their performance through simu- 

lations in Matlab Simuhnk, the next step is to implement the control schemes and 

verify the closed-loop behavior of the entire system in real-time. This is extremely 

important for the adaptive control schemes as relatively large amount of computa- 

tion is involved in each step. The primary concern for testing the control algorithms, 

however, is the availability of a large scale power system model in the form of a test 

bench. It is extremely difficult to build even a prototype of an actual power system 
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in the laboratory or a manufacturing site. For obvious reasons, it is rarely allowed to 

shut down the system operation to perform the validation tests. For both technical 

as well as economic reasons, it is thus desirable to have a dynamic system emulator 

which can physically emulate the dynamic behavior of the power system in real time. 

A suitable digital signal processor (DSP) platform (e. g. dSPACE, Opal-RT etc. ) 

can be used to build such an emulator. Using a digital-to-analog (D/A) and analog- 

to-digital converters (A/D), the measured signals from the emulated plant can be 

made available to the controller in analog domain, as encountered in practice. The 

control algorithm can then be programmed on any standard DSP (e. g. TMS3205X) 

chip. The hardware interface between the two DSP platforms would be in analog 

domain so that it is virtually impossible for the controller to distinguish between 

the actual plant and the emulated plant. This type of simulation hardware can 

be used for fully digital simulation or for h ardware- in-th e- loop applications where 

either the simulated power system model or simulated controller is connected to 

external hardware by different types of input-outputs. Future work can concentrate 

on building such a test bench to validate the controller performances in real-time. 

In this way, the costly proposition of building a large prototype power system in the 

laboratory for testing purpose could possibly be avoided. 
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Appendix A 

16-machine, 5-area test system 
data 

Table A. 1: Machine bus data 
Bus number Voltage (pu) Power generation (pu) 

1 1.0450 2.50 
2 0.9800 5.45 
3 0.9830 6.50 
4 0.9970 6.32 
5 1.0110 5.05 
6 1.0500 7.00 
7 1.0630 5.60 
8 1.0300 5.40 
9 1.0250 8., 00 

10 1.0100 5.00 
11 1.0000 10.00 
12 1.0156 13.50 
13 1.0110 35-91 
14 1.0000 17.85 
15 1.0000 10.00 
16 1.0000 40.00 

Bus number Real load (pu) Reactive load (pu) 

17 60.00 3.0000 
18 24.70 1.2300 
19 00 
20 6.80 1.0300 
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Table A. 3: Load bus data (continued) 
Bus number Real load (pu) Reactive load (pu) 

21 2.74 1.1500 
22 0 0 
23 2.48 0.8500 
24 3.09 -0.9200 
25 2.24 0.4700 
26 1.39 0.1700 
27 2.81 0.7600 
28 2.06 0.2800 
29 2.84 0.2700 
30 0 0 
31 0 0 
32 0 0 
33 1.12 0 
34 0 0 
35 0 0 
36 1.02 -0.1946 
37 0 0 
38 0 0 
39 2.67 0.1260 
40 0.6563 0.2353 
41 10.00 2.5000 
42 11.50 2.5000 
43 0 0 
44 2.6755 0.0484 
45 2.08 0.2100 
46 1.507 0.2850 
47 2.0312 0.3259 
'48 2.412 0.0220 
49 1.64 0.2900 
50 1.00 -1.4700 
51 3.37 -1.2200 
52 1.58 0.3000 
53 2.527 1.1856 
54 0 0 

55 3.22 0.0200 
56 2.00 0.7360 

57 0 0 

58 0 0 

59 2.34 0.8400 

60 2.088 0.7080 
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Table AA: Load bus data (continued) 
Bus number Real load (pu) Reactive load (pu) 

61 1.04 1.2500 
62 0 0 
63 0 0 
64 0.09 0.8800 
65 0 0 
66 0 0 
67 3.20 1.5300 
68 3.29 0.3200 
69 0 0 

From bus To bus Resistance (pu) Reactance (pu) Line charging (pu) Tap ratio 
54 1 0 0.0181 0 1.0250 
58 2 0 0.0250 0 1.0700 
62 3 0 0.0200 0 1.0700 
19 4 0.0007 0.0142 0 1.0700 
20 5 0.0009 0.0180 0 1.0090 
22 6 0 0.0143 0 1.0250 
23 7 0.0005 0.0272 0 0 
25 8 0.0006 0.0232 0 1.0250 
29 9 0.0008 0.0156 0 1.0250 
31 10 0 0.0260 0 1.0400 
32 11 0 0.0130 0 1.0400 
36 12 0 0.0075 0 1.0400 
17 13 0 0.0033 0 1.0400 
41 14 0 0.0015 0 1.0000 
42 15 0 0.0015 0 1.0000 
18 16 0 0.0030 0 1.0000 
36 17 0.0005 0.0045 0.3200 0 
49 18 0.0076 0.1141 1.1600 0 
68 19 0.0016 0.0195 0.3040 0 
19 20 0.0007 0.0138 0 1.0600 
68 21 0.0008 0.0135 0.2548 0 
21 22 0.0008 0.0140 0.2565 0 
22 23 0.0006 0.0096 0.1846 0 
23 24 0.0022 0.0350 0.3610 0 
68 24 0.0003 0.0059 0.0680 0 
54 25 0.0070 0.0086 0.1460 0 
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Table A. 6: Line data (continued) 
From bus To bus Resistance (pu) Reactance (pu) Line charging (pu) Tap ratio 

25 26 0.0032 0.0323 0.5310 0 
37 27 0.0013 0.0173 0.3216 0 
26 27 0.0014 0.0147 0.2396 0 
26 28 0.0043 0.0474 0.7802 0 
26 29 0.0057 0.0625 1.0290 0 
28 29 0.0014 0.0151 0.2490 0 
53 30 0.0008 0.0074 0.4800 0 
61 30 0.0019 0.0183 0.2900 0 
61 30 0.0019 0.0183 0.2900 0 
30 31 0.0013 0.0187 0.3330 0 
53 31 0.0016 0.0163 0.2500 0 
30 32 0.0024 0.0288 0.4880 0 
32 33 0.0008 0.0099 0.1680 0 
33 34 0.0011 0.0157 0.2020 0 
35 34 0.0001 0.0074 0 0.9460 
34 36 0.0033 0.0111 1.4500 0 
61 36 0.0022 0.0196 0.3400 0 
61 36 0.0022 0.0196 0.3400 0 
68 37 0.0007 0.0089 0.1342 0 
81 38 0.0011 0.0147 0.2470 0 
33 38 0.0036 0.0444 0.6930 0 
41 40 0.0060 0.0840 3.1500 0 
48 40 0.0020 0.0220 1.2800 0 
42 41 0.0040 0.0600 2.2500 0 
18 42 0.0040 0.0600 2.2500 0 
17 43 0.0005 0.0276 0 0 
39 44 0 0.0411 0 0 
43 44 0.0001 0.0011 0 0 
35 45 0.0007 0.0175 1.3900 0 
39 45 0 0.0839 0 0 
44 45 0.0025 0.0730 0 0 
38 46 0.0022 0.0284 0.4300 0 
53 47 0.0013 0.0188 1.3100 0 
47 48 0.0025 0.0268 0.4000 0 
47 48 0.0025 0.0268 0.4000 0 
46 49 0.0018 0.0274 0.2700 0 
45 51 0.0004 0.0105 0.7200 0 
50 51 0.0009 0.0221 1.6200 0 
37 52 0.0007 0.0082 0.1319 0 
55 52 0.0011 0.0133 0.2138 0 
53 54 0.0035 0.0411 0.6987 0 
54 55 0.0013 0.0151 0.2572 0 
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From bus 

16-machine, 5-area test system data 

Table A. 7: Line data (continued) 
To bus Resistance (pu) Reactance (py) Line charging (pu 

55 56 0.0013 0.0213 0.2214 
56 57 0.0008 0.0128 0.1342 
57 58 0.0002 0.0026 0.0434 
58 59 0.0006 0.0092 0.1130 
57 60 0.0008 0.0112 0.1476 
59 GO 0.0004 0.0046 0.0780 
60 61 0.0023 0,0363 0.3804 
58 63 0.0007 0.0082 0.1389 
62 63 0,0004 0.0043 0.0729 
64 63 0.0016 0.0435 0 
62 65 0.0004 0.0043 0.0729 
64 65 0.0016 0.0435 0 
56 66 0.0008 0.0129 0.1382 
65 66 0.0009 0.0101 0.1723 
66 67 0.0018 0.0217 0.3660 
67 68 0,0009 0.0094 0.1710 
53 27 0.0320 0.3200 0.4100 
69 18 0,0006 0.0144 1.0300 
50 69 0.0006 0.0144 1.0300 

Table A. 8: Machine dynamic data 

I dp ratio 
0 
0 
0 
0 
0 
0 
0 
0 
0 

1.0600 
0 

1.0600 
0 
0 
0 
0 

1.0000 
0 
0 

Machine Bus Base 
M VA 

X1, 
(PU) 

R, 
(PU) 

Xd 

(pu) 
Xd 

(PU) 
Xd 

(PU) 
Tdo 

(S cc) 
Týo 
(Sec) 

I 1 100 0.0125 0.0 0.1 0.031 0.025 10.2 0.05 
2 2 100 0.035 0.0 0.295 0.0697 0.05 6.56 0.05 
3 3 100 0.0304 0.0 0.2495 0.0531 0.045 5.7 0.05 
4 4 100 0.0295 0.0 0.262 0.0436 0.035 5.69 0.05 
5 5 100 0.027 0.0 0.33 0.066 0.05 5.4 0.05 
6 6 100 0.0224 0.0 0.254 0.05 0.04 7.3 0.05 
7 7 100 0.0322 0.0 0.295 0.049 0.04 5.66 0.05 
8 8 100 0.028 0.0 0.29 0.057 0.045 6.7 0.05 
9 9 100 0.0298 0.0 0.2106 0.057 0.045 4.79 0.05 

10 10 100 0.0199 0.0 0.169 0.0457 0.04 9.37 0.05 
11 11 100 0.0103 0.0 0.128 0.018 0.012 4.1 0.05 
12 12 100 0.022 0.0 0.101 0.031 0.025 7.4 0.05 
13 13 200 0.0030 0.0 0.0296 0.0055 0.004 5.9 0.05 
14 14 100 0.0017 0.0 0.018 0.00285 0.0023 4.1 0.05 
15 15 100 0.0017 0.0 0.018 0.00285 0.0023 4.1 0.05 
16 16 200 0.0041 0.0 0.0356 0,0071 0.0055 7.8 0.05 
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Table A. 9: Machine dynamic data (continued) 
Machine Xq V Xq ff - Xq -I Tqo ff Tqo H D 

(P U) (P u) (P u) (sec) (sec) (See) 
1 0.069 0.028 0.025 1.5 0.035 42.0 4.0 
2 0.282 0.060 0.05 1.5 0.035 30.2 9.75 
3 0.237 0.050 0.045 1.5 0.035 35.8 10 
4 0.258 0.040 0.035 1.5 0.035 28.6 
5 0.31 0.060 0.05 0.44 0.035 26.0 3 
6 0.241 0.045 0.04 0.4 0.035 34.8 10 
7 0.292 0.045 0.04 1.5 0.035 26.4 8 
8 0.280 0.050 0.045 0.41 0.035 24.3 9 
9 0.205 0.050 0.045 1.96 0.035 34.5 14 

10 0.115 0.045 0.04 1.5 0.035 31.0 5.56 
11 0.123 0.015 0.012 1.5 0.035 28.2 13.6 
12 0.095 0.028 0.025 1.5 0.035 92.3 13.5 
13 0.0286 0.005 0.004 1.5 0.035 248.0 33 
14 0.0173 0.0025 0.0023 1.5 0.035 300.0 100 
15 0.0173 0.0025 0.0023 1.5 0.035 300.0 100 
16 0.0334 0.006 0.0055 1.5 0.035 225.0 50 

Table A. 10: DC excitation system data 
Machine 

no. 
T, 

(Sec) 
KA TA 

(Sec) 
Vrmax 

(pu) 
vrmin 

(pu) 
KE 

(Sec) 
TE Aex Bex 

1 0.01 40 0.02 10 -10 1 0.785 0.07 0.91 
2 0.01 40 0.02 10 -10 1 0.785 0.07 0.91 
3 0.01 40 0.02 10 -10 1 0.785 0.07 0.91 
4 0.01 40 0.02 10 -10 1 0.785 0.07 0.91 
5 0.01 40 0.02 10 -10 1 0.785 0.07 0.91 
6 0.01 40 0.02 10 -10 1 0.785 0.07 0.91 
7 0.01 40 0.02 10 -10 1 0.785 0.07 0.91 
8 0.01 40 0.02 10 -10 1 0.785 0.07 0.91 

Table A. 11: Static excitation system and PSS data 
Machine T, K,, Vrmax Vrmin Kpss T, T2 T3 T4 

(sec) (P U) (P U) (sec) (Sec) (sec) (sec) 

_L2 9 0.01 200 5 -5 13,717 0.1 0.2 0.1 0.2 
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Appendix B 

Jacobian of the FACTS power 
injections 

B. 1 Thyristor controlled series capacitor (TCSC) 

w. r. t state variables 

49Pk 
- akc 

1 
(k c 

VkVBk7n sin (Ok 
- 

07n) 
W 

aQk 
akc - (k c 

2 
1)2 

Bkm [vk 
- VkVm COS (Ok Om)] 

apm 
- akc (k c 

VmVkBr7-tksin (Om - Ok) 
1)2 

aQm 
- 49kc (k c 

Bmk [Vr2rj 
- VmVk COS (Om 001 

W 

B-1.2 w. r. t algebraic variables 

aPk 
- 

k, VkVmBkm COS (Ok 
- 0n7, ) 

aOk (ke - 1) 
Opk 

- 
k, Bkm Vk Vm COS (Ok 

- 07n) 
aOrn (ke - 1) 
aPk k, 

, 9v mBkm sin (Ok - Om) 
k 1) 

V 
(kc 11 

194 k, 
VkBkrn sin (Ok - Orn) 

aV, 
n 

(kc - 1) 

aQk 
- 

kc 
VkVmBkm sin A- Om) 

090k (kc - 1) 
09Qk 

-kc Bkm Vk Vm sin A- Orrt) 
aom (kc - 1) 

19Qk kc 
Bkm [2Vk - Vm COS (Ok - Om)] 

09 Vk (kc - 1) 

Nk k, 
VkBkm COS A- Om) 

a V, (kc - 1) 
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Chapter B 

apm k, 
VmVkBmk COS (Om - Ok) 

aOk (kc - 1) 

apm 
- 

k, 
VVkBmk COS (Om - Ok) 

490M (kc - 1) 
OPM 

- 
kc 

VmB-rnk sin (0, - Ok) 
a Vk (kc - 1) 

apm 
- 

kc 
VkBrnk sin (0, - Ok) 

avm (kc - 1) 

Jacobian of the FACTS power injections 

aQm 
- 

k, 
Vm Vk Bmk Sin (0. 

- Ok) 
190k (k, - 1) 
aQm 

- 
kc 

1) 
VmVkBmk sin (Om - Ok) 00m (kc - 

aQm 
- 

k, 
VnBrnk COS (Om - Ok) 

a Vk (kc - 1) 

aQm 
- 

kc Bmk [2Vm - Vk COS (Om 
- 001 

(9 Vm (kc - 1) 

B. 2 Static VAr compensator (SVC) 

B. 2.1 w. r. t state variables 

aQk 
V2 

aBsvc k 

B. 2.2 w. r. t algebraic variables 

Nk 
== 2VkB,,, 

Wk 

B. 3 Thyristor controlled phase angle regulator (TC- 
PAR) 

B-3.1 w. r. t state variables 

49Pk VkVm [Gkm sin (Okm + Bkm COS Am + 0)] 
090 

Nk 
VI Vm [Gktn COS (Okm ++ Bkm sin Am + 0)] 

ao K 
(9p, 

mVk 
[Grrtk sin (Omk - 'ý-71 -V 

Bmk COS (Omk 

V, Vk [Gmk COS (Omk + Bmk sin (Omk 
Tn 
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Chapter B Jacobian of the FACTS power injections 

B-3.2 w. r. t algebraic variables 

49Pk 
=- VkVm [Gkm Isin Okm - Sin (Okm + Bkm ICOS Okm - COS Am + 0) 11 

aOk 

(9Pk 
= VkVm [Gkm Isin Okm - sin (Okm + 0) 1 Bkm ICOS Okm - COS (Okm + 0) 11 

aom 
49Pk 

= Vm [Gkm f COS Okm COS (Okm + 0) 1+ Bkm I sin Okm sin Am + 0) 11 
Nk 

49A 
= Vk [Gkm f COS Okrn COS (Okrn + 0) 1+ Bkm Isin Okm sin Am + 0) 11 

a vm 

aQk 
VkV,,, [Gkm I COS Okm - COS Am + 0) 1+ Bk7n ý sin Okm - sin Am + 0) 11 

190k 
Nk 

VkVm [Gkm f COS Okm - COS Am + 0) J+ Bkm f sin Okm - sin Am + 0) 11 

aom aQk 
=- Sin (Okm +M-B- COS (Okm + 0) 1] Vm [Gkm Isin Okm km fCOS Okm 

19V k 
Nk 

= Vk [Gkm f sin Okm - sin (Okm + Bkm f COS Okm - COS (Ok? 
n + 

avm 

49pm 
- -V- Vk [Grnkfsin Ornk - Sin (Omk - 0) 1- Bmk ICOS Omk - COS (Omk - 0) 11 

490k m 

apa -` v-B 1- 
- Sill (Omk 

mk 
fCOS Omk - COS (Omk 

mvk 
[Gmk Isin Ornk 

aom 
ap = Vm [Grnk ICOS Omk COS (Omk 

- 0) 1+ Bmk ISin Omk sin (Omk 

19Vk 

ap, ! ý-ý 
= Vk [Gmk f COS 07nk COS (Omk- 0) 1+ BrakfsinOmk sin (Omk 

a vm 

aQ, 
- -VVk 

[Gmk f COS Omk - COS (Omk- O)l + Bmkf sin Omk - Sin (Omk 
aOk 
aQ, n V Vk [Gmk ý COS Omk - COS (Omk + Bmk I sin Omk - sin (Omk 
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Tn 

(qQm V [Gmk Isin Omk - Sin (Omk Bmk ýCOS Omk - COS (omk 
a Vk m 
aQm Vk [Gmk f sin Omk 

- sin (Omk Bmk f COS Omk - COS (Omk 

avm 
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Appendix C 

Matlab routine for controller 
design using LMI control toolbox 

f unction[K, R, S] = LMIbuilddestgn (system, theta, nin, nout, tol); 

% Inputs 

% system : Generalized regulator 
% theta : Angle of conic sector for pole-placement 
% nin : Number of control inputs to the system 
% nout : Number of measured outputs from the system 
% tol : Tolerance 

% Outputs 

%K: Designed controller 
% R) S Solutions of the LMI solvability conditions 
% gopt Optimum value of gamma 

[A, B1, B2, C1, C2, D11, D12, D21, D22] = hinfpar(system, [nout nin]); 

n= size(A, 1); 

% Inner angle of the conic sector pole-placement region 

st = sin(theta); ct = cos(theta); 
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Chapter C Matlab routine for controller design using LMI control toolbox 

Ast =A* st; Act =A* ct; B2st - B2 * st; B2ct = B2 * ct; C2st = C2 * st; C2ct = 
C2 * ct, 

% Building the LMI 

setlmis([ j)-) 

Define the solution variables 

gamma =: lmivar(l, [1 0]), 

R- lmivar(l, [n 11); 

S= lmivar(l, [n 1]); 

Ahat = Imivar(2, [n n]); 

Bhat = lmtvar(2, [n nout]); 
Chat = Imivar(2, [nin nj); 

Set up the LMI 

Imiterm(fl II R], A, 1, s); 
c 7). lmiterm([l 11 Ckhat], B2,1) s7 

lmiterm([l 2 10], Bl'); 

lmiterrn([l 22 gamma], 1, - 1) 

Imiterm([l 31 Ahat], 1,1); 

lrntterm([l 31 0], A') -7 

lmiterm([l 32 SI, 1, Bl)-, 

lraiterm([l 32 Bhat], 1, D21)) 

lmiterm([l 33 S], A/) 1) ý81; 

lmiterm([l 33 Bhat], 1, C21 CST 

1mitermffl 41 R], Cl, 1); 

Imiterm([l 41 Chat], D12,1); 

Imiterm Q 14 2 0], D 11); 

lmiterm([l 43 0], Cl); 

Imiterm([l 44 gamma), 1, -1); 

%LMI#I: A*R+R*A' 

%LMI#l: B2 * Chat + Chat'* B2' 

%LMI#l: Bl' 

%LMI#I: -gamma 
%LMI#l: Ahat 

%LMI#I: A' 

%LMI#l: S* Bl 

%LMI#I: Bhat * D21 

%LMI#I: A'* S+S* 

%LMI#l : Bhat * C2 + ýC2'* Bk4at' 

%LMI#l: Cl *R 
%LMI#l: D12 * Chat 

%LMI#l: D11 

%LMI#I: Cl 

%LMI#I: -gamma 
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Chapter C Matlab_routine for controller design using LMI control toolbox 

imiterm ([ -211 R) 
111 1) %LMI#2: R 

imiterm([-2 21 0], 1); %LMI#2: 1 
Imiterm([-2 22 S], 1,1); %LMI#2: S 

lmiterm([3 II RI, Ast, 1, CS1 ); %LMI#3: Ast *R+R* Ast' 

lmiterTnQ3 II Chat], B2st, 1, ( 8'); %LMI#3: B28t *Chat + Chat'* B2st' 

ITniterm([3 21 Ahat], 1, st); %LMI#3: Ahat* 8t 

lmiterm([3 21 0], Ast); %LMI#3: Ast' 

lmiterm Q3 22 SI, 1, Ast s %LMI#3: S* Ast + Ast'* S 

lmiterm([3 22 Bhat], 1, C2st, 's'); %LMI#3: Bhat * C2st + C2st'* Bhat' 

lmiterm([3 31 R], 1, Act'); %LMI#3: R* Act' 

lmiterm([3 31 - Chat], 1, B2ct'); %LM-1#3: Chat'* B2ct' 

lmiterm Q3 31 R], Act, - 1); 'YoLMI#3: -Act *R 
Imiterm([3 31 Chat], B2ct, - 1); %LM1'#3: -B2ct * Chat 

lmitermQ3 32 - Ahat], 1, ct); %LMI#3: Ahat'* ct 
Imiterm([3 32 0] 7 -Act)-, %LMI#3: -Act 
Imiterm([3 33 RI, Ast, 1, 's'), %LMI#3: Ast *R+R* Ast' 

lmiterrn([3 33 Chat], B2st, 1, 's'); %LMI#3: B2st * Chat + Chat'* B2st' 

lrniterm([3 41 Ahat], 1, -ct); %LMI#3: -Ahat * ct 

lmiterm([3 41 0], Act'); %LMI#3: Act' 

ImitermQ3 42 SI, Act', 1); %LMI#3: Act'* S 

lmiterm([3 42 - Bhat], C2ct', 1); %LMI#3: C2ct'* Bhat' 

lmiterm([3 42 S], 1, -Act); 
%LMI#3: -S *, Act 

lmtterm([3 42 Bhat], 1, -C2ct)-, 
%LMI#3: -Bhat * C2ct 

Imiterm([3 43 Ahat], 1, st); %LMI#3: Ahat * st 

lmiterm([3 43 01, Ast'); %LMI#3: Ast' 

lmiterm([3 44 S], 1, Asti sI %LMI#3: S* Ast + Ast'* S 

Imiterm([3 44 Bhat], 1, C2st, 's'), %LMI#3: Bhat * C2st + C2st'* Bhat' 

System of LMI 

syslmi = getlmis; 
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Chapter C Matlab routine for controller design using LMI control toolbox 

% Minimize the cost function 

% objective = alphagamma 2+ eps * Trace(R + S) 

cobJ = zero8(decnbr(syslmi), 1); cobj (1) = 1; penalty - le - 8; 

Rdiag diag(decinf o(syslmi, R)); 

Sdiag diag(decinf o(syslmi, S)); 

cobj(Rdiag) = penalty * ones(n, 1); cobj(Sdiag) = penalty * ones(n, 1); 

slow =5+5* (tol < le - 1); opt = [tol, 300,16, slow, 01; 

target = le - 3; 

[cost, xopt] - mincx(syslmi, cobj, opt, target); 

% Retrieve the LMI variables form the solution 

gopt = dec2mat(syslmi, xopt, gamma); 

R= dec2mat(sys1mi, xopt, R); 

S= dec2mat(sys1mi, xopt, S); 

Ahat = dec2mat(syslmi, xopt, Ahat); 

Bhat = dec2mat(syslrni, xopt, Bhat) -, 
Chat = dec2mat(syslmi, xopt, Chat); 

% Determine Mti(= inv(M')) and Ni(-'nv(N)) from SVD of MN'= I-R*S 

[u, sd, v] = svd(eye(n) -R* S)-)% factorize I-RS 

M=u; N=v* sd'; Ni = inv(N); Mti - inv(M'); Mt = M'; 

Retrieve the controller parameters from the transformed variables 

Ck = Chat * Mtij 

Bk =: Ni * Bhat; 

Ak = Ni* (Ahat- N* Bk*C2*R- S* B2* Ck* Mt- S* A* R) *Mti; 

Controller state space 

K= ss(Ak, Bk, Ck, 0); 
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Appendix D 

Matlab routine for controller 
design using hinfmix function 

% Inputs 

% 1mireg Interactive interface for specifying LMI regions 
% dkbnd 0 is used to ensure strictly proper controller 
% tol tolerance 

% nin Number of control inputs to the system 
% nout : Number of measured outputs from the system 
% obd' : 4-entry vector specifying the H2/Hinf objective 
% system : Generalized regulator 

% Outputs 

%K: Designed controller 
% R, S Solutions of the LMI solvability conditions 
% gopt Optimum value of gamma 

region lrnireg-, 

dkbnd 0.0; 

tol = 0.00001; 

r= [0 nout nin]; 

obi - [0 01 0] 1 
[gopt, h2opt, K, R, S] = hinf mix(system, r, obj, region, dkbnd, tol); 
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Chapter E Plant parameter matrix P for 1-input, r-output case 

Appendix E 

Plant parameter matrix P for 
1-input, r-output case 

For the I-input, r-output case, the plant parameter matrix P has the following 

structure. 
ngn, 1 ngn, 2 ngn, 3 dgn 0 0 0 0 

ngn-1,1 ngn-1,2 ngn-1,3 dgn-1 ngn, 1 ngn, 2 ngn, 3 dgn 

ngn-1,1 ngn-1,2 ngn-1,3 dgn-1 

ngl, 1 ngl, 2 ngl, 3 dgl 

ngo, 1 n. o, 2 ng0,3 dgo ngl, 1 ngl, 2 ngl, 3 dgl 

0 0 0 0 no, 1 no, 2 no, 3 do 

0 0 0 0 0 0 0 

0 0 0 0 0 0 0 

0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 

0 0 0 0 0 0 0 

0 0 0 0 0 0 0 

0 0 0 0 
0 0 0 0 
0 
0 0 
0 0 
0 0 
0 0 
0 0 0 
0 0 0 

ngn, 1 ngn, 2 ngn, 3 
dgn 

ngn-1,1 ngn-1,2 ngn-1,3 dgn-1 

ngl, 1 ngl, 2 ngl, 3 dgl 

ngo, 1 ng0,2 ngo, 3 dgo 
_ 
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Appendix F 

Controller obtained using 
mixed- sensitivity approach 

F. 1 3-input, I-output controller for TCSC 
The state-space representation of the 3-input, I-output controller for the TCSC is 
given below. 

A= 
0.00142 0.04159 -1-199 0.9064 1.071 -0.5885 0.8903 -0.5335 0.2819 0.5904 

-0-0163 - 0-5484 1.894 -1.1 0.1047 1.602 -0.0715 0.2934 1.883 -1,335 
-0.0485 2.908 -15.19 10.19 12.27 0.8047 -4.074 -8.546 18-78 8.341 
0.05106 -5-585 10-39 -7-194 -5.197 -0.1979 5.6 4.931 -13.46 -4-552 
0.02486 -3-254 10-09 -9.3 -10.33 -1-591 2.515 8.588 -15.18 -8-698 
-0.127 - 0.7249 -7.607 3.852 9.832 -5.579 12.06 -6.059 19-34 -12.08 
0.1701 -3-588 22-08 -11.74 -16.49 4.918 -11.58 9.938 -26.48 4.873 

0.02694 0.09246 -6.241 3.415 4.801 9.19 -6.617 -7.661 14.22 9.799 

0.2105 -1.472 -0.6016 3.104 -2.163 -15.07 14.6 7.548 -35-68 2.593 

-0-0168 0.1134 -0-0968 -0.0017 -0-2884 -3.412 3.45 1.833 -2.869 -41-83 

1.176 -3-496 5.456 

-3.634 15.69 -19.87 
16-71 -52.75 86.94 

0.2833 51.03 -61.2 
B -6.712 53.98 -79.06 

4.205 3.521 -10.64 
-10-64 40.82 -32-05 

15.7 IL43 37.06 

-6.246 25-55 7.572 
0.7751 -1.309 2.478 

-0.5665 0.0002464 -0.0301 0.02745 0.02555 0.08631 -0.0503 -0.0488 0.1404 0.2902 

Dz7--: [000] 
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Chapter F Controller obtained using Tnixed-sensitivity approach 

F. 2 SISO controllers for TCSC, SVC and TCPAR 
The transfer function representation of the controllers K1, K2and K3 for the TCSC, 
SVC and TCPAR are given below. 

KTcsc (s) = KTcs, 
NTcsc (s) 

DTCSC (8) 

KTCSC = 1.05 
NTCSC (s) = -4.88 x 10584 

- 2.33 x 108s3-2.76X 10982 _ 1.55 x 10los 
+ 1.56 x 109 

DTCSC (S) =S5+2.14 x 105S4+ 1.77 x 108S3+ 1.32 x 101OS2 + 6.51 x 109s 

2.38 x 1010 

Ksvc (s) - Ksvc, 
Nqvc (s) 
Dsvc (s) 

Ksvc 2.70 
Nsvc (s) 8.36 x 103S4 + 7.51 x 106S3 

- 3.31 x 107S2 + 1.27 x 109s 

- 3.43 x 108 

Dsvc (s) = S5 + 7.79 x 103S4 + 9.47 x 106S3 + 5.35 x 108S2 + 1.71 x 109s 

+ 2.09 x 109 

KTCPAR KTCPA 
NTcPAR (S) 

'tDTCPAR (S) 

KTCPAR:: ý 1-00 

NTCPAR (S) 
-: 1.02 x 10684+ 1.83 x 109S3 + 1.01 X 1011S2 + 3.05 x 101's 

+ 5.36 x 1010 
DTCPAR (S) : -` 85+8.94 x 105,54 + 8.87 x 109S3 + 3.69 x 1012S2 + 2.56 x 1012S 

+ 2.26 x 1012 

157 



Appendix G 

Controller obtained using 
normalized loop-shaping approach 

The state-space representation of the 3-input, I-output controller for the TCSC is 
given below. 

-0-001 0.002 -0.092 0.0118 -0.053 -0.132 0.059 0.001 -0-016 0.084 
0 -2.45 23.12 -0.541 30.33 46.4 -0.014 8.171 -0-896 -8.408 
0 4.822 44.25 -3.551 66.69 92.96 4.268 3.092 -2.185 -16.05 
0 22.94 -25.38 -15.37 -58.96 -63.49 -29.81 -52.44 11.39 -28.04 
0 -49.2 -175 38.68 -201.1 -330.3 17-36 59.18 -4.388 125.1 

A 
0 -70.74 -558.7 84.35 -667.5 -1102 11.37 21.82 17.68 320.7 
0 72.95 416.8 -70.38 484.3 797.2 -43.73 -55.83 3.497 -262.9 
0 13.46 76.54 -10.17 96.49 148.4 10.01 -9.31 -2.473 -36.97 
0 2.284 38.9 -1.919 67.49 92.71 20.7 9.99 -9.978 -2.857 
0 -6.7 -130.5 16.22 -141.6 -247 22.86 -10.97 -0.433 76.76 

0 0.014 -0.003 0.001 0.0 46 0.3 98 -0.216 -0.0 63 -0.0 39 0.118 T 

B1X 104 X 0 0.151 0.131 -0.382 -0.1 89 -0.495 0.275 0.2 08 0.0 85 0.095 

0 -0.083 -0.167 0.1 67 0.4 16 1.531 -1.057 -0.2 02 -0.2 08 0.318 

0.109 0.0002 -0.0098 0.0012 -0-0056 -0.014 0.006 0.0001 -0.0017 0.0089 ] 

000] 
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