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Abstract

As an AC interconnected power system is subjected to a large load with rapid change, system
frequency may be severely disturbed and becomes oscillatory. To stabilize the frequency oscillations,
the dynamic power flow control of the Static Synchronous Series Compensator (8SSC) located in
series with the tic line between interconnected power systems, is employed. By regarding the system
interconnection as the control channel. the power flow control by an SSSC via the interconnection
creates a sophisticated method of frequency stabilization. To implement this concept. the robust design
method of the lead/lag cantroller equipped with the SSSC is proposcd. In the design process, not only
the attchuation performance of system disturbances, but also the robust stability against system
uncertaintics arc taken into consideration. The optimal paramcters of the lead/lag contreller are
obtained by using the tabu search algorithm (TSA), so that both performance and robustness are
satisficd. The frequency stabilizer developed by the proposed design can be implemented in both
continpous and discrete time domains. Simulation study exhibits the significant damping effects of
designed frequency stabilizer on frequency oscillations under different load disturbances and negative
damping.
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Chapter 1

Introduction

1.1 Motivation of The Research

Ay

Nowadays, electric power systems all over the world are undergoing drastic
restructuring. The ttend is toward deregulating an inciustry that has ti'aditional[y been a
regulated monopoly to allow for economic competition. The restructuring of the conventional
vertically integrated utilities into separated generation, transmission and distribution
companies has been accomplished first in United Kingdom and almost everywhere up to now.
This not only prompts a heavy competition among utilities but also increase the diversity of

resource options for customers [1, 2.

The major change that has happened in the deregulated power system is the
proliferation of the non-utility generation such as Independent Power Producers (1PPs) that
play an important role in participating in power transactions. In the case that many IPPs
which have not sufficient abilities of frequency and voltage controls, have been concentrated
in any power system, it is very important to consider that how the control services of system
frequency and voltage should be implemented.

Furthermore;, it is reasonably expected that the -power system in the future will be
more and more interconnected with significant inter-area power flows along tie lines.
Interconnected tie lines have the benefits of providing inter-area support for abnormal
conditions as well as transmission paths for contractual energy exchanges between areas.
Under this situation, there is possibility of the occurrence of unbalanced area power demands
which may cause instability problems of frequency and inter-area power oscillations. To
overcome this"problem, a dynamic control of tie line power flow with the aim of not only
alleviating the heavy tie line power flows, but also stabilizing the system frequency
oscillations against the sudden changes in load demands, is significantly required.

In a deregulated po-ver industry, any power system controls such as frequency and
voltage controls will be served as ancillary services [3-6]. Especially, stabilization service of
frequency oscillations in an interconnected system becomes challenging when implemented
in the future competitive environment [7,8]. A new stabilization service which emphasizes
not only on efficiency, reliability and economics but also on advanced and improved control
for satisfying the requirement of power system operation, is highly expected.



1.2 Current Technology and Problems of Stabilization of Frequency

Oscillations in Interconnected Power System

At present, the control of system frequency is operated by the Automatic Generation
Controls (AGC) strategy of governor system developed nearly half a century ago [9-10]. The
primary objectives of AGC in multi-area interconnected system are to regulate frequency to
the specified nominal value and to maintain the interchange power between interconnected
arcas at the scheduled values by adjusting the output of selected generators. This function is
commonly referred to as Load-Frequency Control (LFC) [11-13]. Current LFC strategies are
based on three popular methods, i.e., Tie Lie Bias Control (TBC), Flat Frequency Control
(FFC) and Flat Tie Line Control (FTC). For example, tue purpose of TBC scheme is to
alleviate not only the system frequency deviation but also the tie line power deviation due to
changes in load demand by adjusting and coordinati'ng the generation power between
interconnected areas.

The AGC strategy is widely accepted and is well entrenched in practice in many
countries. Nevertheless, its performancz has never been viewed as fully satisfactory. There
are significant reasons which explain about its deficiencies and why AGC performance might
be less than ideal as follows [9]. AGC strategy is incapable of absorbing an abrupt large
power mismatch between the load demand and the generation power due to its slow response
characteristics. Even in the case of the operation by governor free, it is unable to play any rols
in suppressing the magnitude of the transient frequency which occurs within seconds after a
rapid change in generation or load in the system. In addition, the capability of AGC is also
deteriorated by some inevitable system nonlinearities such as the influences of deadbands in
mechanical linkage and transport delays.

In addition, in the view point of dynamics between interconnected system, there is a
possibility that the low frequency oscillations of inter-area power flows occur due to the
heavy power transfer in tie line and the unbalance of area power demands [14-15]. This may
cause a serious instability problem of frequency oscillations in interconnected systems. AGC
scheme is neither able nor can be expected to play any role in damping eletromechanical
dynamic including inter-area oscillations [9]. Present AGC scheme may no longer be able to
solve these problems. A new stabilization strategy of frequency gscillations in interconnected
power system to provide not only a dynamic control of interconnected tie line power flow but
also a fast stabilization of the transient frequency deviation is significantly required.



1.3 Purpose of This Report

Recently, the concept of utilizing power electronics devices for power system control
has been purposed as FACTS (Flexible AC Transmission Systems) [16]. The FACTS concept
[17-19] is to increase the capability, controllability and flexibility of power transfer of
existing AC transmission facilities while maintaining the reliability of the power delivery.
FACTS devices play an active role in determining real and reactive power flow by dynamic
control of the power transfer parameters, i.e., transmission voltage, line impedance and phase
angle. In other words, the AC transmission system is changed from a passive element to an
active power delivery element. Among of them, a Static Synchronous Series Compensator
[20-21] (SSSC) has been highly expected as an effective apparatus with an ability of fast
power flow control. By virtue of this characteristic,c SSSC is utilized for dynamically
adjusting the network configuration to enhance steady state performance as well as transient
stability in power systems.

In the AGC scheme, the interconneciions among some areas have been considered as
the channels of disturbances. Therefore, it has been important to suppress the frequency
fluctuations by the coordination of governor systems among interconnected areas. On the
contrary, the dynaniic power flow control by the SSSC located in series with the tie line
between two areas interconnected system, has the possibility to stabilize the system frequency
through the interconnections. In this thesis, a new control method using an SSSC to provide a
dynamic control of tie-line power flow for stabilization of frequency oscillations in AC
interconnected power system is proposed. The active control of tie line power by SSSC is not
only effective to stabilize the dynamic oscillatory behavior of the inter-are mode, but also
capable of suppressing the transient frequency deviations. According to the proposed control,
the power system which has a large frequency control capability, is able to offer the
stabilization service of frequency oscillations to other interconnected areas which have not
sufficient capai:ilities. The proposed frequency stabilization by SSSC can be expected to be
an advanced method of interconnection of AC power systems competing against the
interconnection by High Voltage Direct Current (HVDC) transmission system or Back To
Back (BTB) system. Mureover, the proposed control is expected as a new ancillary service
for stabilization of frequency oscillations in any interconnected systems which have

insufficient control capabilities, instead of the installation of large power generation units for
frequency control.



Chapter 2

Stabilization of Frequency Oscillations by
Static Synchronous Series Compensator

2.1 Introduction

Flexible AC Transmission System (FACTS) [16-19] is a sophisticated technology
sponsored by Electric Power Research Institute (EPRI) to help the utility industry in order to
fully utilize available AC transmission system. A major thrust of FACTS technology is based
on the utilization of reliable high-speed power electronics that provide dynamic control of the
power transfer actively [22]). Among of FACTS devices, a phase shifter with a solid-state
voltage source inverter using gate turn-off (GTO) thyristors [20] such as Static Synchronous
Series Compensator (SSSC) [21], Unified Power Flow Controller (UPFC) [23] etc., has
several attractive characteristics for power system applications. Especially, it is capable of
emulating an inductive or a capacitive reactance, therefore, influences the power flow in the
transmission directly. Moreover, even if the tie line power flow is very small, in other words
the tie line current is near zero, a phase shifter still has effect on power flow control. This
exhibits the superior characteristics of phase shifter beyond the series capacitance or
reactance. The sophisticated characteristics of solid-state phase shifter motivate many power
system applications, e.g., enhancement of transient stability [24], improvement of system
power dynamics [25], power system stabilization [26], loop power flow control [27], damping
of subsynchronous resonance [28] etc. Several studies about modeling and experiment with
the aim of realizing the solid-state phase shifter in practice have been also reported [29-30].
Moreover, some types of solid-state phase shifter have been already operated in real power
system [31].

In this report, a new control strategy using a Static Synchronous Series Compensator
(SSSC) to provide an active control facility for stabilization of frequency oscillations in an
interconnected power system is proposed. An SSSC located in series with the tie line between
two areas interconnected system is capable of controlling the tie line power flow dynamically.
Moreover, it has the possibility to stabilize the system frequency oscillations by fast tie line
power modulations through the interconnections.

This chapter focuses on the concept and practical motivation of the proposed
stabilization of frequency oscillations in an interconnected power system by SSSC. In
addition, the derivation of mathematical model of SSSC is curried out.



2.2 Concept and Practical Motivations of Proposed Control

Strategy

To Arca &

To Arcal

To Arca 4 To Arca 7

To Arca 5

Figure.2.1: An SSSC in a multi-area interconnected power system

Figure 2.1 shows a general multi-area interconnected power system. Both areas have

several interconnections other than area 1 or 2. A phase shifter is located in series with the tie

line between areas 1 and 2. It is assumed that frequency control of area 1 is beyond its

capability while the area 2 has the capability enough to spare for stabilization service of

frequency oscillations in an area 1. Accordingly, the tie line power modulation by a phase

shifter which is supported by the capability of area 2, is utilized to stabilize the frequency

oscillations of area 1.

The practical motivations for application of the proposed phase shifier to stabilization

of frequency oscillations are as follows,

1.

In a competitive deregulated system, non-utility generations such as many Independent
Power Producers (IPPs) which have not sufficient abilities of frequency control, tend to
increase significantly. When they have been concentrated in an area, it is important to
pay attention to how this area frequency should be controlled. Under this circumstance,
the proposed phase shifter can utilize the frequency control capabilities of other
interoonﬁectcd_ areas to stabilize the frequency oscillation of this area. The proposed
control strategy will be a new option of stabilization service of frequency oscillation for
any power system which has not sufficient frequency control capabilities, instead of the
installation of large pawer generation units for frequency control.

Nowadays, various kinds of apparatus with large capacity and consumptions increase
significantly; for typical examples, a magnetic levitation transportation, large scale
accelerator, testing plant for nuclear fusion and so on. In addition, even in the case that
an ordinary scale factory like a steel manufacture is installed in a small power system, it
may cause a serious frequency fluctuation problem. Under this situation, the
conventional governor systems, even in the case of the operation of governor free, may

no longer be able to absorb the frequency oscillations. In order to compensate these



sudden load perturbations and stabilize system frequency oscillations quickly, the
proposed phase shifter is expected as one of the most effective countermeasure.

Duc 1o the benefits of scale merit, the construction of power generation unit with large

L¥F]

capabilitics tends 1o increase considerably. This may cause a transient depressed
frequency when the losses of gencration units suddenlty occur. To tackle this situation,
the proposed control is very suitable option. Phase shifter is capable of borrowing the
control capabilities of other interconnected arcas in order to alleviate the transient

frequency deviations rapidly.

2.3 Mathematical Model of SSSC

In this study, the mathematical model of the SSSC for stabilization of frequency
oscillations is derived from the characteristic of power flow control by SSSC [20-21]. By

adjusting the output voltage of SSSC (V. ). the tie-line power flow (R, + O, ) can be
directly controlled as shown in Fig.2.1. Since the SSSC fundamentally controls only the
reactive power, then the phasor V. is perpendicular to the phasor of line current 7 , which
can be expressed as

Vese = Ve T/ (2.1
where V. and 7 are the magnitudes of V. and 7, r-cspcclively, Note that, 7/7 is a unit
vector of line current. Therefore, the current 7 in Fig. 2.1, can be expressed as
W=V Vo I/1

X,

I = (2.2)

where X, is the reactance of a tic-line, ¥, and V, are the voltages at buses | and 2.
respectively. The active power and reactive power flow through bus 1 are

Pa+j@, = VI 2.3)
where I° is a conjugate of 7 . Substituting T from (2.2) into (2.3) yields

Ro+iQy = Bsing -y - v AL [V v,

I b A s -6,)] 2.4)
where ¥ =V e’ and ¥, =V,e** . In the second term of the right hand side of 24), VT’ is
equal to B, + O, (see (3.3)). Accordingly, the relation in the real part of (2.4) provides

Vv, . P
R, = ‘isin( -4,) - -y
12 X, (& —3,) X, = (2.5)



In {2.5). the second term of the right hand side is the active power controlled by

SSSC. Here, it is assumed that 1, and I, are constant and the initial valuc of I’ is zero, i.c.
", = 0. By lincarizing (2.5) about an initial operating point,

L.
(A8, -AS,) — 2 Al (2.6)

X, RS

AP = l;l-:‘:c's{(s‘m"5:0)
b Lz -
where the subseript * 0 " denotes the value at the initial operating point. As the voltage

deviation of SSSC (Al°

EALTS

) is adjusted. the power output deviation injected by SSSC can be
controlled as APy = —(P/X,1,)AV,.. . Equation (2.6), therefore, implies that the SSSC is
capable of controlling the active power independently. Here, the SSSC is represented by the
active power contraller. The control effect by SSSC is expressed by the injected power

deviation AP, . instead of —(B.,/X,/,)AV,. . As aresult, (2.6) can be expressed as

AxsT

AR, = AR, + Af (2.7)
348 -0,
where AP, = ,l_cos(:-iw J'U)(Aﬁl—AJE)
-1,
T.(A - 85,) (2.8)

and 7., is a synchronizing power coefficient.

2.4 Structure of Frequency Stabilizer

In this study. the structure of the frequency stabilizer is based on a second-order
lead/lag compensator as shown in Fig. 2.2, There are five parameters for each designed

frequency stabilizer consisting of a stabilization gain &7, time constants 7,,7,.7,,and 7, .

T+l LAAR ]
A el —2 -
AS sy 7.; : K - At

Figure 2.2: Configuration of 2™ order lead/lag based SSSC frequency stabilizer

Since the control purpose of the frequency stabilizer is to enhance the damping of the
inter-arca mode. The frequency deviation of each target area (Af,, i=1 and 3) which
provides information of each mode of interest. is used as the input signal for each frequency

stabilizer. The control parameters of each frequency stabilizer are searched based on the

propused objective function explained in the following chapter.



Chapter 3

Design of Robust Frequency Stabilizer of
SSSC in Continuous Time Domain

3.1 Purpose of this chapter

In this chapter, the robust design method based on continuous time domain of the
frequency stabilizer is proposed. First, the problem statement is explained. Next, the design
methodology. that is a concept of coordinated control of SSSC and governor, a linearized
model of power system, a model reduction by overlapping decompositions technique, a tabu
scarch algorithm for solving optimization problem are described. Subsequently, the effects of

the designed frequency stabilizer are evaluated in the four-area interconnected power systems.

3.2 Problem Statement

P, +iQ,,

Fload Change ] SSSC
c
Figure 3.1: An SSSC in a four-area interconnected power system
Figurc 3.1 shows the four-area interconnected power system with a loop
configuration. This system is used to explain the motivation of the proposed control design. It
is assumed that a large load with rapid change has been installed in an area 1. This load
change causes serious frequency oscillations. Morcover, IPPs that do not possess frequency
control ¢capabilitics are included in an area I. Under this situation, the governors in an area |

can not sufTiciently provide adequate frequency control. On the contrary, the area 2 has large

control capability enough to spare for other areas. Therefore, an area 2 offers a service of



frequency stabilization to an arca 1 by using the SSSC. Since SSSC is a series-connected
device, the power flow control effect is independent of an installed location. In the proposed
design method, the SSSC controller uses the frequency deviation of area | as a local signal
input. Therefore, the SSSC is placed at the point near an area 1. Note that the SSSC is utilized
as the energy transfer device from area 2 to area 1. As the frequency fluctuation in an area |
occurs, the SSSC will provide the dynamic control of a tie line power via the system
connections. By exploiting the system interconnections as the control channels, the frequency

oscillations can be stabilized.

Additionally, in the interconnected system, variations of system parameters, various
load changes etc. cause several system uncertainties. To achieve the high robust stability of
system, the effect of uncertainties should be taken into account in the design process. In this
study, the aim of the proposed frequency stabilizer design is not only to enhance the damping
of interested inter-area oscillation modes, but also to improve the robust stability of system

against uncertainties.

3.3 Design Methodology

3.3.1 Coordinated Control of SSSC and Governor

The response of SSSC is extremely rapid when compared to the conventional
frequency control system, i.e. a governur. The difference: in responses signifies that the SSSC
and governor can be coordinated. When a power system is subjected to a sudden load
disturbance, the SSSC quickly acts to damp frequency oscillation in the transient period.
Subsequently, the govemnor continues to eliminate the steady-state error in frequency
oscillation. As the periods of operation for the SSSC and governor do not overlap, the

dynamic of govermor can then be neglected in the design of frequency stabilizer for the sake
of simplicity.

3.3.2 Linearized Power System Model

A study system depicted in Fig. 3.1 is used to explain the proposed control design of
SSSC. The lincarized four-area interconnected system including the active power mode! of
SSSC is delineated in Fig.3.2. Based on the coordinated control of SSSC and govemors, the
dynamics of governors are eliminated in this figure. The active power controller of SSSC has
a structure of the lead/lag compensator K,,(s) with an output signal AF, . . In this study, the

dynamic characteristic of SSSC is modeled as the first order controller with time constant
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Figure 3.2: An SSSC in a linearized four-area interconnected system without
governors
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Teese - Note that the injected power deviation of SSSC, AP acting positively on the area 1

reacts negatively on the area 2. Therefore, APy flows into both areas with different signs

(+, -), simultaneously. This characteristic represents the physical meaning of (2.7). The

linearized system in Fig.3.2 can be expressed as

ol Dl | B
AP —m g 0 ag, Y 0 . s
.nz 22T, 0 2x7, O 0 0 0 AP, 0
ok o - -& - o % O la -
S:|abpl=| 0 o 20, 0 -2am, 0 0 [lABw| + | 0 |82 G
S
A, 0 ag 0 ay -3 * 0 4af, 0
3
. o o o o -2o1;, ° AFry 0
BFrsq o o o o o - -]l o]
| &, |

Af, is the frequency deviation of area i, APy, is the power deviation between areas i and j,
M, is the inertia constant of area i, D, is the damping coefficient of area i, a, is the area
capacity ratio between areas i and j, 7, is the synchronizing power coefficient of the tie-line
between areas i and j, where i, j=1,..,3. Here ag;> = (a;2 + Ts/T12)/M, as;y = -T3/(MT5y),
assy = -a3 T3)/(M3T12), assy = (1 + a3 T3/Tr)/M;. The variable AP,,, is represented in terms
of AP, and AF,,, by

T, T,
AP, = ";ll m t #Aprn (3.2)
12 20

Thus, AP, has disappeared in (3.1). This system has three conjugate pairs of complex

eigenvalues and a negative real eigenvalue. The former corresponds to three inter-area
oscillation modes, and the latter the inertia center mode. In this paper, the design purpose of
SSSC is to enhance the damping of the inter-area mode between areas 1 and 2.

3.3.3 Model Reduction by Overlapping Decompaositions [32]

The concept of overlapping decompositions is applied to the system (3.1) with the
aim of extracting the subsystem where the inter-area mode between areas 1 and 2 is
preserved. The system (3.1) is referred to as the system S. 'fhe state variables of S are
classified into three groups, ie. x,=[Af}], x,=[AB,,]. x, =[Af.AP,,.4%,.4P,,,,47.T .
Therefore, the system S can be expressed in compact form as



X A, A, Al x B,
S :|%| = (A A Ay || x| + | By |APxe (3.3)
X, A, A Ayl xn B,

The sub-matrices 4, and B,, (i,j=1,2,3) have appropriate dimensions identical to

the corresponding state and input vectors. According to the process of overlapping

decompositions, the system S can be expanded as

4 4, O 4, B,

= |4 _ |4 A, 0 4, 3 By, )

S [] "l 0 4 a4 [z] * | g, [ G4
4, 0 4, A4, B,,

where z, =[x,r,x2']r and z, = [Jc;',x,r]r . The system § in (3.4) can be decomposed into two

interconnected overlapping subsystems,

< . (A 4 B, 0 4,

S Z = ([Am An]z, + [an]APmJ+|:o Auilz2 (3.5)
& . - _ A, A Ay 0 - By,

SR (P O S Pl 09

The state vatiable x,, i.e. the tie line power deviation between areas 1 and 2 (AF,,,),
is repeatedly included in both subsystems, which implies " Overlapping Decompositions *.

For system stabilization, consider two interconnected subsystems S, and S,. The
terms in the right hand sides of (3.5) and (3.6) can be separated into the decoupled subsystems
(as indicated in the parenthesis in (3.5) and (3.6)) and the interconnection subsystems. As
mentioned in [32], if each decoupled subsystem can be stabilized by its own input, the
asymptotic stability of the interconnected overlapping su.bsystems 5‘, and §, are maintained.
Moreover, the ?symptotic stability of the original system § is also guaranteed. Consequently,
the interactions of the decoupled subsystems with the interconnection subsystems in (3.5) and
(3.6) are regarded as perturbations. They can be neglected during control design. As a result,
the decoupled subsystems of §, and §, can be expressed as

3 5 [ 2 B, -
Sp T 3 = I::'“ :lu]ZI + [B,,]Mmc G.7
Sp: 1 % = [:: 1‘:]:, (3.8)
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In (3.7) and (3.8). there is a control input AP,. appearing only in the subsystem

S,,,- Here, the decoupled subsystem S,, is regarded as the designed system, which can be

G Afl _ "Dzlf‘ll gy Af; :I . [au/,\.[l:|AP“w 5.9)
Al =277, 0 ; AP, 0

It can be verified that the eigenvalues of (3.9) are complex conjugate and are assumed

expressed as

to be —o* jw,. These complex eigenvalues correspond to the inter-area oscillation mode

between areas | and 2 in the original system §. By virtue of overlapping decompositions, the
physical characteristic of the original system § is still preserved after the process of system
reduction. This explicitly shows the merit of overlapping -decompositions.

By incorporating the dynamic characteristic of the S8SC, (3.9) becomes

Af; -Dl/Mia.s‘lz al:/Ml ) Af; 0
G : |ap,|=|-22T, 0 © AP, | + |0 AP,  (3.10)
. 0 0 -T, AP, T,
AP [Tsssc || AP [Tsssc

For the input signal of SSSC controller, two available local signals, i.e., area 1
frequency deviation (Af]} and the tie line 1-2 power deviation (AP,,) are taken into

consideration. By calculating the right eigenvector of the oscillation mode between areas 1

and 2, the degree of activity [12] of Af, and AP,,, in this mode can be evaluated. From (3.9),
the eigenvalues representing the oscillation mode are 4, =-0.015% j3.5316. The
magnitudes of elements of the right-eigenvectors that correspond to Af; and AP, , are 0.6088
and 0.1953, respectively. As a result, Af, provides higher degree of activity in this mode.

Consequently, Af) is used as the input signal of SSSC controiler. The negative feedback

control scheme of SSSC controller can be expressed by
AF, , = ~Kp (5)Af, (3.11)
The robust controller K, (s) is in form of a lead/lag stabilizer as

Tus (1+7s) (1+T;s)

Kg(s) = K
mls) 1+T.s (1+T,s) (1+ T,s)

(3.12)

where K :acontroller gain
I.. T,, T,. T,: lead/lag time constants [sec]

T, : a washout time constant [sec]

13



Here, T, is sct to 10 [sec]). The control parameters K,7,,7,,7;. and 7, are searched

based on the objective function explained in the next section.

3.3.4 Determination of Objective Function

In derivation of the objective function, both aticnuation performance of system
disturbances, and robust stability of controller against system uncertainties are taken into
consideration. Since the main purpose of SSSC is to limit the peak frequency deviation
following a sudden load perturbation, the peak frequency deviation can be used as a design
specification. Assume that the eigenvalues corresponding to the mode of frequency oscillation

in the uncontrolled system G are determined as ~o + jw, . Thus, the system peak response to

the unit step input [33] is given by

M piocnaty = 1+exp(-on/a,) (3.13)

If the peak allowable frequency deviation of the controlled system is specified to be

M, sosemy » then the magnitude of the difference betwzen the design and the actual peak

frequency deviations can be defined as
v = MP(dengn) - M.P(a:mal) (3 .1 4)

This is the part of disturbance attenuation performance in the objective function that

will be minimized.

Next. the robust stability against system uncertainties is taken into consideration. The
possible uncertainties are ignored nonlinear characteristics of the study system, ranges and
bounds for uncertain system parameters etc. Practically, it is hardly to know about the
information of all uncertainties existing in the system. To consider such system uncertainties,
the unstructured uncertainty can be applied. In general, an upper bound of the magnitude (or
size) of unstructured uncertainty can be estimated. If the magnitude of system uncertainties is
less than this upper bound, the robust stability of system is guaranteed. Here, the

multiplicative uncertainty [33-25] is applied to represent the unstructured uncertainty in the

system, as shown in Fig.3.3. Note that G is a nominal system transfer function, A_ isa

stable multiplicative perturbation, and K is a controller designed to ensure the internal
stability of the nominal closed loop.

Based on the small-gain theorem [33-35), the ¢losed loop system will be robustly
stable if

14
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Figure 3.3: Feedback system with multiplicative uncertainty
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where, the symbol |A, | shows the magnitude of uncertainty. |(-?IE’ (1+GK )“| is the magnitude
of complementary sensitivity function which is referred to as |T|.

As mentioned in [33-35], the multiplicative stability margin (MSM) is defined as
MsM = |1, (3.16)
where |T|_ is the o -norm of T. The MSM can be used to measure the robust
stability of the system. Large value of MSM exhibits high robust stability of the system.

From (3.15) and (3.16), it is cleared that if the controller K can be designed to
minimize |T]|_, the MSM increases. As a result, the upper bound of [A,|is enlarged, and the

high robust stability will be ensured. Thus, the robustness index in the objective function can
be defined in normalized form as,

ry = “TH-;/“TIL(W) (3.17)
where [T_ .. isthe ©-norm of T at the initial solution of search process.

Combining (3.14) and (3.17), the objective function F can be formulated as,

Minimize F = coy+y

Subjectto K. < K < K, (3.18)
1;.—' s T ‘.S I;.-

The constant coefficient “c” is used to weight y -term, so that c-y dominates y
during the parameters optimization. Note that, since y is normalized to 1 at the initial
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solution, it is easy to find the value of "c" so that cey is greater than 1. Eventually, the
search process minimizes both terms until cey meets the design specification and y

decreases to the possible minimum value. The minimum and maximum values of the gain X

are set as 0.1 and 500, respectively. The minimum and maximum values of the time constants

T (i=12.3,4) are set as 0.01 and 5, respectively. In this research, tabu searach algorithm

(TSA) is employed to solve this optimization problem and search for optimal parameters of

controller.

3.3.5 TSA for Parameter Determination

The TSA [36-37] is a promising tool for solving combinatorial optimization problem.
The algorithm is an iterative improvement procedure that can start from any initial solution.
Three basic components of TSA are used as follows: the trial solution generation, tabu list

(TL) restriction, and termination criterion.

The concatenated encoding method is employed as shown in Fig. 3.4.

| a3aaaaaaaa | bbbbbbbbbb | cocceccece |

I X X X X X X X X X X I

2° 2% 27 26 2% 24 2* 22 2! 2°
Figure 3.4: Example of a 30 bit concatenated encoding scheme

Each parameter is encoded in a binary string normalized over its range. This
encoding method stacks each normalized string in series with each other to construct the
string individual. The same number of » bits is used to represent each parameter string.

To ob:tain t‘he actual value of each parameter, (3.19) is used to decode each
normalized string to its decimal value for objective function evaluation.

P o= b s BX[Pam-Fu]
' 2" -1

where P, is the actual value of the i-th parameter, P, .., is the minimum value of the i-th
parameter, P, oe is the maximum value of the j-th parameter, B, is the decimal integer value of
binary string of the i-th parameter, and » is the number of bits representing each parameter,
In the design process, 10 bits are used to represent each parameter.

(3.19)

To gencerate a trial solution of an initial feasible solution, one bit of binary string is
flipped at a time. The maximum number of trial solutions per iteration is referred to a
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neighborhood solution space (NS). In this study, NS is set to 95% of the total number of bits

[0.95xnx N |, where N is a number of parameter searched.

The example of generating trial solutions is shown in Fig.3.5.

Initial solution: 1001011010 1100011010 1110010011
Trial solution 1: [OOI011010 1100011010 1110010011
Trial solution 2: 101011010 1100011010 1110010011
Trial solution 3: 1001011010 1100011010 1110010011

Figure 3.5: Concept of Trial Solution Generation

The tabu list {TL) is referred to as an adeptive memory. The mechanism of TL is to
keep attributes (bit positions) that created the best solutic;n of the past iterations in the TL for
a certain period. The attributes included in the TL cannot be used to create new solution
candidates as long as they are in the TL. As the iteration proceeds, a new attribute enters into
the TL as a fixed attribute. At the same time, the oldest attribute is released from the TL and

becomes a free attribute, as illustrated in Fig. 3.6.

New attribute ~ Tabu List  Old attribute

O -00+»0-0

Figure 3.6: Mechanism of tabu list

In particular, a size of TL affects the quality of the solution. It controls the search
process to avoid being trapped in local optima. Note that the size of TL or so-called the tabu
length, is only the control parameter of TSA. Basically, the tabu length that provided good

solutions usually grows with the size of the problem.

However, observing the quality of the solution can identify the appropriate tabu
length. If the tabu lenght is too small, the cycling of solution occurs in the search process.
On the other hand, if the size is too large, the search process is too restricted and may
deteriorate the solution. Here, the tabu length is set to |_0:7 x m‘< N ].

Termination criterion refers to the condition that the search process will terminate. In
the design, the search will terminate when the number of iterations reaches 100,

To apply the TSA for optimal parameter determination, the initial feasible solution is
generated arbitrarily. A move to a neighbor solution is performed if the TL does not restrict
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it. The best solution is updated during the search process until the termination criterion is

satisficd. The following notations are used for the TSA procedure:

TL: the tabu list.
NS: the neighbarhood solution space.

Fr.\):  the objective function of solution .\,

F.b the best ohjective function at iteration 4,
X% theinitial feasible solution at iteration k,
X,}:  atrial m solution at iteration £,

X% the current best trial solution at iteration k,

Xk the best solution reached at iteration k,

kmoi:  the maximum altowable number of iterations.

The tabu search procedure can be described as follows:

1. Read the constraints of searched parameters, the initial feasible solution .X,*, and

specification of the controller.

2. Specifyv the length of TL. k.., and size of NS.
3. Initialize iteration counter & and empty TL.

4. Set .\ =xt

5. Execute tabu search procedure:

5.1 Initialize the trial counter m to zero.

5.2 Generate a trial solution .X;.* from A%,

5.3 If X} is not feasible, go to 5.8.

5.4 If ..} is the first feasible solution, set .X..f = X%

5.5 Perform thetabu test. If X, Xis tabued, then go to 5.8.

5.6 WWFLYY) < FIN LS set Yok = 30

5.7 WFNY < Fev ) set vt = Xk

5.8 Ifmislessthan NS, m=m + |1 and goto 5.2.

5.9 If there is no feasible solution, set .X,*"! = X,*. Otherwise, set X,;*'' = x5 and
update TL.

Ifk < kps. thenk =k + 1, and go to 5.

7 At is the best solution found.

3.4 Simulation Results and Evaluation

To determine five control parameters by the TSA, the values of N, NS and the tabu

length are set to 5. 47 and 35 respectively. Following the-design procedures and appropriately
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setting ¢ = 1.4 in the objective function, the following transfer function was obtained for the

robust controller of SSSC when the peak frequency deviation was limited to M, ., =1.2.

105 (1+0.77585) (1 +1.96605)
1+10s (1 +2.50745) (1 + 3.7269s)

Koals) = 3.5206 (3.20)

The SSSC controller in (3.20) is compared to the designed SSSC with Af =1.2 but

FORY ATV
without robustness consideration. By neglecting y in the objective function and setting
¢ =1.0 , the designed result is given by

10s (1+0.1271s) (1+3.8781s)
1+10s (1+2.70265) (1 + 2.4440s)

Ko ul(s) = 54753 (3.21)

Note that the designed controllers in (3.20) and (3.21) are ref=rred to as " Robust SSSC " and

* Non-robust SSSC " respectively.

Non-robust
F SSSC

Step Responses

o 06 1 16 2 28 3 38 4
time (sec)

Figure 3.7: System step responses

Figure 3.7 depicts the step responses of G. Without SSSC, the oscillations are
undamped with the first peak value about 2.7875. On the other hand, the first peak values are
reduced to 1.2025 and 1.1225 in cases of Robust and Non-robust SSSés. respectively. In
addition, the MSM of system G with Robust SSSC is increased to 0.90 from 0.57 in case of
system with Non-robust SSSC. This reveals the higher robustness of the system G with
Robust SSSC.

To prove that the robust controller designed in- the decoupled subsystem (3.7) can
guarantee the stability of the expanded system (3.4) and also the original system (3.3), the

eigenvalue analysis is employed. Table 3.1 shows the eigenvalues of decoupled subsystems
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(3.7) and (3.8). The eigenvalues 4,, of (3.7) represent the inter-area mode between areas |

and 2. After applying the control input AP, this oscillation mode is stabilized effectively.
On the other hand, eigenvalues of (3.8) have not been changed. This is due to no control input

APy, in (3.8). Table 3.2 shows the eigenvalues of expanded system (3.4). By considering
the participation factor [12], it can be verified that A , represents the inter-area mode between
areas 1 and 2. As expected, AP, can stabilize this oscillation mode. For other modes, they
are stable after the controller is included. Note that 4; is approximately zero which has no
physical meaning. This is because of a redundant staie variable AF,, in (3.4). For the
eigenv;ralues of the original system (3.3) demonstrated in Table 3.3, 4,, can also be stabilized
by AP;-. Other modes are also stable after control. These eigenvalue analysis results

confirm the concept of overlapping decompositions that the stability of the original system

can be guaranteed if the decoupled subsystems can be stabilized by its own input.

Table 3.1: Eigenvalue Analysis Results of Decoupled Subsystems (3.7) and (3.8)

|
Before Control After Control
A, =-0.015% j3.5316 4, =-3.6077 £ j3.7967
Decoupled ' .
Subsystem (3.15) 4.0 =—0.1027 % j0.0642
A, =—0.5020
A, =—12.8613
A, =—0.0152% j1.6777
Decoupled _ . Not change
Subsystem (3.16) 44 = 00168+ /3.6922
A, =—-0.0247 £2.1532

20




Table 3.2: Eigenvalue Analysis Results of Expanded System (3.4)
(or interconnected overlapping subsystems (3.5) and (3.6))

Before Control

After Control

Expanded System
(3.12)

2. =—0.0171% j4.4134

A, =—-0.0184 + j3.5602
A =—0.0157 £ j1.7520
A, =-0.0409
A, =—4.18x107"

A . =-3.8240% j5.0223
2,4 =—0.0461% j3.6994
As =—0.0061+ j1.7364
A, =-0.0414

A =-2.84x107"

Agq0 =—0.1232 + j0.0483
A, =—0.4485
A,=-12.4

Table 3.3: Eigenvalue Analysis Results of Original System (3.1)

Before Control

After Control

Original* System
(3.11)

2,=-0.0171% j4.4134

2,,=-0.0184+ j3.5602
A, =—0.0157 % j1.7520

A, =—3.8240+ j5.0223
2,, =—0.0461+ j3.6994
A, =—0.0061 j1.7364

2, =—0.0409 A, =-0.0414
Ao =—0.1232+ j0.0483
Ay = —0.4485
A, =-12.4217
y Load
Tic Line Bias|V/ R Change <o 7]
Cantroller
S o s I &
- s |+ 1+s7, 14T, ? Ms+D, >
Governor Turbine + Power System
of Areaii
Af, Tie-Line Power

Deviation from Area j

Figure 3.8: Linearized system model of area i including governor
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Table 3.4: Data of Four-area Interconnected Power System
(Area Capacity Ratio 5:10:2:0.8)

System Parameters Area | Area 2 Area 3 Area 4
Inertia Constant M, =02 M, =0.0167 M, =0.15 M, =02
(MW.s/Hz)
Damping Coefficient D, =0.006 D, =0.00833 | D, =0.005 D, =0.006
(MW/Hz)
Turbine Time T, =025 T,=03 T,, =025 T.,=025
Constant (s)
Governor Time T, =0.1 T,=008 T, =0.1 7,=01
Constant (s)
Regulation Ratio R =24 R,=24 R, =24 R, =24
(HZMW) '
Bias Coefficient B =05 B, =05 B =05 B;=0.5
(MW/Hz)
Integral Controller K, =05 K,=05 K,;=05 K,=05
Gain (1/s)
Synchronizing Power
CoefTicient (MW/rad) 7,,=0.159, T,, =0.064, T;, =0.079, 7,, =0.079
Area Capacity Ratio a,=20,a,=02, a,,=25, a,, =04

Next, the disturbance attenuation performance and robustness of both designed
controllers are investigated in the linearized model of the four-area interconnected system.
The dynamic of governor [11] is also incorporated into each area, as delineated in Fig. 3.8.
System parameters are given in Table 3.4.

In order to evaluate the disturbance attenuation performance of both controllers, a
sudden step load of 0.01 [p.u. MW] is applied to area 1 at ¢t = 1.0 [sec]. The frequency
deviation of each area is depicted in Figs. 3.9 — 3.12. Without control of the SSSC, the
fluctuations of frequency deviations in all areas are large with poor damping. After the
inclusion of both controllers, frequency oscillations in-all areas are effectively stabilized.
Especially, the peak value of frequency deviation in the controlied area 1 is significantly
suppressed. In addition, the oscillating shapes are also stabilized completely. Meanwhile,
steady-state errors of frequency deviations are eliminated slowly due to the effects of the
governors. Furthermore. the tie line 1-2 power deviation illustrated in Fig. 3.13 is also
effectively stabilized by Robust SSSC. As shown in Fig. 3.14, the maximum injected power
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deviation of Non-robust SSSC is 0.0094 [p.u. MW], which is almost equal to the size of load
change. In contrast, due to consideration of both performance and robustness in design
process. the injected power deviation of Robust SSSC is 0.0058 [p.u. MW].

Here, the robustness of each designed controller is evaluated. A random load
disturbance composed of several oscillation frequencies, AP,; = 0.002sin(3t) + 0.005sin(6t) -
0.007sin(91) [p.u. MW] is applied to area 1. At the same time, the damping coefficient in area
1 (D,) is changed from 0.006 [p.u. MW / Hz] (positive damping) to —0.75 [p.u. MW / Hz]
(negative damping). Note that the negative damping signifies an unstable system operation.
As clearly illustrated by the area 1 frequency oscillations in Fig. 3.15, the system completely
loses stability in cases of a Non-robust SSSC and no SSSC. Moreover, frequency oscillations
in other areas (not shown here) severely fluctuate and finally diverge. On the other hand, ther
Robust SSSC explicitly maintains its performance against large uncertainties and severe
perturbations. Frequency oscillations in area 1 and other areas are perfectly stabilized. The
efficiency of the proposed SSSC is also evident in Figs. 3.16 and 3.17, where the power

deviation in the tie line 1-2 and the injected power deviation of SSSC are shown.
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Figure 3.18: An additional load change in area 2

Finally, the performances of both SSSC controllers are evaluated when the load
change occurs in area 2. Figure 3.18 shows an additional load change in area 2. It is assumed
that a sudden step load of 0.01 [ MW] occurs in area 2 at £ = 1.0 [sec]. As depicted in Fig.
3.19, both Non-robust SSSC and Robust SSSC are capable of stabilizing frequency
oscillations of area 1, even though a load disturbance occurs in area 2. For frequency
deviations in other arcas (Figs. 3.20-3.22) and tie line 1-2 power deviation (Fig. 3.23), the
performance of Robust SSSC is comparatively better than that of Non-robust SSSC. As
illustrated in Fig. 3.24, the peak values of injected power deviations of Robust SSSC and
Non-robust SSSC are 0.01 [p.u. MW] and 0.027 [p.u. MW], respectively. This implies that
the required MW capacity of robust SSSC is lower than that of Non-robust SSSC.
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3.5 Conclusions

This chapter presents the robust design of the lead/lag frequency stabilizer in the
continuous time domain. The tabu search algorithm was employed to achieve the optimal
parameters. By virtue of the objective function that limits the peak frequency deviation and
maximizes the robust stability margin, the proposed design guarantees both performance and
robustness of the resulted frequency stabilizer. More specifically, the designed robust
frequency stabilizer uses only the frequency deviation of the controlled area as the feedback
input signal. This allows practical realization and implementation in a power system.
Simulation results clearly demonstrate the superior robustness and performance of the
frequency stabilizer designed by the proposed method.
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Chapter 4

Design of Robust Frequency Stabilizer of
SSSC in Discrete Time Domain

4.1 Purpose of this chapter

Many of today’s control systems use digital computers to provide the compensation. In
this chapter, to implement the frequency stabilizer in real system, the proposed robust design
is applied to establish a discrete-based frequency stabilizer of SSSC. First, the continuous-
based frequency stabilizer is designed by the proposed method in Chapter 3. Subsequently,
the resulted continuous-based frequency stabilizer is transformed to the discrete-based
frequency stabilizcr'via a digital control technique. In addition, the proposed method is
applied to a design problem in case of many frequency stabilizers of SSSCs are installed in an
interconnected power system. Simulation study in a three-area loop system shows the
significant effects of the designed frequency stabilizers against load changes and negative
damping.

4.2 Problem Statement

Figure 4.1: Three-area loop interconnected power system with SSSC

A three-area loop interconnected power system depicted in Fig.4.1 is used to explain
the motivation of the proposed frequency stabilizer design. SSSC12 and SSSC23 are
connected in series with tie-lines between areas 1 and 2, and areas 2 and 3, respectively. It is

assumed that large loads with changing frequency in the vicinity of the inter-area oscillation
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cause frequency and tie-line power oscillations. In addition, Independent Power Producers
(IPPs) that do not possess frequency control capabilities are also included in areas 1 and 3.
Thus, it becomes beyond the abilities of governors in areas 1 and 3 to provide adequate
frequency controls. Therefore, both SSSCs are applied to utilize the control capabilities of
area 2 to compensate for fast load changes in areas 1 and 3. Moreover, by utilizing the area
interconnections as the control channels of dynamic power flow control of SSSCs, the
frequency osctllations in areas | and 3, as well as tie-line power oscillations due to inter-area
modes can be effectively stabilized.

Additionally, in the interconnected system, variations of system parameters, various
load changes etc. cause several system uncertainties. To achieve the high robust stability of
system, the effect of uncertainties should be taken into account in the design process. In this
study, the aim of the proposed frequency stabilizer design is not only to enhance the damping
of interested inter-area oscillation modes, but also to improve the robust stability of system

against uncertainties.

4.3 Design Methodology

4.3.1 Coordinated Control of SSSC and Governor

The responée of SSSC is extremely rapid when compared 1o the conventional
frequency control system, i.e. a governor. The difference in responses signifies that the SSSC
and governor can be coordinated. When a power system is subjected to a sudden load
disturbance, the SSSC quickly acts to damp frequency oscillation in the transient period.
Subsequently, the governor continues to eliminate the steady-state error in frequency
oscillation. As the periods of operation for the SSSC and governor do not overlap, the
dynamic of governor can then be neglected in the design of frequency stabilizer for the sake

of simplicity.

4.3.2 Linearized Power System Model

The power system shown in Fig. 4.1 can be represented by a linearized power system
model, as shown in Fig. 4.2. Note that the governors are eliminated in this system. The SSSC
model! is represented by the active power flow controller. The dynamic characteristic of SSSC
1s modeled as the first order controller with a time constant 7. =0.05 sec. The designed
discrete frequency stabilizers of SSSC12 and SSSC23 are represented by K,.(z) and K,,(z),
respectively. The discrete frequency stabilizer consists of three main components, i.e.. an
analog-to-digital converter (ADC). a discrete controller (K{z)) and a digital-to-analog

converter (DAQC).
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Figure 4.2: Discrete-based frequency stabilizers of SSSCs in a linearized power system
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Usually, a continuous error signal, i.e. a frequency deviation ( A/ ) is digitized by an

ADC. The on-board. computer processes this signal to provide a control signal to the plant.

Because most plants are continuous. the compnter’s output is passed through a DAC. The

injected power deviation of cach SSSC (AP . and AP -.,) acting positively on an area

reacts negatively on another area. Thus, cach injected power flows into both areas with

different signs (+.-), simultancously. By neglecting 7. the lincarized state equation of Fig.

4.2 ¢an be expressed as

where

Ax = AAx+ BAn

512 0 Ay1q
0 27T, 0
_l/"”: _D:/‘U: _an/ju:
0 21T, 0
s 0 sy
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[a,, /M, 0 ]
0 0

B = |-YM, -a,/M,]|,
0 /M,

Lo o |

T
Ax = [M AR, A, APy, M] »
T
Au = [APSS.S‘Clz APM:J] .
4f, is the frequency deviation of area i, AP, is the power deviation between areas ;i and j,
M, is the inertia constant of area i, D, is the damping coefficient of area i, a, is the area

capacity ratio between areas i and j, 7, is the synchronizing power coefficient of the tie-line

i
between areas i and j, where i, j=1,..,3. Here as;; = (a;; + Ts/T;2)/M,, as;s = -T5/(MT33),
assz = -a3 T3/ (M;T;2), assy = (I + a5, T3/Ty3)/M;. The variable AF,,, is represented in terms
of AP, and AF,,, by

AP, = —ﬁAPm + EMT:, (4.2)

7;2 TZJ

Thus, AP, has disappeared in (4.1). This system has two conjugate pairs of complex
eigenvalues and a negative real eigenvalue. The former correspends to two inter-area
oscillation modes, and the latter the inertia center mode. Based on the mode controllability
matrix [12], the inter-area modes between areas 1 and 2, and areas 2 and 3 are controllable for

the control inputs Awg-, and Awugy.,,. respectively. Accordingly, the design purpose of

frequency stabilizer is to enhance the damping of the mentioned inter-area modes.

4.3.3 Model Reduction by Overlapping Decompositions
The technique of overlapping decompositions is applied to reduce the system (4.1) to
a subsystem embedded with only the inter-area mode of interest. The original system (4.1) is

referred to as the system S.

S | x, A, Ay Ay ||| + |8, B
X, 4, 4, Ay|lx B,, B,

The sub-matrices 4, and B,, (i,j = 1,2,3) have appropriate dimensions identical to

(4.3)

il

X, 4, A, A;|lx B, B, I:"T:I

the corresponding states and input vectors. According to the process of overlapping

decompositions, the system S can be expressed as

34



A, A4 0 4, B,,
g - [zl] - 4, 4, 0 4, I:zl] + B, l:“l] 4.4)
Z 4, 0 A4, 4,z B, |Lu,
4, 0 A, 4, B,

where z, =[x,’ WX ]r and z, =[x,r X ]r. Subsequently, the system § can be decomposed

into two interconnected overlapping subsystems, i.e.

S, : 5 = ([:‘2" jz:]z, + [g:]u,] + [g j;]z, + [g;]u, (4.5)

& . 3 A, Ay B;, 4, 0 B,,
S, : %, = [I:An A:“:Iz2 + [B,,]uz] + [A,, o]z, + I:Bui|u' (4.6)

The state variable x, is repeatedly included in both subsystems, which implies

and

“Overlapping Decompositions™. 7

For system stabilization, two interconnected subsystems §, and §, are considered.
The terms in the right hand sides of (4.5) and (4.6) can be separated into the decoupled
subsystems (as indicated in the parenthesis in (4.5) and (4.6)) and the interconnected
subsystems. As mentioned in [32], if each decoupled subsystem car be stabilized by its own
input, the asymptotic stability of the interconnected overlapping subsystem S_‘, and S‘z are
maintained. Moreover, the asymptotic stability of the original system § is also guaranteed.
Consequently, the interactions of the decoupled subsystems with the interconnection

subsystems in (4.5) and (4.6) are regarded as perturbations. They can be neglected during

control design. As a result, the decoupled subsystems of (4.5) and (4.6) can be expressed as

§, 2 = [A" A"]z + [B"]u (4.7)

O e 4 (B ] '
and

Sp; + 5 = [z ::::]z, + [ﬁi]u, (4.8)

By regarding the power deviation between areas ] and 2 (AF,,,) as the overlapped variable
for design of frequency stabilizer of SSSC12, the subsystem embedded with the inter-area

mode between areas | and 2 can be expressed as
= M _ -D,/M, aj, | Afl a,, /M,
G [ ] - { o] * [0 s w9

Af’m -2xT,, 0
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Next, by considering the power deviation between areas 2 and 3 (AFR,,) as the

overlapped variable for design of frequency stabilizer of SSSC23, the subsystem embedded

with the inter-area mode between areas 2 and 3 can be expressed as

e Aﬁ;’zs _ 0 27T, |[ AP, 0
o [M ] ) ["-u -DslM;][ M] * [I/M,]APMn (4.10)

By incorporating the dynamic characteristic of each SSSC as shown in Fig. 4.2, (4.9)
and (4.10) become

Aﬁ -D,/M,ay, a,/M, A Y :
Gs, : |AF, = | -2aT, O 0 AP, , + |0 AUeeor 12 4.11)
' Aﬁmu 0 0 —YTgoer: || APssscra YToscr
and
AIBT.'ZJ -D,/M,ay, a,/M, AP, 0 _
G, : Af, = =277, O 0 Af + |0 A“S.:wcz) (4.12)
Aﬁs_m-::; 0 0 - ]/T\‘ss'c'zs APsmc:: I/Tsssc‘:a

where Aunugy.,, and Awg,, are output signals of frequency stabilizers for SSSC12 and

SSSC23, respectively. Equations (4.11) and (4.12) are used to design SSSC12 and SSSC23,

respectively.

4.3.4 Structure of Discrete-based Frequency Stabilizer
In this study, the structure of the frequency stabilizer is based on a second-order
lead/lag discrete compensator as shown in Fig. 4.3. There are five parameters for each

designed frequency stabilizer consisting of a stabilization gain X', time constants 7,,7,,T,,and

T,.
T+l 7,241
) DAC Au
Af 4 4DC } 71 L T "D" oo

Figure 4.3: Configuration of 2™ order discrete-based frequency stabilizer

For the brief design procedure, first, the control parameters of the continuous-based
frequency stabilizer are optimized by a tabu search algorithm. Next, the continuous-based
frequency stabilizer is converted to the discrete-based frequency stabilizer by using z-

transformation [33]. In this study. the sampling time is set to 0.01 sec.
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4.3.5 Formulation of Objective Function
In deriving the objective function, not only the enhancement of system damping, but
also the robust stability against system uncertainties are taken into account. Since the main
purpose of the designed frequency stabilizer is to improve the system damping following any
load disturbances, therefore, the damping ratio (g ) of the inter-area mode is used as a design
specification. Assuming that the eigenvalues corresponding to the mode of oscillation can be
determined as —o * jw, , the damping ratio is given by
et = : (4.13)
The desired damping ratio of the eigenvalues corresponding to the mode of
oscillation is specified as & ,., . Accordingly, the difference between the desired and the
actual damping ratios can be defined as
& = |S s = Goxeal : .14
For robust stability, the system uncertainties are modeled as a multiplicative form
demonstrated in Fig. 4.4. G is a system and K is a designed controller. A, is a stable

multiplicative uncertainty.

A

input

Ot

~
K .

Figure 4.4: Control system with multiplicative uncertainty model

Based on the small-gain theorem, the closed loop system will be robustly stable if
1
|c;~;z(1 _ c';;z)"|

la,| < (4.15)

where GK (I—G-IE’)-l is the complementary sensitivity function (7). Note that |s| is the

magnitude of the transfer function "s™.
Based on the multiplicative uncertainty model, the robust stability margin can be

guaranteed in terms of multiplicative stability margin (MSM) as

MSM = VT, (4.16)
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where ||7]|_ is the w -norm of T . From (4.15) and (4.16), it is clear that by minimizing |T]_,

the MSM increases and the robust stability is ensured. Thus, the normalized robustness index

of the objective function is defined as
y = "T"eo/"T"x(unn‘al) (4'17)

where |T}] is the c -norm of T at the initial of a search process.

x{wnetral)
Combining (4.14) and (4.17), the control problem can be formulated as the following
optimization preblem:

Minimize F(K, T.) = coax+y

Subjectto X

1A

K < K (4.18)

T,

m =
i, mm i

where F(K, T)) is the objective function. The minimum and maximum values of the gain XK
are set to 0.1 and 5, respectively. The minimum and maximum values of the timé constants T,

are set to 0.01 and 2, respectively. The constant coefficignt "c" is used to weight a -term, so

that cea¢ dominates y during the parameters optimization. Note that, since y is normalized

to 1 at the initial solution, it is easy to find the value of ¢ so thct cea is greater than 1.
Eventually, the search process minimizes both terms until ceex meets the design specification

and y decreases to the possible minimum value. All searched parameters are optimized by a

tabu search algorithm.

4.3.6 TSA for Parameter Determination

Tabu Search (TS) is an iterative improvement procedure that can start from any initial
feasible solution (searched parameters) and attempted to determine a better solution. As a
meta-heuristic, TS is based on a local search technique with the ability to escape from being
trapped in local optima. Hereafter, components of TS and TS procedure are discussed.

Encoding and Decoding: The concatenated encoding method is used to encode each
parameter into a binary string normalized over its range and also stack each normalized string
in series with each other to construct the string individual. The same number of nb bits is used
for each searched parameter. Figure 4.5 illustrates the example of concatenated encoding

scheme,
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Parameter | Parameter2 Parameter 3

| . XXX | XX ... XXX
2(;.“)2(»-2) 22 2| 20

Figure 4.5: Example of Concatenated Encoding Scheme

On the other hand, a decoding scheme is carried out by converting encoded
parameters to their actual values by (4.19) prior to evaluation of objective function.
B, x[ s.max _E.min]

"—1
and P,

i, men

(4.19)

where £ is the actual value of the i-th parameter, F, are the maximum and

f,max ,min

minimum value of the /-th parameter. B, is the decimal integer value of binary string of the i-
th parameter. In this study, 16 bits are used to represent each parameter. The more the number
of bits per searched parameter is, the higher the resolution will be.

Trial Solution Generation: To generate a trial solution, one bit of a binary string of
an initial solution is flipped at a time. Figure 4.6 conceptually illusirates the process. The
maximum number of trial solutions in each iteration is referred to a neighborhood solution
space (NS). In this paper, NS is set to 90 % of a total number of bits in a string individual

(| 0.9x nbx NP | where NP is a number of searched parameters.

Initial solution : 1001011010 1100011010 1110010011
Trial solution 1: 001011010 1100011010 1110010011
Trial solution 2: 1101011¢10 1100011010 1110010011
Trial solution 3: 10@1011010 1100051010 1110010011

Figure 4.6: Concept of Trial Solution Generation

Tabu List Restriction. Tabu List (TL) is utilized to keep attributes (bit positions) that
created the best solution in the past iterations for iterations so that they can not be used to
create new solution candidates. As the iteration proceeds, TL stores a new attribute and
releases the oldest one, as shown in Fig. 4.7. Particularly, the size of TL is the only control

parameter of TS. The size of TL that provided good solutions usually grows with the size of
the problem. In this paper, I_an x NPJ is used to determine the best size of TL.
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Figure 4.7: Mechanism of tabu list

Aspiration Level Criterion: The aspiration level {(AL) criterion allows an atiribute
included in TL to override its tabu status if it leads to a more attractive solution. In particular,
the AL is satisfied if the tabued attribute yields a solution that is better than the best solution
reached at that iteration. After the AL is satisfied, updating TL is carried out by moving the
tabued attribute back to the first position of the TL.

Termination Criteria: This criterion is set to allow the search process to stop and
return the best solution found. The search process will terminate if the maximum allowable
number of iterations is reached.

TS Procedure: firstly, the initial feasible solution is generated arbitrarily. A trial
solution is searched if either it is not tabued or, in case of being tabued it passes the AL test.
The best solution is always updated during the search process until the termination criterion is
satisfied. The following notations are used for the TS procedure.

TL : the tabu list,

NS : the neighborhood solution space,

F(X) : the objective function of solution X,

Xt : the initial feasible solution at iteration k,

XX . atrial solution m at iteration k,

X' : the current best trial solution at iteration &,
X,*  : the best solution reached at iteration k,

kme ' the maximum allowable number of iterations.

The TS procedure can be described as follows.
I. Read constraints of searched parameters, the initial feasible solution X" , and the
design specification.
2. Specify the size of TL, knar, and size of NS.
3. [Initialize iteration counter & and termination criteria ¢c to zero, and empty TL.
4. Initialized AL by setting X;* = X,".

5. Execute TS procedure:
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9.

5.1 Initialize the trial counter m to zero.

5.2 Generate a trial solution .X,;* from Xt '

5.3 If X,* is not feasible, go 10 5.9.

5.4 If X} is the first feasible solution, set X..* = X%

5.5 Perform Tabu test. If X},* is tabued, then go to 5.8.

5.6 If F(X,h) < F(X4"), set X.,* = X,*. Otherwise, go to 5.9.

5.7 If F(X,") < F(X,"), then update AL by setting X,*= X,.*. Go to 5.9.

. 5.8 Perform AL test. If F(X.") < F(X,"), set X,,*= X,,*, and update AL by setting X,*

=X,

5.9 If m is less than NS, m = m+171 and go to 5.2.

5.10 If there is no feasible solution, set X;*"! = X, Otherwise, set X,*"/ = ", and
update TL.

[fk=0,goto9.

Perform the convergence checking,.

If X,X= x,*, tc = te+1. Otherwise, tc = 0.

If tc = size of TL, set tc = 0 and go to 10.

If k < kppay, then k= k+1, and go to 5.

10. TS is terminated and Xb" is the best solution found.

4.4 Experimental Results

In the design specification, the desired damping ratio ({,,..,) is set to 0.25. Also, the

coefficient ¢ is appropriately set to 5. For TS, the size of TL is set to 8 for the best solution.

The area capacity ratio between areas 1, 2 and 3 is 5:10:2, System parameters are given in
Table 4.1.
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