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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

1
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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
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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

model without governors
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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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Table 4.1: Data of Three-area Loop Interconnected Power System
{Area Capacity Ratio 5:10:2)

Svstem Paramcters

Area |

Arca 2 Area 3
" Inertia Constant M =02 M, =0.0167 M, =0.15
(MW.s Hz)
"Damping Coefficient | D, =0.006 D, =0.00833 D, =0.005
(MW/Hz)
Turbine Time T,=0.25 r,=03 T,=025
Constant (s)
Governor Time T,=0.1 T,,=0.08 T,;=0.1
Constant (s)
Regulation Ratio R =24 R,=24 R, =24
(HzZMW)
Bias Cocfficient B =0.5 B, =05 B, =05
{(MW/Hz)
Integral Controller K, =05 K,=05 K,=05
Gain (1/s)

Synchronizing Power
Coefficient (MW/rad)

T,=0.159, T,, =0.064 , T,, =0.079

Area Capacity Ratio

a,=20, a,=02, a,, =2.5

To exhibit the results of system reduction by overlapping decompositions, Tabie 4.2
shows eigenvalues of the original systems (4.1) in comparison to design subsystems (4.11)
and (4.12). The damping ratio and oscillation frequency of the corresponding oscillation
mode in the design subsystems are nearly equal to those of the original system. This reveals

that the design subsystems (4.11) and (4.12) retain the physical characteristic of the original

system (4.1).
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Table 4.2: Eigenvalues of Original System and Design Subsystems Before and After the
Overlapping Decompositons

Original Svstem (4.1) Subsyvstem (4.11) Subsystem (1.12)

A =-0.04]5 - _

i, =-0.0173% j1.365 A, =~0015% j3. -

- 53
(¢ =0.0035, f=0.695 H=) | (¢ =0.0043, f=0.562 H:)

A, =—0.0185 + j3.291 - A, =-0.0167% j3.31
(¢ =0.0056, f=0.524 Hz) (¢ =0.005;, f=0.527 Hz)

As experimental results, the optimally tuned parameters of designed frequency
stabilizers in (4.11) and (4.12) are obtained as given in Table 4.3. Note that the optimized
frequency stabilizer based on (4.18) is referred to as “Robust frequency stabilizer™.

Table 4.3: Parameters of Robust Frequency Stabilizers

Designed Robust
Frequency Stabilizer K T, T, T, T,
SSsCi12 0.2188 0.2587 0.0158 0.0575 0.2316
SSS8SC235 0.2378 1.5025 0.5386 1.6268 0.5075

For comparison purposes, the second-order lead/lag frequency stabilizer in (4.11) and
(4.12) are also designed with the same design specification, which requires the same damping

ratio £, =0.25. The control parameters K,7,,7,,T,,and T, are searched by TS via the
optimization problem (4.20). Note that the robust stability index term ( r) is excluded.

Minimize F(K,T)) = «a
Subjectto K, s K < K_ (4.20)

7. ST ,ST i=1,..4

. min , max ¥

Here, the optimized frequency stabilizer based on (4.20) is referred to as “Non-robust
frequency stabilizer™. Table 4.4 shows the control parameters of the non-robust frequency

stabilizer.
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Table 4.4: Parameters of Non-Robust Frequency Stabilizers

Designed Non-robust

Frequency Stabilizer

K T, T, T T,
SSSC12 4.2863 0.1344 1.0011 1.0978 1.5807
SSS8C23 4.3683 0.1344 0.9933 1.3467 1.3802

Table 4.5 shows eigenvalues of subsystems (4.11) and (4.12) in case of SSSCs with

robust frequency stabilizers installed in comparison with a case of SSSCs with no frequency

stabilizer and a case of SSSCs with non-robust frequency stabilizers installed. The results

describe that the damping ratios of the eigenvalues corresponding to the desired inter-area

modes are improved to 0.25, as design specification.

Table 4.5: Comparison of Eigenvalues of Design Subsystems

SSSC With Robust
Design Subsystem SSSC with No SSSC With Non- Frequency
Frequency Stabilizer Robust Frequency Stabilizer
Stabilizer
G, Z0.015+ ;3.53 —1.8369+ j7.1143 —0.6093 £ ;2.3595
¢ =0.0043 £ =0.25 4 =025
G, -0.0167 £ j3.31 -1.667 £ j6.4559 —0.3534 % j1.3685
£ =0.005 ¢ =025 § =025

Next, 1Ehe MSM is used to evaluate the robust stability margin of system (4.11) and

.(4.12) included with each frequency stabilizer. As shown in Table 4.6, the value of MSM in

case of the system with robust frequency stabilizer is greater than that in case of the system

with non-robust stabilizer. This clearly signifies that the better robust stability margin of the

power system incorporated with robust frequency stabilizer can be achieved by the
optimization problem (4.18).




Table 4.6: Comparison of MSM

Svstem With Non-Robust With Robust
Frequency Stabilizer | Frequency Stabilizer
Gy, 0.5151 0.71430
Gq, 0.5332 0.61240

Table 4.7 shows the eigenvalues of the original system (4.1) before and after control.
After each frequency stabilizer is included in the systern, the damping ratios of the
corresponding inter-area modes are enhanced as expected. This confirms the merit of
overlapping decompositions that if the subsystems are stabilized by their own control inputs,

the stability of the original system can be guaranteed.

Table 4.7: Comparison of Eigenvalues of Original System

Inter-Area Oscillation No Frequency With Non-Robust With Robust
Mode Stabilizer Frequency Stabilizer Frequency
Stabilizer
Between Areas —-0.0173% 74.365 -1.7631% j7.6011 -0.6619 £ j2.898
1 and 2 & =0.0035 £ =0.226 ¢ =0.223
Between Areas -0.0185+ j3.291 ~1.6716 % j6.4702 -0.3596 t j1.376
2 and 3 £ =0.0056 £=025 £ =0.253

Here, the performance and robustness of the designed frequency stabilizers are
evaluated in a linearized mode! of the three-area interconnected system. Here, changing load
disturbances which are simultaneously applied to areas 1 and 3, are composed of three
different components in the frequency domain, one of \;vhich (underlined component) has a
frequency corresponding to the inter-area mode of interest (see Table 4.6), as follows.

Area 1 : AP, =0.003sin(4.36r)+0.005sin(5.3r) — 0.007sin(6r) (4.21)

Area 3 : AP, =0.003sin(3.29¢) +0.007 sin(4r) — 0.005sin(4.5¢) (4.22)
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Note that the dynamic of govemnor as illustrated in Fig. 4.9, is also included into each

area in this simulation study. Table 4.8 shows operating conditions and applied disturbances.

Ifj Load
B T Line Bias|V 2. Change Af,

Controller

+ -K, - 1 1 = 1 M|
| - — =
- ] + 1+ 57 1+ 57, + AMs+ D,

Govemor Turbine Power System
of Area i

AP" Tie-Line Power
Deviation from Area )

Figure 4.9: Linearized system model of area i including governor

Table 4.8: System Conditions and Applied Disturbances

Case Distirbances

1 At normal (design) condition, AP, is applied to area | and AP, is

applied to area 3. (No parameter variations)

2 At unstable condition, AF,, is applied to area 1 and AP, is applied

at area 3 while damping coefficients D, and D, are set -0.45.

For case 1, the damping effect of each designed stabilizer is investigated. As
demonstrated in Figs. 4.10 — 4.12, both robust and non-robust frequency stabilizers are able to
damp the frequency oscillation in each area, effectively. In addition, Figs. 4.13 — 4.14 depict
that both tie-lines 1-2 and 2-3 power oscillations are also stabilized by both frequency
stabilizers. Nevertheless, the damping effect of the robust frequency stabilizer is better than
that of the non-robust case. As declared in Figs. 4.15 and 4.16, the power output deviation of
the robust frequency stabilizer for each SSSC is less or equal to that of non-robust frequency
stabilizer.

In case 2, not only damping effect but also robust stability of the system incorporated
with each frequency stabilizer are evaluated. It is assumed that both power systems 1 and 3
are in unstable conditions, so that D, and D, are set to -0.45 (MW/Hz). As the load

disturbances applied to both areas, frequency deviations of areas 1, 2 and 3 in case of the non-
robust frequency stabilizer severely fluctuate and finally diverge as depicted in Figs. 4.17 —
4.19. Note that frequency deviation of each area in case of SSSCs without frequency
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stabilizers (not shown hcre) also heavily oscillates and finally diverges. On the other hand,
frequency oscillations in all areas are completely stabilized by the robust frequency stabilizer.
The interconnected power system can maintain the system stability. Figures 20 and 21 also
exhibit the significant damping effects of robust frequency stabilizers on the tie-lines 1-2 and
2-3 power oscillations. The power output deviations of robust frequency stabilizers are
illustrated in Figs. 4.22 and 4.23. These simulation results confirm that under severe load
disturbances and negative damping, the robustness of robust frequency stabilizer against such

system uncertainties is considerably superior to that of non-robust frequency stabilizer.
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Figure 4.10: Frequency deviation of area 1 for case 1
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Figure 4.22: Power output deviation of SSSC12 for case 2
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Figure 4.23: Power output deviation of S8SC23 for case 2

4.5. Conclusions

This chapter focuses on the new robust design of discrete frequency stabilizer of
SSSC by taking system uncertainties into account. The design method utilizes the merit of
overlapping decompositions technique to extract the subsystem embedded with the inter-area
oscillation mode of interest. By including the multiplicative uncertainty mode! in the
extracted subsystem, the robust stability index based on multiplicative stability margin can be
applied in the formulation of objective function. As a result, the robust stability margin of
system with designed frequency stabilizer can be improved. Without trial and error, the tabu
search algorithm is automatically applied to search for the optimal control parameters of the
continuous-based second-order lead/lag stabilizer. As a result, the discrete-based frequency
stabilizer can be easily achieved by using z-transformation of the resulted continuous-based
stabilizer. The high robustness of the discrete frequency stabilizer against various load
disturbances with changing frequency in the vicinity of inter-area mode and negative

damping, has been confirmed by simulation study.
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Chapter 5

Summary

In this report. a new robust desicn method of frequeney stabilizer of SS5C has been

proposed. The concept and the practical motivations tor application of the proposed control

have been clarified. The systematic design of SSSC frequency stabilizer in a general multi-

area interconnected power system has been presented. Evaluation study has confirmed the

significant effects of the frequency stabilizer designed by the proposed method.

The main outcomes from this research can be summarized as follows.

This research proposes a new application of static syvnchronous series
compensator {(SSSC) as an apparatus to stabilization of frequency oscillations in
an interconnected power system. The dynamic control of tie line power flow of
SSSC located in series with tie line between interconnected arcas can be applied
to stabilize frequency oscillations via the system iotlerconnections.,

The coordinated control of SSSC and governor system has been implemented.
The SSSC plays a role in suppressing the magnitude of the transient frequency
oscillation. while the governar is responsible for elimirating the steady state error
of frequency oscillation.

The SSSC is a very eftective stabilization strategy of frequency oscillations for a
system which has insufficient frequency control capability. By transferring the
large control capability of an interconnected system via an SSSC, the problem of
frequency oscillation in the target area can be alleviated.

The design method utilizes the merit of overlapping decompositions technique 1o
extract the subsystem embedded with the inter-area oscillation mode of interest.
By virtue of overlapping decompositions, the physical characteristic of the power
svstem can be preserved in the reduced system.

The multiplicative uncertainty model is applied to represent all possible
unstructured uncertainties in interconnected power syvstems. As a resul., the
robust stability margin against uncertainties can be easily guaranteed in terms of
the multiplicative stability margin (MSAM). Based on this uncertainty model, the
MSM can be also incorporated in the objective function which the index of
disturbance attenuation performance is already taken into consideration.

The configuration of frequency stabilizer presented here is practically based on a
sccond-order lead lag compensator with a single input signal. Without trial and

crror. the control parameters of the frequency stabilizer are automatically

L
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optimized by a tabu scarch algorithm, so that the desired damping ratio of the
target inter-area mode and the best MSM are achieved.

The robust {frequency stabilizer can be designed based on the proposcd method in
continuous time domain, In addition. to implement in real power syvstem. the
continuous based freguency stahilizer can be casily transformed to the discrete
bascd trequency stabilizer by digital control technique.

Several simulation studices clearly show the high robustness of the frequency
stabilizer under large load with changing frequency in the vicinity of the inter-

arca oscillation mode and negative damping.
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A robust controller design of SSSC for stabilization of frequency
oscillations in interconnected power systems
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Abstract

As an AC interconnected power system is subjected to a large load with rapid change, system frequency may be scverely disturbed
and becomes oscillatory. To stabilize the frequency oscillations, the dynamic power flow control of the Static Synchronous Serics
Compensator {SSSC) located in series with the tie line between interconnected power systems, is employed. By regarding the system
interconneclion as the control channel. the power flow control by an 555C via the interconnection creates a sophisticated method of
frequency stabilization. To implement this concept, the robust design method of the lcad/lag controller equipped with the S8~ 15
proposed. In the design process, not only the attenuation performance of system disturbances, but also the robust stability against
system uncertaintics are taken into consideration. The optimal parameters of the lcad/lag controller arc obtained by using the tabu
search algorithm (TSA). so that both performance and robustncss are sausfied In addition, the technique of overlapping
decompositions is applied to reduce the order of the study power system, meanwhile the physical charactenstic is still preserved.
Simulation study exhibits the significant effect of designed controller on the study four-arca interconnecied power system under
different load disturbances and variation of system paramerers.

@ 2003 Published by Elscvier B.V.

Keywords FACTS; $SSC: Robust control; Tabu scarch zigorithm: Overlapping decompositions: Power system stabilization; Frequency oscillations;
Ancillary services

1. Introduction Under this situation, the conventional frequency con-
trol, i.e. governor. may no longer be able to absorb the
large frequency ascillations due to its siow response [3].
A new service of stabilization of frequency oscillations
becomes challenging and is highly expecled in the future
competitive environment.

To tackle this problem, the authors have proposed a
new stabilization of frequency oscillations by the Static
Synchronous Series Compensator (888C) [4]. The SSSC
is a Flexible AC Transmission Systems (FACTS) device,
that has been highly expected as an effective apparatus
with an ability of dynamic power flow control [5]. In [4].
the S58C is located in series with the tie line beiween
1wo-area interconnecied power system. By regarding the
system inlerconnection as the channel of power flow

Nowadays, the clectric power system is in Lransition
to a fully competitive dercgulated scenario. Under this
circumstance, any power system controls such as
frequency and volltage controls will be served as
ancillary services [1.2). Especially. in the case that the
proliferation of non-utility generations, i.e. Independent
Power Producers (IPPs) that do not possess sufficient
frequency control capabilities, tends to increase con-
siderably. Furthermore, various kmds of apparatus with
large capacity and fast power consumption such as a
magnetic levitation transportation. a lesting plant for
nuclear fusion, or even an ordinary scale factory like a
steel manufacturer ctc. increase significantly. When

these loads are concentrated in a power system. _lhcy
may causc a serious problem of frequency oscillations.

® Corresponding author Tel  +56-2986-9009, fax: +66-2986-9112.
E-marl address - ngamroo@sin tu.ac 1h (Issarachai Ngamroo}

OV78-779601/5 - see frant matter « 2003 Pubhished by Elsevier B V
dor 10 101/SON TR 7T V001 10X

control by SS5C, the system frequency oscillations
under a sudden load disturbance can be stabilized
effectively However, the proposed control scheme of
SSSC in [4] is designed based on a statc feedback scheme
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of variables. Therefore, it is not easy to implement in a
multi-area interconnected power system.

In this paper. the new conirol design of SSSC is
presented. The lead/lag controller with a single feedback
signal input is equipped with an SSSC. To determine the
optimal parameters of the lead/lag controller, the tabu
search algorithm (TSA) [6] is employed. TSA is 2 meta-
heuristic method that is based on a local search
approach with the ability to escap? from being trapped
in local optima. It has been applied to solve many
problems of power system optimization [7-11]. In the
formulation of the objective function. not only the
attenuation of system disturbances. but also the robust
stability of controller against system uncertainties are
taken into consideration. In addition, the technique of
overlapping decompositions is applied to reduce the
ordcer of the study power system for simplicity of control
design.

The organization of this paper is as lollows. First, the
motivation of the proposed control of SSSC is provided.
Next part deals with the design methodology including
the coordinated control of SSSC and governors, the
mathematical model of SSSC. the system reduction by
overlapping decompositions, the objective function for-
mulation, and the TSA_ Subscquently. the evaluation of
the proposed controller in a four-area interconnected
power sysiem is outlined by simulation study. Lastly, a
conclusion is given.

2. Motivation of proposed frequency stabilization

Fig. 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 [requency oscillations. Moreover. IPPs that do
not possess (requency control capabilities are included

P“ ‘Jaﬂ
Fost and Large SSSC

c
Fig. 1. An S55C in a four-area interconnected powcer system.

20 June 2003 8 18: 35

in an area 1. Under this situation, the governors in an
area 1 can not sufficiently provide adequate frequency
control. On the contrary, the area 2 has large control
capability enough 10 spare lor other areas. Thereflore, an
area 2 offers a service of frequency stabilization to an
area 1 by using the SSSC. Since SSSC is a series-
connected device, the power lNow control eflect is
independent of an installed location. In the proposed
design method. the SSSC controller uses the lrequency
deviation of area 1 as a local signal input. Thereflore, the
SSSC is placed at the point near an arca 1. Note that the
SSSC is utilized as the energy transfer device from area 2
to area |. As the frequency fluctuation in an area 1
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.

3. Design of SSSC controller

3.1. Coordinated control of SSSC and governors

The performance of SSSC is extremely rapid when
compared with the conventional frequency control
system, i.e. governor. The difference in the performance
signifies that SSSC and governors may be coordinated
as follows. When an area is subjected to a sudden ioad
disturbance, tne SSSC quickly acts to minimize the peak
value of the frequency deviation. Subsequently. the
governors are responsible for climinating the steady-
state errors of frequency deviations. Based on this
concept, the periods of operation for two devices do
not overlap. Consequently. the dynamics of the gover-
nors can then be neglected in the control design of the
SSSC for the sake of simplicity.

3.2. Marhematical model of the SSSC

In this study. the mathematical model of the SSSC for
stabilization of frequency oscitlations is derived from the
characteristic of power Mow control by SSSC [5;. By
adjusting the output voltage of SSSC (Pggec), the lie liac
power flow (P, + j0,;). can be directly controlled as
shown in Fig. 1. Since the $SSC fundamentally controls
only the reactive power, then the phasor Vsssc is
perpendicular 10 the phasor of line current I, which
can be expressed as

Vssse = jVssscl /1 (m

where Vg and 7 are the magnitudes of Psssc and |,
respectively. Note thai, 7/7 is a unit vector of line
current. Therefore, the current 7 in Fig. 1, can be
expressed as
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Fig. 2. An SSSC in a linearized four-area interconnecied power system wilthout governors.

Py — Vi — iVesscI/
JX,

I= 2

where X is the reactance of a tie line, ¥, and ¥, are the
voltages at buses 1 and 2, respectively. The aclive power
and reactive power flow through bus 1 are

Py +jO= Tk (3)

where 7* is a conjugate of 7. Substituting 7 from (2} into
(3} yields

V.V, V[‘
Po+jOn= 12 sin(é, —8)— Vassc
2 HiGn = X, (d, 2 S55C X1

(Vi_WW s —s ) @
+J(XL X, cos(J, 1)

where P, = V,¢?' and V, = V,&’*:. In the second term
of the nghl hand side of (4). V I* is equal to Py; +jQ),

(see (3)). Accordingly, the relation in the real part of (4)
provides

V. V. P
P.= '.2sind —8,)— 2 ¥ 5
RSy 1= 02) = 5y Vsssc

In (5), the second term of the right hand side is the
active power controlled by SSSC. Here. il is assumed
that V; and V, are constant and the initial vaiue of
Vsssc is zero, i.e. Vgssco = 0. By linearizing (5) about an
initial operating point,

V, ¥, cos(é P
AP, = —L—fx o = Sx) (Ad, —ASy)— ;r'? AViger
! o
(6)

where the subscript “0” denotes the value at the initial
operating point. As the voltage deviation of SSSC
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(AVsssc) is adjusted, the power output deviation
injected by SSSC can be controlled as APggsc = —
{P120/ X, I5)AVsssc. Equation (6), therefore, implies that
the SSSC is capable of controlling the active power
independently. Here, the SSSC is represented by the
active power controller. The control effect by SS5C is
expressed by the injecled power deviation APgssc
instead of — (P 20/ X 1p})AVsssc- As a result, (6) can be
expressed as

AP, = APy + APgsec {7
where
V,V. Gg— &
APy = V2 00% 0 - ’20) (As, ~ ASy)
'
= T,,(85, — AS,) (8)

and T3 is a synchronizing power coefficient.

3.3. Design methodology

A study system depicted in Fig. 1 is used to explain
the proposed control design of SSSC. The linearized
four-area interconnected system [12] including the active
power model of SSSC is delincated in Fig. 2.

Based on the coordinated control of SS5C and
governors. the dynamics of governors are eliminated in
this figure. The active power controller of SSSC has a
structure of the lead/lag compensator Kgg(s) with
output signal AP,.. In this study. the dynamic char-
acteristic of SSSC is modeled as the first order controller
with time constant Tggsc. Note that the injected power
deviation of SSSC, A Psssc acting positively on the area
| reacts negatively on the area 2. Therefore, APsssc
flows into both areas with different signs {(+, —),
simultaneously. This characteristic represents the physi-
cal meaning of (7). The linearized system in Fig. 2 can be
expressed as

- a,a 0 a,4 0
M, -
[ Af b —Zﬂle 0 2“7‘11 0 D
APT‘IZ 0 - 1 — pz @ 0
Af M, M, M,
S AP;} = 0 0 2rT,, 0 -—ng'n
Atl‘{j 0 an 0 @ —,p
. 3
L Af, | 0 0 0 0 -2zTy,
0 0 0 0 0

where, Af; is the frequency deviation of area i, APy is
the tie line power deviation between areas i and j, M, is
the inertia constant of area i, D; is the damping
cocfficient of area i, a; is the area capacity ratio
between areas i and j, T; is the synchronizing power
coefficient of the tie line between areas i and j. where /.
J=1, ... 4. Here agpa =(a2+Tn/T VM), asiy= —
(M Tx), assi= —auTul{M:Tya). asss=(1+
a3, T3/ T3/ My. The variable APy;, is represented in
terms of APyy; and APry; by
. T Ty

APpy, ——T—" APnz"'T— APry
Thus, APyy;; has disappeared in (9). 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 10 enhance the damping of the inter-area mode
between areas | and 2, The proposed design can be
divided into three steps as follows.

(10)

3.3.1. Reduction of power system model by overlapping
decompasitions [13]

The concept of overlapping decompaositions is applied
to the system (9) with the aim of extracting the
subsystern where the inter-area mode between areas 1
and 2 is preserved. The system (9} is referred to as the
system S. The state variables of § are classified into
three groups, ie. xy= [Afll x;=[AP713). x3=[Af:,
APr3y, Afs, APr3s. Afi)T. Therefore, the system S can
be expressed in compact form as

¥ Ay Ay Ay [x B,
S:|%| = |4y Ay Ay |xa2| + | By |APgc (1)
X B;,

X3 Ay Ay Ay
The sub-matrices Ay and B, (/, j=1, 2, 3) have
0 0 3 .
- . a2
0 0 A%ﬁ M,
0 0 2 0
Afy _ 1
Oy 0 Af; 0
0 2aT,| L AL ]
1 D, L 0
M, M,]
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appropriate dimensions identical to the corresponding
state and input vectors. According to the process of

overlapping decompositions, the system S can be
expanded as

A, A g A
5 A A A z
A3 _ [4An Ax n ‘
f'[:',] =4y 0 A, A :] BPsssc
Ay 0 Ay Ay By,
(12)

=1 =[xT. xTJand z; =[], xJ]”. The system Sin (12) can
be decomposed into two interconnected overlapping

subsystems.
I Ay,
] A [ ]APM) [0 An)*

(13)

 (T4s A,,] ) [A,, 0] [s,,]
wi = N E 5L+ AP
.§_ : l\ [A.v Ay Ay 07 By, sssc

(14)

The state variable x,, i.e. the tie line power deviation
between areas ! and 2 (APr12), is repeatedly included in
both subsystems, which implies .**Overlapping Decom-
positions".

For system stabilization, consider two interconnected
subsystems S, and §,. The terms in the right hand sides
of (13) and (14) can be separated into the decoupled
subsystems (as indicated in the parenthesis in (13) and
(14)) and the interconnection subsysiems. As mentioned
in [13]. if each decoupled subsystem can be stabilized by
its own input. the asymptotic stability of the intercon-
nected overlapping subsystems S, and S, are main-
tained. Moreover. the asymptotic stability of the
original system S is also guaranteed. Consequently,
the interactions of the decoupled subsystems with the
interconnection subsystems in (13) and (14) are regarded
as perturbations. They can be neglected during control
design. As a resull. the decoupled subsystems of S, and
S, can be expressed as

s s A A, B
Spiidy = [‘4': A;]z' + [B;:]Apsssc (15)

e _ A Axm B,
Soriéy = [-"J: AJJ] [B ]APsssc

21

In (15) and {16). there is a control input APsssc
appearing only in the subsystem Sp . Here, the de-
coupled subsystem S, is regarded as the designed
system, which can be expressed as

(16)

. oscillation mode are 4,3 =

ola] - [34 w7
+ [a"{)M']APm

It can be verified that the cigenvalues of (17) are
complex conjugate and are assumed to be —o tjwy.
These complex eigenvalues correspond to the inter-area
oscillation mode between areas 1 and 2 in the original
system S. By virtue of overlapping decompositions, the
physical characteristic of the original system S is still
preserved after the process of system reduction. This
explicitly shows the merit of overlapping decomposi-
tions. ’

By incorporating the dynamic characteristic of the
SSSC. (17) becomes

an

af,
G:| APy,
APgssc
-D\/M|, ag, as,/M, Af,
= | =2aT}, 0 0 APr,

0
+[ o ]AP,J (18)
1/ Tsssc

For the input signal of SSSC controller, two available
local signals, ie. area 1 frequency deviation (Af,) and
the tie line 1-2 power deviation {APy ;) are taken into
consideration. By calculating the right eigenvector of the
oscillation mode between arcas | and 2, the degree of
activity [14] of Af, and APy ; in this mode can be
evaluated. From (18), the eigenvalues representing the
—0.015473.5316. The mag-
nitudes of clements of the right-cigenvectors that
correspond to Af; and APy ; are 0.6088 and 0.1953,
respectively. As a result, Af, provides higher degrec of
activity in this mode. Consequently, Af, is used as the
input signal of SSSC controller. The negative feedback
contro! scheme of SSSC controller can be expressed by
AP, = —Kpp(9Af, (19)
The robust controller Kgg(s) is in form of a lead/lag
stabilizer as

Ts (1 +T,5)(1 + Tys)

Kegls) = k
=N s+ T + Ty

(20)

where k: a controller gain, Ty, T3, T3, T lead/lag time
constants (s). 7..: a washoul time constant (s).

Here, T, isset to 10 (s). The control parameters k, 7,
T:. Ty, 74 and T, are searched based on the objective
function explained in the next section.
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Fig. 3. Feedback system with multiplicative uncertainty.

3.3.2. Determination of objective function

[n derivation of the objective function. both attenua-
tion performance of system disturbances, and robust
stability of controller against system uncertainties are
laken into consideration. Since the main purpose of
SSSC is 1o limit the peak frequency deviation following
a sudden load perturbation, the peak frequency devia-
tion 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 +jm,. Thus, the system peak response to the unit
step inpul is given by

"’fm( nwat) = 1+ exP(—U'n/wa) (2 l)

[15]). If the peak allowable frequency deviation of the
controlled system is specified to be Mp josigny. then the
magnitude of the difference between the design and the
actual peak frequency deviations can be defined as

(22)

This is the part of disturbance attenuvation 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 para-
melers ete. Practically, it is hardly to know about the
information of all uncerlainties 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 uncertain-
lies is less than this upper bound, the robust stability of
syslem is guaranteed. Here, the multiplicative uncer-
ainty (15] is applied to represent the unstructured
uncertainty in the system, as shown in Fig. 3. Note
that G is a nominal system transler function, A, is a
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 [15), the
closed loop system will be robustly stable if

1
IGK(1l + GK)™'|
where, the symbol |A,| shows the magnitude of un-

certainty. |GK(1+ GK) ™| is the magnitude of comple-
mentary sensitivity function which is referred to as |T|.

= IMﬂdrsrgnl - Mﬂanmﬂ'

(23)
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Fig. 4. Example of a 30 bil concatenated encoding scheme.

As mentioned in [15], the multiplicative stability
margin (MSM) is defined as

MSM = l/||T|, (24)

where || T|{« is the co-norm of 7. 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 (23) and (24), 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,

7= NN N T g imiviaty (25)

where |[T|| . (initiap 15 the oo-norm of T at the initiul
solution of search process.

Combining (22) and (25), the objective function F can
be formulated as,
Minimize
subject to

F=cy+7y
<k =<k

T‘ll\llﬂ ST S T-IIIIII

(26)

The constant coefficient “¢” is used to weight ¢ -term,
so that ¢ -y dominates 3 durmg the parameters oplimi-
zalion. Note that. since ; is normalized to 1 at the initial
solution, it is easy to find the value of *¢" so thal c - is
greater than 1. Eventually. the search process minimizes
both terms until ¢ -¢ meets the design specification and
y decreases to the possible minimum value. The mini-
mum and maximum values of the gain k are set as 0.1
and 500, respectively. The minimum and maximum
values of the time constants T; (i=1, 2, 3, 4) are set
as 0.01 and S, respectively. In this research, TSA is
employed to solve this optimization problem and search
for optimal parameters of controlier.

3.3.3. TSA for parameter determination [6]

The TSA is a promising tool for solving combinator-
ial 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_ 4,
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Initial Solution:  100401101011000110101110010011
Trial Solution 1: §00101101011000110101110010011
Trial Solution 2: 13010110101 1000110101110010011
Trial Sotution 3. 1041011010110001 1010111001001 1

Fig. 5. Example of generating trial solutions.

New attribute Tabu List O attrib_te
O -O-0-—-

Fig. 6. Mechanism of TL.

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

To obtain the actual value of each parameter (27) is
used 10 decode each normalized string o ils decimal
value for objective function evaluation.

Bl‘ x [Pl.l'l'll.l - Pi.min]

P=P
p R

(27)

where P; is the actual value of the /-th parameter, P, min
is the minimum value of the i-th paramelter. P, . i5 the
maximum value of the i-th parameter, B, is the decimal
integer value of binary string of the i-th parameter. and
n is the number of bits representing each parameter. In
the design process. 10 bits are used to represent each
parameter.

To generate 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 neighborhood solution space (NS). In this
study. NS is set to 95% of the total number of bits |
095xnx N | where N is a number of parameter
searched.

The example of generating trial solutions is shown in
Fig. 5.

The TL is referred to as an adaplive memory. The
mechanism of TL is to keep attributes (bit positions)
that created the best solution 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 iteratlion procceds, a
new attribute enters into the TL as a fixed attribute. At
the same lime, the oldest attribute is released from the
TL and becomes a frec attribute, as illustrated in Fig. 6.

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 length is
too small, the cycling of solution occurs in the search
process. On the other hand, if the size is loo large, the
search process is too restricted and may deteriorate the
solution. Here, the tabu length is set to{ 0.7 xnx N |.

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

To apply the TSA for optimal parameter determina-
tion, the initial feasible solution is generated arbitrarily.
A move to a neighbor solution is performed if the TL
does not restrict it. The best solution is updated during
the searth process until the termination criterion is
satisfied. The following notations is used for the TSA
procedure:

TL: the tabu list,
NS: the neighborhood solution space,
F(X): the objective function of solution X,

5" the best objective function at iteration k,
Xt the initial feasible solution at iteration k.
X%: arial m solution at iteration k,

e». the current best trial solution at iteration k.
XE:  the best solution reached at iteration k,
Kkmay: the maximum allowable 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) Specily the length of TL, k,,,.. and size of NS.

3) Initialize iteration counter & and empty TL.

4) SeLXy=X,

5) Execute tabu search procedure:

5.1 [Inirialize the trial counter m to zero.

5.2 Generate a Irial solution X%, from X%,

5.3 If X% is not feasible, go 1o 5.8.

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

5.5 Perform the tabu test. If X%, is 1abued. then go
tc 5.8.
5.6 'II'F(X*)<F(,\ ). set X%y = Xn,.

5.7 If FiX%) < FOXE), set Xy = X5,
5.8 If m is less than NS, m=m+1 and go to 5.2,
5.9 If there is no feasible solution, set X£* ' = x%.

Otherwise, set X5* ! = x%,. and update TL.
6) Ifk <kmar.then k=k+1. and go to 5.
7) X% is the best solution found.

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
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-1 sssc

time (sec)

Fig. 7. Syslem slep responses.

Table |
Elgenvnlue analysis results of decoupled subsyslerns {15) and (16)

Before control Alter control

Decoupled iya= —0015+3.5316 4 3= —3.6077+53.7967
subsystem (15)
iva= —0.1027+;0.0642
is = —0.5020
ig= — 128613
Decoupled Zrz= —00152+51.6777 Not change
subsystem (16)

iza= —0.0168 +;3.6922
ige= —00247 121532

35, respectively. Following the design procedures and
appropriately setting ¢ = 1.4 in the objective function,
the lollowing transfer function was obtained for the
robust controller of SSSC when the peak frequency
deviation was limited 10 M pesieny = 1.2

10s (1 + 0.77585) (1 + 1. 9660:)

Knsls) = 3.5206 + 105 (1 + 2.5074s) (1 + 3.72695)

(28)

The SSSC controller in Eq. {28) is compared with the
designed SSSC with M, iy = 1.2 but without robust-
ness consideration. By neglecting 7 in the objoctwc
function and setting ¢ = 1.0, the designed result is given
by

IOs (1 + 0.1271s) (1 + 3.87815)

Ksnals) = 34753 = 0s (1 + 2.70269) (1 + 2.44405)

29)
Note that the designed controilers in Eqs. (28) and

(29 are referred 10 as *Robust $SSSC” and **Non-robust
SSSC™, respectively.

Table 2

Eigenvalue analysis results of :xpanded sysiem (12} (or interconnected
overlapping subsystems (13] and (14}

Before control Alter Control

Expanded ’
system (12)

Aia= =00171 +j4.4133 2, = —38240+,5.0223
l)_4 - —0.0I54ﬂ3.$602
4-!_‘ - —0.0!5' 1-_;1.7520
iy = —0.0409
ig=—418~107"

ine= —0.0461 373 6994
ise= —0.006] +j1 ~304
ir= 00414
Jg=-284xi0""
Agp= —0.1232+ 0048}
Ay = —0.4485

A]; - I24

Fig- 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
Nen-robust SSSCs, respectively. In addition. the MSM
of system G with Robust S85C is increased to 0.90 from
0.57 in case ol system with Non-robust SSSC. This
reveals the higher robustness of the system G with
Robust S§SC.

To prove that the Robust SSSC designed in the
decoupled subsystem (15} can guarantee the stability
of the expanded system 112) and also the original system
{10), the eigenvalue anaisis is employed. Table | shrws
the eigenvalues of decoupled subsystems (15) and (10).
The ecigenvalues 4,3 of (15) represent the inier-area
mode between areas 1 and 2. After applying the control
input APgssc. this oscillation mode is stabilized efTec-
tively. On the other hand. eigenvalues of (16) have not
been changed. This is due to no control input APgssc in
(16). Table 2 shows the ecigenvalues of expanded system
(12). By considering the participation factor {14], it can
be verified that 4, represents the inter-area mode
between areas | and 2. As expected, A Pggy- can stabilize
this oscillation mode. For other modes, they are stuble
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Table 3
Eigenvalue analysis results of original system (11)

Before control After control

Originai
system (11)

Az=—-00171 +;44134 4 3= —38240+/5.0223

iya= —0.0184+73.5602 5= —0.046]1 +3.6994

Asg= —0.0157+;1.7520 ige= ~0.006] £/1.7364
Ay = —0.0409 iz= —00414
igg= —0.123240.0483
Aig= —0.4485
4||- —1242]7

Govemor

Turbine

Synchronizing

Areai
Power Coefficient H

Fig. 8. Lincarized mode! of area i {i=1, .... 4) with governor

after the controller is included. Note that Ag is approxi-
mately zero which has no physical meaning. This is
because of a redundant state variable APy 3 in (12). For
the eigenvalues of the original system (11) demonstrated
in Table 3, 4, can also be stabilized by APgssc. Other
modes are also stable after control. These eigenvalue
analysis results confirm the concept of overlapping
Jdecompositions that the stability of the original system
can be guaranteed il the decoupled subsystems can be
stabilized by its own input.

Next, the disturbance attenuation performance and
robustness of both designed contjollers are investigated

M lElsewer ScnenchShannonlEPSRJanmledEPSRISBTIEPSRI 887. 3d[x]
- e
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in the linearized model of the four-area interconnected
system. The dynamic of governor [12] is also incorpo-
rated into each area, as delineated in Fig. 8. System
parameters are given in the Appendix A.

In order to evaluate the disturbance attenuation
performance of both controllers. a2 sudden step load of
0.01 (p.u. MW} is applied to area | at r = 1.0 (s). The
frequency deviation of each area is depicted in Figs. 9~
12. Without contro! of the SSSC, the Muctuations of
frequency deviations in all areas are large with poor
damping, After the inclusion of both controllers,
frequency oscillations in all areas are effectively stabi-
lized. Especially, the peak value of frequency deviation
in the controlled area | 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 devia-
tion illustrated in Fig. 13 is also effectively stabilized by
Robust SSSC. As shown in Fig. 14, the maximum
injected power deviation of Non-robust SSSC is 0.0094
(p.u. MW), which is almosl 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 f{requencies, AP;; = 0.002 sin(3f)+
0.005 sin (6¢) -0.007 sin(97) (p.u. MW) is applied to
area 1. At the same lime, 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. 15, the system
completely loses stability in cases of a Non-robust SSSC
and no SSSC. Moreover, frequency osciltations in other
areas (not shown here) severely fluctuate and finally
diverge. On the other hand, the Robust SSSC explicitly

Q.01 v

0.008

Area1 Freg. Dev.(Ha)
b
0
0
[

b
2

-------- No SSSC
-——- Non-robust SSSC
— Robust SSSC

0D.018

10 16

time (sec)

Fig. 9. Frequency deviation of area 1,
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Fig. 10. Frequency deviation of area 2.
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Fig. 12. Frequency deviation of area 4.

maintains its performance against large uncertainties
and severe perturbations. Frequency oscillations in area
| and other arcas are perfectly stabilized. The efficiency
of the Robust SSSC is also evident in Figs. 16 and 17,
where the power deviation in the tie line 1-2 and the
injected power deviation of SSSC are shown.

Finally, the performances of both SSSC controllers
are evaluated when the load change occurs in area 2.
Fig. 18 shows an additional load change in area 2. It is
assumed that a sudden step load of 0.01 (p.u. MW)
occurs in area 2 at t=1.0 (s). As depicted in Fig. 19,
both Non-robust SS5C and Robust SSSC are capable of
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Fig. 13. Tie line 1 -2 power deviation.
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Fig. 18. An additional Joad change in area 2.

stabilizing frequency oscillations of arca 1. even though
a load disturbance occurs in area 2. For frequency
deviations in other areas (Figs. 20-22) and tie line 1-2
power deviation (Fig. 23), the performance of Robust
SSSC is comparatively better than that of Non-robust
SSSC. As illustrated in Fig. 24, the peak values of

injected power deviations of Robust SSSC and Non-
robust S5SC are 0.01 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.

5. Concl_usions

In this paper, a robust design of the lead/lag controlle:
equipped with the SSSC for stabilization of frequency
oscillations is proposed. The TSA was employed 1o
achieve the optimal paramecters. By virtue of the
objective function that limits the peak frequency devia-
tion and maximizes the robust stability margin, the
proposed desipn guarantees both performance and
robustness of the resulted controller. More specifically,
the designed controller uses only the frequency deviation
of the controlled area as the feedback —input signal. This
allows practical realization and implementation in a
power syslem. Simulation results clearly demonstrate
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the superior robustness and performance of the con-
troller designed by the proposed method.
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Appendix A
The system parameters of the four-ares ntercon-

nected systemn with an area capacity rato 5 10.2:0.8 are
pven below

M =02 Myr 0167 M, =015 M,~02
D, =0 006 D, ~0008Y D000 D, =00006
T, =028 T.,-03} I -0} T,e=028
To=01 r,,-om Toa= 01 Ta=01
R1"24 R"' = Rl 2" R‘ 2"
B, =05 B. uS B, -08 H, 053
K,~=035 A,-05% K, 05 AN,=05%§
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Appeadin B: Nowmenclature
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mertia constant (pu MW <Mz of arca ¢
damping coeMaznt (p u MW/H2) of aren
turbine time constant (v) of arca 1

governor ime constant (s) of arca ¢
regulation ratio (He/p u MW)

bias coelMaient (pu MW/H2)

integral gam tifs)

sy nchronizing coeflicient (p.u MW/rad) be-
tween arcas + and

a,. arca capaculy ratio hbelween arcas ¢ and 7
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ABSTRACT

As large loads with changing frequency in the vicinity of inter-area oscillation (0.2 — 0.8 Hz) mode
occur in an interconnected power system, system frequency may be severely disturbed and oscilla: .
To compensate for such load changes and stabilize both frequency oscillations, the dynamic power
flow control via a Static Svnchronous Series Compensator (SS5C) installed in series with a tie-line
benween interconnected systems can be exploited. However, the frequency stabilizer of SSSC that is
designed without regarding system unceriainties, e.g., various load changes, system parameters
variations eic., may deteriorate the robust stability of power system and fail to damp out low
frequency oscillations. To overcome this problem, a new robust cesign of frequency stabilizer of
SSSC taking into consideration system uncertainties is proposed. The multiplicative uncertainty model
is applied to represent.all possible unstructured uncertaintics in interconnected power systems. As a
result, the robust stability margin against uncertaintics can be easily guaranteed in terms of the
multiplicative stability margin (MSM). Additionally, to implement the frequency stabilizer in real
system, the configuration of frequency stabilizer presented here is practically based on a second-order
lead/lag compensator. Without trial and error, the control parameters of the frequency stabilizer are
automatically optimized by a tabu search algorithm, so that the desired damping ratio of the target
inter-area mode and the best MSM are achieved. Simulation study exhibits the high robustness of the
SSSC frequency stabilizer against load disturbances with changing frequency in the vicinity of the
inter-area and negative damping in the study threc-area loop interconnected power system.

Keywords: System uncertainties, Robust stability, Multiplicative uncertainty model, Static
synchronous scries compensator, Inter-area oscillations, Frequency stabilization, Overlapping
decompositions, Tabu search algorithm

1. INTRODUCTION

At present, an electric power system is in transition to a fully competitive deregulated scenario. Under
this circumstance, any power system controls such as frequency and voltage contfqls will be served as
ancillary services [1-3). Especially, in the case that the proliferation of non-utility generations, i.e.
Independent Power Producers (IPPs) that do not possess sufficient frequency control capabilities,
tends to increase considerably. Furthermore, various kinds gf apparatus with large capacity ar.ld fast
power consumption such as 2 magnetic levitation transportation, a testing plant for nuclear fusion, or
even an ordinary scale factory like a steel manufacturer etc. increase significantly. When. the.se loads
are concentrated in a power system, they may cause a serious problem of frequency oscitlation. The



deviations of frequency oscillations that exceed the normal limit, directly interrupt the operation of
power system. Especially, if the frequency of changing load is in the vicinity of the inter-area
oscillation mode (0.2-0.8 Hz), system frequency oscillation may experience a serious stability
problem due to an inadequate damping. Under this situation, the conventional frequency control, j.e. a
governor, may no longer be able to absorb the large frequency oscillations due to its slow response [4,
5]. A new service of stabilization of frequency oscillations becomes challenging and is highly
expected in the future competitive environment.

To solve this problem. the author has proposed a new stabilization of frequency oscillations by the
Static Synchronous Secries Compensator (SSSC) [6]. The SSSC is a FACTS (Flexible AC
Transmission Systems) device, that has been highly expected as an effective apparatus with an ability
of dynamic power flow control [7, 8]. In [6], the SSSC is located in series with the tie-line between a
two-area interconnected power system. By regarding the system interconnection as the channel of
power flow control by SSSC, the system frequency oscillations under a sudden load disturbance can
be stabilized effectively. However, the proposed frequency stabilizer of SSSC in [6] is designed based
on a state feedback scheme of variables. Therefore, it is not easy to realize in a multi-area
interconnected power system. Besides, there are several uncertainties such as various load changes,
system parameter variations etc. in interconnected power systems. The frequency stabilizer of SSSC
that is designed without considering such uncertainties may deteriorate the robust stability of power
system and fail to damp out low frequency oscillations.

By taking system uncertainties into consideration, a new robust frequency stabilizer of SSSC ix
proposed in this paper. The multiplicative uncertainty model [9-11] is applied to represent all possible
unstructured uncertainties in interconnected power systems. As a result, the robust stability margin of
the closed-loop control system can be easily guaranteed in terms of the multiplicative stability margin
(MSM). First, the design method utilizes the merit of overlapping decompositions technique [12] to
extract the subsystem embedded with the inter-area mode of.interest. Next, by including the
multiplicative uncertainty model in the extracted subsystem, the roburt stability margin of system with
designed frequency stabilizer can be enhanced. Here, the configuration of the robust frequency
stabilizer is practically based on a second-order lead/lag compensator with single feedback input
signal. Without trial and error, the control parameters of the robust frequency stabilizer are
automatically optimized via a Tabu Search (TS) algorithm [13, 14]. In the formulation of the objective
function, not only the desired damping ratio of the target inter-area mode, but also the MSM of system
are included. 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 robustness of the designed frequency stabilizers against
load changes and negative damping.

The organization of this paper is as follows. First, the motivation of stabilization of frequency
oscillation by S$SC is provided. Next part deals with the design methodology including the
coordinated control of SSSC and govemors, the mathematical model of SSSC, the system reduction
by overlapping decompositions, the objective function formulation, and the tabu search algorithm.
Subsequently, the evaluation effects of the designed frequency stabilizers in a three-area
interconnected power system are outlined by simulation study. Lastly, a conclusion is given.

i

2. PROBLEM STATEMENT

A three-area loop interconnected power system depicted in Fig.1 is used to explain the motivation of
the proposed frequency stabilizer design. SS5C12 and SSSC23 are connected in series with tie-lines
between areas | 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 mode (0.2-0.8 Hz) have been installed in areas 1
and 3. These load disturbances severely cause frequency oscillations in areas 1 and 3. 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



Figure 1: A three-area loop interconnected power system with SSSC

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
oscillations in areas 1 and 3, 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 shoul.
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 systemn against uncertainties.

3. Design Methodology
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 governor. The difference in responses signifies that the SSSC and govemor 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.

3.2 Linearized Power System Model

The power system shown in Fig. 1 can be represented by a linearized power system model, as shown
in Fig. 3. Note that the governors are eliminated in this system. The SSSC model is represented by the
active power flow controller [6]. The dynamic characteristic of SSSC is modeled as the first order
controller with a time constant T = 0.05 sec. Note that the injected power deviation of each SSSC

(APgq-, and APgq.,,) acting positively on an area reacts negatively on another area [6]. Thus, each
injected power flows into both areas with different signs (+,-), simultancously. By neglecting 7y,
the linearized state equation of Fig. 3 can be expressed as

Ax = AAx+BAu )
where
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Figure 3. Frequency stabilizers of SSSCs in a linearized power system model without governors

[ - DI/A,I a5 0 D514 0
-2x7T,, 0 2rT, 0 0
A = 0 -i/M, -D, /M, -a,[M, 0
0 0 22T, ] -2xT,,
B 0 Qs 0 Dssa - J/A{JJ
[a,, /M, 0 1
0 0
B = |-VYM, -a,[/M,]|.
0 I/ M,
b 0 0 -
r
ax = [An AR, A, AR, M.
’
Au = [Apm'u APm“u] .

&/, is the frequency deviation of area i, APy, is the power deviation between arcas i and ;, M, is
the inertia constant of arca i. D is the damping coefTicient of area i, a, is the arca capacity ratio
between areas i and ;. 7, is the synchronizing power coefficient of the tie-line between arcas / and
Jowhere 1, j=1,...3. Here ay; = (a;: + Ti/Ti)!My, asre = -Ti/(M T3y, ags; = a3, T /(M T 1), a3, =
(1 + a,,T;)/T:)/M,. The variable AF,;, is represented in terms of AF,,. and AF),, by

T, T,
AF,, = "T"_"A'Pn: + }LAPm (2)
12 n



Thus, AF;, has disappeared in (1). This system has two conjugate pairs of complex eigenvalues and a

negative real eigenvalue. The former corresponds to two inter-area oscillation modes, and the latter
the inertia center mode. Based on the mode controllability matrix [15], the inter-area modes between

areas 1 and 2, and areas 2 and 3 are controllable for the control inputs Awgg . and Awgg-s,

respectively. Accordingly, the design purpose of frequency stabilizer is to enhance the damping of the
mentioned inter-area modes.

3.3 Model Reduction by Overlapping Decompositions

The technique of overlapping decompositions [12] is applied to reduce the system (1) to a subsystem
embedded with only the inter-area mode of interest. The original system (1) is referred to as the
system §.

%, A, A, 4;]|x B, B,
S i |x| = |4y A Ay x| + | By By [ul]
X Ay Ay Ay x B, B,

€))

2

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

corresponding states and input vectors. According to the process of overlapping decompositions, the
system § can be expressed as

All Alz 0 AlJ Bll
5 . [21] _ A4, 4, 0 Ay [zl] + B,, I:"l] @)
Z; Ay 0 4, A=z B,, |Lu,
* Asl 0 Asz A:u ’ Lle

where z, =[x],x] ]r and z, =[Jrir X ]T . Subsequently, the system § can be decomposed into two
interconnected overlapping subsystems, i.e.

. A A B, 0 4, B,

S AT ([A,. AJZ' * [B;.]"’J * [o A,,]" N [Bn]"’ ©
and . .

- Bz] A’zl 0 L

ST P S R A

The state variable x, is repeatedly included in both subsystems, which implies “Overlapping
Decompositions”.

For system stabilization, two interconnected subsystems 5‘, and §, are considered. The terms in the
right hand sides of (5) and (6) can be separated into the decoupled subsystems (as indicated in the
parenthesis in (5) and (6)) and the interconnected subsystems. As mentioned in [12], if each decoupled
subsystem can be stabilized by its own input, the asymptotic stability of the interconnected
overlapping subsystem S, and §, are maintained. Moreover, the asymptotic stability of the original
system S is also guaranteed. Consequently, the interactions of the decoupled subsystems with the
interconnection subsystems in (5) and (6) are regarded as perturbations. They can be neglected during
control design. As a result, the decoupled subsystemns of (5) and (6) can be expressed as



§:n Pz o= I:::: :::;:Izi + [ﬁ:]“l N

= . A, A4 B
S, 1 % =" Yz + [ n]u 8
’ ) I:"'u "'n] ? B,|" @)

By regarding the power deviation between areas 1 and 2 (AF,,,) as the overlapped variable for design

of frequency stabilizer of SSSC12, the subsystem embedded with the inter-area mode between areas 1
and 2 can be expressed as

A . Afl _ -D/M, ag | A ’ a,/M,
Cu I:Apru] - [_2”7;; 0 _":AP,.I:] * [ 0 ]Apnxlz (¢))]

Next, by considering the power deviation between areas 2'and 3 (AF,,,) 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

. AP, _ 0 =2xT,, || APy 0
e R ey e R P T

By incorporating the dynamic characteristic of each SSSC as shown in Fig. 2, (9) and (10) become

and

Aj‘l -D /M, aq, a,[/M, Af, 0
G APTI: = =271, 0 0 AFy, + 10 Aigeser an
Aﬁ’m‘u 0 0 —I/Tmscu APS.WCIZ 1/Tssst‘:lz
and
AP, -D,[M, a5, a,[M, || APy 0
G, M = | -2xT,; O 0 Af, + |0 Augee s (12)
A},.’ssyc‘u 0 0 _I/Tsscn A-Pmcn ]/Tsssc'z!

where Awugy, and Auge,,, are output signals of frequency stabilizers for SS5C12 and SSSC23,
respectively. Equations (11) and (12) are used to design SSSC12 and SSSC23, respectively.

3.4 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. 4.3. There are five parameters for each designed frequency stabilizer consisting of a
stabilization gain X , time constants 7;,7;,7;,and 7,.

| T Tys+1
4 | et T+l

Figure 4. Configuration of 2™ order frequency stabilizer



Since the control purpose of the frequency stabilizer is to enhance the damping of the inter-area 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 optimized based on the following objective function.

3.5 Formulation of Objective Function

In deriving the objective function, not only the enhancement of system damping, but aiso the robust
stability against system uncertainties are taken into consideration. Since the main purpose of the
designed frequency stabilizer is to improve the system damping following any load disturbances,
therefore, the damping ratio (¢ ) 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 : '

-

= — 13

The desired damping ratio of the eigenvalues corresponding to the mode of oscillation is specified as
& seonea - Accordingly, the difference between the desired and the actual damping ratios can be defined

as
a = |§m_§m| (14)

For robust stability, the system uncertainties are modeled as a multiplicative form [9-11] demonstrated
in Fig. 5. G is asystem and K is a designed controller. A_ is a stable multiplicative uncertainty.

A

. input output

G >

K

Figure 5. Control system with multiplicative uncertainty model

Based on the small-gain theorem [9-11], the closed loop system will be robustly stable if

5 (15)
GR (1-GR)|

Al < |

where GR (1-GR)"" is the complementary sensitivity function (7). Note that o] is the magnitude of
the transfer function "e". Based on the multiplicative uncertainty model, the robust stability margin
can be guaranteed in terms of multiplicative stability margin (MSM) as

MM o= YL (16)



where |T]|, is the o -norm of 7. From (15) and (16), it is clear that by minimizing |7 . the MSM

increases and the robust stability is ensured [9-11]. Thus, the normalized robustness index of the
objective function is defined as

y = 7

Ly — an

where |7

is th¢ = -normof’ 7 at the initial of a search process. Combining (14) and (17). the

¥ { wnbioal )

control problem can be formulated as the following optimization problem:

" Minimize F(K, T) = cea+y
Subjectto K,,, < K s K, (18)
T <T,<T

i=l..4

where F(K, T,) is the objective function. The minimum and maximum values of the gain K are set
to 0.1 and 5, respectively. The minimum and maximum values of the time constants 7, are set 10 0.0t
and 2, respectively. The constant coefficient “c" is used to weight a -term, so that cea dominates y
during the parameters optimization. Note that, since y is normalized to | at the initial solution, it is

easy to find the value of ¢ so that cea is greater than 1. Eventually, the search process minimisos
both terms until c«a meets the design specification and y decreases to the possible minimum value.

All searched parameters are optimized by a tabu search algorithm.

3.6 Tabu Search Algorithm

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 [13,
14). 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 scarched parameter.
Figure 6 illustrates the example of concatenated encoding scheme.

Parameter 1  Parameter2 Parameter 3

| xx..oxxx | xx..xxx | xx..xxx |
X X X x x
ab1) 2me-2p 27 P 2P

Figure 6. Example of Concatenated Encoding Scheme

On the other hand. a decoding scheme is carried out by converting encoded parameters to their actual
values by (19) prior to evaluation of objective function.

B x[Pos - P ]
Pl = Pl— + 2n_l ('9)




- s : - ‘ » . i T
where P is the actual value of the i-th parameter, / and £ are the maximum and minimum

valuc of the i-th parameter. B is the decimal integer value of binary string of the i-th paramecter. In

this study, 16 bits arc used to represent cach parameter. The more the number of bits per scarched
parameter is, the higher the resolution will be.

Trial Solution Generanion To penerate a trial solution, one bit of a binary string of an initiat solution
is Mipped at a time. Figure 7 conceptually itlustrates the process. The masximum number of trial
solutions i cach 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 (L0.9>r. nbx NI'J where NP is a number of
scarched parameters.

Initial solutior : 1001011010 1100011010 1110010011
Trial solution 1: [001011010 1100011010 1110010011
Trial solution 2: 1@01011010 1100011010 1110010011
Trial solution 3:  10fl1011010 1100011010 1110010011

Figure 7 Example of Concatenated Encoding Scheme

Tabu List Reseriction Tabu List (TL) is utilized to keep attributes (bit positions) that created the b.
solution in the past iterations for iterations so that they can not be used to create new solution
candidates. As the iteration proceeds, T1. stores a new attribute and releases the oldest one, as shown
in Fig. 8. Purticularly, 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, [anx NPJ is used to
determine the best sizeof T1.

Ncow attribute Tabu List Old attribute
O — — O
Figure 8 Mechanism of tabu list

Aspiration Level Criterion. The aspiration level (AL) criterion allows an attribute 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 T1. is carried out by moving the tabued attribute back to the first position of
the TL.

Termination Criteria- This criterion is set 1o allow the scarch process to stop and retumn 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 scarch process until the termination criterion is satisfied. The following notations
are uscd 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,

XY : atrial solution m at iteration k,

X' the current best trial solution at iteration &,

X' the best solution reached at iteration £,

s su

9



Knare ;o the masimum allowable number of iterations.

The TS procedure can be deseribed as follows,

1. Read constraints ol scarched parameters, the initial feasible solution X' |, and the design
spectiivation.

20 8Specity the sive ol Tl k.. and size of NS,
3. Initiahze neranion counter A and termination criteria tc to zero, and empty 11
J Initialized Al by seting VAL ’
S0 EPaecute TS procedure:
S Initiatize the trial counter m o zero.
5.2 Generate a trial solation ! trom ALK
5.3 1.0  is not feasible, go to 5.9,
S I N," is the first feasible solution, set Xo* = 1,2
5.5 Perform Tabu test. 11X, is tabued. then go to 5.8.
5.6 10 FY - Fouh) set AL s 4LE Otherwise, po 10 5.9,
5.7 WAL - FV5, then u‘pdalc AL by setting V' = 40 Go 1o 5.9,
5.8 Perform AL test 11 26\, ~ Moy set Lt 4% and update Al by setting A = A%
SO Ifmislessthan NSom s Jand poto 5.2,
5.10 If there is no feasible solution, set V.0 72 4' Othenwise, set 47 = A% and update

TI1..
6. Ik O poto9,
7. Perform the comvergence checkhing.
N UM a1 Onherwise, e 0
8. Ifre sizeotTl. st Oand goto 10
9. Ik~ &y then kA1 and goto 5
10, TS is tenminated and VL7 s the best solution found.”

4. Experimental Results

In the design specification, the desired damping ratio (J,.,..,) is set iv 0.25. Also, the coefficient ¢ is

apprapriately set to 5. For TS, the size of T is set to 8 for the best solution. The area capacity ratio
between areas 1. 2 and 3 is S:10:2. System parameters are given in Table 1.

To exhibit the results of syvstem reduction by overlapping decompositions, Tabie 2 shows eigenvalues
of the original systems (1) in comparison to design subsystems (9) and (10). The damping ratio and
oscillation frequeney of the corresponding oscillation mode in the design subsystems are nearly equai
1o those of the original system. This reveals that the design subsystems (9) and (10) retain the physical
characteristic of the original svstem (1),

As experimental results, the optimally tuned parameters of designed frequency stabilizers in (11) and
(12) arc obtained as given in Table 3. Note that the optimized frequency stabilizer based on (18) is
referred to as “Robust frequency stabilizer™.

For comparison purposes, the second-order lead/lag frequency stabilizer in (11) and (12) are also
designed with the same design specification, which requires the same damping ratio £ .., =0.25.

The control parameters K.7,,7,.7,,and 7, are searched by TS via the optimization problem (20).
Note that the robust stability index term ()} is excluded.
Minimize F(K,T) = «

Subjectto K., < K < K. (20)
1, wmun =T 'S 7;. max ? i=l""’4

Here, the optimized frequency stabilizer based on (20) is referred to as “Non-robust frequency
stabilizer”. Table 4 shows the contro! parameters of the non-robust frequency stabilizer.
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Table 1. Paramciers of Three-arca Loop Intercomnected Power System
(Area Capacity Ratio 5 - 10 0 2)

Syvstem Parameters

Area |

Arca2 Arca 3
~Inertia Constant .H—', - 0.2 - ..‘il_. - 0.0167 Af, = 0.15
(pu MW s HLA
Damping Coefficient | I - 0.006 D, = 0.00833 D, =0.005
(pu.MW/Hz)
Turbine Time 7, =025 7,=03 T, =025
Constant (s) .
Govemnor Time T,=01 T 7,,=0.08 T, =0.1
Constant (s}
Regulation Ratio R =24 R, =24 R, =24
(Hz pu.MW)
| 7 Bias Coetlicient B =05 B.=0.5 T B, =05
(PuMW H ) '
" Integral Controller K, =05 K.=05 K,=05
Gain (1/5)
Synchronizing Power

Coefticient

(pu.MW/rad)

T,.=0.159, T,, =0.064. T;, = 0.079

Area Capacity Ratio -

-2 =0.2
a,=20, a,;=02

L dyy =25

Table 2. Eigenvalues of Original System and Design Subsystems Before and Afier the Overlapping

Decompositons

Original System (1)

Subsystem (11) -

Subsystem (12)

A =—0.0415

1

A, =-00173+ j4.365

(¢ =0.0035, f=0.695 H:)

A, =-0015% j3.53
(¢ =0.0043, f=0.562 Hz)

A5 =-0.0185% j3.291

A5 =—0.0167 % j3.31

(¢ =0.0056, f=0.524 Hz)

(£ =0.005, £=0.527 Hz)
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Table 3. Parameters of Robust Frequency Stabilizers

Robust Frequency ]
Stabilizer A T T. T, T,
SS8CI12 0.2188 0.2587 0.0158 0.0575 0.2316
SSSC23 0.2378 1.5023 0.5386 1.6268 0.53075

Table 4. Parameters of Non-Robust Frequency Stabilizers

Non-robust Frequency —l
Stabilizer K T, T, T, T,
SS8C12 4.2863 0.1344 1.0011 1.0978 1.3807
SSSC23 43683 0.1344 _0.9933 1.3467 1.3802

Table 5. Comparison of Eigenvalues of Design Subsystems

Design Subsystem

SSSC with No

SSSC With Non-

SSSC With Robust

Frequency Stabilizer Robust Frequency Frequency
Stabilizer Stabilizer
G, -0.015+ ;3.53 -1.8369% ;7.1143 —0.6093 + ;2.3595
¢ =0.0043 ¢ =025 g =025
G, =0.0167+ j3.31 -1.667+ j6.4559 —0.3534 t j1.3685
& =0.005 & =025 ¢ =025

specification.

Next, the MSM is used to evaluate the robust stability margin of system (11) and (12) included with
each frequency stabilizer. As shown in Table 6, the value 6f MSM in case of the system with robust
frequency stabilizer is greater than that in case of the system with non-robust stabilizer. This clearly
signifies that the better robust stability margin of the power system incorporated with robust frequency

stabilizer can be achieved by the optimization problem (18).

Table 5 shows eigenvalues of subsystems (11) and (12) in case of SSSCs with robust frequency
stabilizers installed in comparison with a case of SSSCs with no frequency stabilizer and a case of
SSSCs with non-robust frequency stabilizers installed. The results describe that the damping ratios of
the eigenvalues corresponding to the desired inter-area modes are improved to 0.25, as design




Table 6. Comparison of MSM

System With Non-Robust With Robust
Frequency Stabilizer | Frequency Stabilizer
Gy, 0.5151 0.71430
G,, 0.5332 0.61240

Table 7. Comparison of Eigenvalues of Original System

Inter-Area Oscillation No Frequency With Non-Robust With Robust
Mode Stabilizer Frequency Stabilizer Frequency
Stabilizer |
Between Areas -0.0173+ j4.365 —1.7631% j7.6011 —0.6619 + ;2.898
1 and 2 & =0.0035 & =0226 £ =0223
Between Areas =0.0185+ j3.291 —-1.6716 % j6.4702 -0.3596 + j1.376
2and3 - ¢ =0.0056 ¢ =025 ¢ =0.253

Table 7 shows the eigenvalues of the original system (1) before and after control. After each
frequency stabilizer is included in the system, the damping ratios of the comresponding inter-area
modes are enhanced as expected. This confirms the merit of overlapping decompositions that if the
subsystems are stabilized by their own control inputs, the stability of the original system can be
guaranteed. .

Here, the performance and robustness of the designed frequency stabilizers are evaluated in a
linearized model of the three-area interconnected system. Here, changing load disturbances which are
simultaneously applied to areas | and 3, are composed of three different components in the frequency
domain, one of which (underlined component) has a frequency corresponding to the inter-area mode
of interest (see Table 6), as follows.

Area 1 : AP, =0.003sin(4.36¢) + 0.005sin(5.3r} — 0.007sin(6¢) cn
Area 3 : AP, =0.003sin(3.29¢) + 0.007 sin(47) — 0.005 sin(4.5¢) (22)

Note that the dynamic of governor as illustrated in Fig. 9, is also included into each area in this
simulation study. Table 8 shows operating conditions and applied disturbances.
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Load
Change AI‘L
1 1 - 1 Af:
—— -
L+sT, 1457, + Afs+ D),
Govermnor Turbine * Power Systen

of Area

| LY Tic-Line Power
Deviation from Area )

Figure 9. Linearized model of governor system

Table 8. System Conditions and Applied Disturbances

Case Disturbances

1 At normal (design) condition, AP, is applied to area 1 and AP, is

applied to area 3. (No parameter vériations)

2 At unstable condition, AF,, is applied to area | and AP, is applied

at area 3 while damping coefficients D, and D, are set -0.45.

For case 1, the damping effect of each designed stabilizer is investigated. As demonstrated in Figs. 10
— 12, both robust and non-robust frequency stabilizers are able to damp the frequency oscillation in
each area, effectively. Nevertheless, the damping effect of the robus: frequency stabilizer is better than
that of the non-robust case. As declared in Figs. 13 and 14, the power output deviation of the robust
frequency stabilizer for each SSSC is almost equal to that of non-robust frequency stabilizer.

In case 2, not only damping effect but also robust stability of the system incorporated with each
frequency stabilizer are evaluated. It is assumed that both power systems 1 and 3 are in unstable
conditions, so that D, and D, are set to -0.45 (pu.MW/Hz). As the load disturbances applied to both

areas, frequency deviations of areas 1, 2 and 3 in case of the non-robust frequency stabilizer severely
fluctuate and finally diverge as depicted in Figs. 15— 17. Note that frequency deviation of each area in
case of SSSCs without frequency stabilizers (not shown” here) also heavily oscillates and finally
diverges. On the other hand, frequency oscillations in all areas are completely stabilized by the robust
frequency stabilizer. The interconnected power system can maintain the system stability. The powcer
output deviations .of robust frequency stabilizers are illustrated in Figs. 18 and 19. These simulatior.
results confirm that under severe load disturbances and negative damping, the robustness of robust
frequency stabilizer against such system uncertainties is considerably superior to that of non-robust
frequency stabilizer,

14
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5. Conclusions

This paper focuses on the new robust design of frequency stabilizer of SSSC by taking system
uncertainties into account. The design method utilizes the merit of overlapping decompositions
technique to extract the subsystem embedded with the inter-area oscillation mode of interest. By
including the multiplicative uncertainty model in the extracted subsystem, the robust stability index
based on multiplicative stability margin can be applied in the formulation of objective function. As a
result. the robust stability margin of system with designed frequency stabilizer can be enhanced by
optimization technique. Without trial and error, the tabu search algorithm is automatically applied 0
search for the optimal control parameters of the second-order lead/lag based frequency stabilizer. The
high robustness of the designed frequency stabilizer against various load disturbances with changing
frequency in the vicinity of inter-area mode and negative damping, has been confirmed by simulation
study.
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