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ABSTRACT RESUMO

In this paper, a new procedure to design SupplementaBste artigo propde um novo procedimento para projeto de
Damping Controllers (SDCs) for Flexible Alternating Cur-controladores suplementares de amortecimento (ou SDCs,
rent Transmission System (FACTS) devices is proposed. Thle inglésSupplementary Damping Controllgrgara dispo-
control design problem is formulated as a search for a feasitivos FACTS. O problema de projeto do controlador é for-
ble controller subject to restrictions in the form of Linear Ma-mulado como uma busca por um controlador que satisfaca
trix Inequalities (LMIs). The main objective, from the appli-um conjunto de restricbes na forma de desigualdades matri-
cation viewpoint, is the improvement of the damping ratiosiais lineares (ou LMIs, do inglésinear Matrix Inequali-
associated to inter-area oscillation modes. Unlike other typé&iss). Sob o ponto de vista de aplicagéo, o objetivo principal
of formulations existing in the literature, this new formula-de controle é aumentar as taxas de amortecimento das osci-
tion is capable of explicitly modeling the constraints on théag6es inter-area. Ao contrario de outras formulagdes pro-
controller bandwidth, which are crucial to avoid undesireghostas na literatura, esta nova formulacéo é capaz de mode-
amplification of high frequency noise signals coming into théar, explicitamente, as restricdes da banda passante do con-
controller input. To illustrate the efficiency of the proposedrolador, evitando assim que ruidos em alta frequencia se-
procedure, the design of an SDC for a Thyristor Controlleghm amplificados a partir do sinal de entrada do controlador.
Series Capacitor (TCSC) placed in the New England/NeRara ilustrar a eficiéncia do procedimento proposto foi rea-
York benchmark test system is carried out. The results shdizado um projeto de controlador suplementar para dispositi-
the designed controllers are able to provide adequate danyes TCSC instalados no sistema New England/New York. Os
ing for the oscillations modes of interest for several differentesultados mostram que os controladores projetados séo ca-
operating conditions. pazes de fornecer amortecimento adequado para os modos de

o . o oscilagdo de interesse em diversas condi¢des de operagéao.
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1 INTRODUCTION (iv) a control structure based on dynamic output feedback
must be used due to difficulties in obtaining measure-

Inter-area oscillations are a common phenomenon observed ments of all state variables of the system, and:;

in electric power systems world-wide, where groups of syn-

chronous generators are interconnected over long distandg) it is preferable to use local input control signals, be-

transmission lines. Usually, these interconnection lines cre-  cause the use of remote signals would require the im-

ate a weak electric coupling between the generator groups plementation of dedicated communication links and

and must sustain high levels of active power flow during nor- ~ complex control schemes, which would increase the

mal operation. As a consequence, the inter-area oscillations cost for implementation of the controller.

will probably exhibit poor damping (or even instability) in

the absence of an adequate stabilizing control system (Kun- o ) )
dur et al., 2004)(Gama, 1999). Power System Stabilizerd!® Usual practice in power systems is to employ classi-

(PSSs) have been used for many years to supply additiorsQl Phase compensation to design both PSSs and SDCs for
damping for the low-frequency oscillations in power system§/CTS devices. These controllers consist basically of a
by means of a stabilizing signal added to the excitation syS{atic gain, a washout filter and a phase compensation net-
tems of the generators (DeMello and Concordia, 1969). IOk (Gama, 1999)(DeMello and Concordia, 1969). Such
practice, the PSSs are effective to damp local oscillatiorfilite simple control structure suitably satisfies the practical
but, unfortunately, they are not always as effective to danfgavirements (iij to (v)Ad hocapproaches are often used to
inter-area oscillations. This mainly occurs due to the diffit!n the parameters of these controllers (as, for example, pole
culties related to tuning and coordination of multiples psg¥acement techniques based on root locus rules and eigen-

which operate in different power systems areas (Handschiﬁ‘lue placement using transfer function residues) (DeMello
1d Concordia, 1969)(Larsen and Swann, 1981). The ma-

Schnurr and Wellssow, 2003). In these cases, the use of ,ﬁp U ILIC :
ternative solutions is mandatory. jor d|ff|cult|es in these d¢3|gn prpcgdur(_es are relate(_:i to the

practical requirements (i) and (ii), i.e., in guaranteeing the
In recent years, due to development of power electronics, thebustness of the controller with respect to the uncertainties
Flexible Alternating Current Transmission System (FACTSH the system operation that were not treated in the design
devices have been successfully used to improve steady-stat@ge, and also to ensure an adequate coordination of multi-
and dynamic system performance, and became an interestifi§ damping controllers operating simultaneously in the sys-
cost-effective alternative compared to the system expansitgm.

(Paserba, 2004). These devices can be used, for example, to

improve local voltage stability margins and/or to reduce eled Number of alternative techniques (based on classical and
trical distances in long transmission lines. As a consequendB0dern control concepts) have been proposed to address the

the maximum amount of active power that can be transferrégustness and coordination of multiple damping controllers.
among the interconnected systems may be increased. AIR$SIgn procedures based on frequency domain methods are
sented, for example, in (IEEE Power System Engineering

there are several types of FACTS devices that may be usBfSeN i
to provide additional damping to inter-area oscillations by-°mmittee, 1999). Methodologies based on robust control
inclusion of a Supplementary Damping Controller (SDC) t31€0ry were also proposed, and thecHmixed-sensitivity

the device (Paserba, 2003)( Hingorani and Gyugyi, 2000). formulation (Chaudhuri and Pal, 2004), the combines H
control problem with regional pole placement constraints us-

From the practical viewpoint, there are several characteristigtg LMIs (Tsai, Chu and Chou, 2004) and the multi-objective
that both type of damping controllers (PSSs and SDCs f@enetic algorithms approach (Bomfim, Taranto and Falcdo,
FACTS devices) have to possess. The following list depic000), can be cited as examples.

some of them:
Paper (Ramos, Alberto and Bretas, 2004a) proposes a

methodology (which was later on extended in (Ramos, Mar-
(i) the controllers must be robust with respect to the uncefins and Bretas, 2003)), based on a robust control technique,
tainties in the system operating point, i.e., a satisfactoky, design PSS-type controllers. The design objective of such
level of damping must be achieved in several differenfethodology consists basically in calculating a dynamic out-
operating conditions; put feedback controller described in state space form by ma-
ytrices Ac, Be and G that stabilize (also fulfilling a specific
performance criterion) a set of linearized power system mod-
els with matrices A, B and C. This control problem is for-
(i) the action of the damping controllers must vanish ifmulated using the well-know Lyapunov Inequality developed
steady-state, so the controllers do not change the opéor LTI systems (Boyd et al., 1994). Additionally, constraints
ating point defined by the load flow; in the form of matrix inequalities are included to guaran-

(iiy multiple damping controllers operating simultaneousl|
in a system must have a coordinated action;
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tee both: robustness (using the Polytopic Quadratic Stab2.1 System and Controller Models

ity concept) and a minimum performance of the closed loop

system by means of a Regional Pole Placement techniqliee power system model is represented in (Ramos, Alberto
(Boyd et al., 1994)(Chiali, Gahinet and Apkarian, 1999)and Bretas, 2004a) by a set of nonlinear differential and al-
As a result, the control formulation is described by a set ggebraic equations in the form

BMis (Bilinear Matrix Inequalities) on the matrix variables.

It is possible, however, to transform these BMls into a set of

LMIs by a two-step separation procedure shown in (Oliveira, *=f(@, 2 u), (1)
Geromel and Bernussou, 2000). 0=g(z, z,u), (2)
y = h(z, z,u), 3)

The resulting control methodology based on LMls is pre-

sented in (Ramos, Alberto and Bretas, 2004a) for the design -
of PSS-type controllers. Unfortunately, this control method¥herex(t) € %™ is a vector composed of the system state

ology is not general enough to be applied in the design §@riables,z(t) € R™ is a vector of algebraic variables,
SDCs for FACTS devices. In reference (Xue, Zhang anti(t) € %7 is a vector with the system control input, and
Godfrey, 2006) a different two-step separation procedure #t) € R? is the vector with the system outputs.

applied, and the resulting procedure is able to handle tfg

. . . sually, the analyses of local and inter-area oscillations and
problem of SDC design for FACTS devices. Itis also argueq__ _. Y. Y .
esign of damping controllers for power systems are carried

in (Xue, Zhang and Godirey, 2006) that the ideas used i t by means of linear models (Chaudhuri and Pal, 2004).

- 0
(Ramos, Alberto and Bretas, 2004a) a’?d (O||ve|ra_1, Geromﬁ.t:e process often involves linearizing the system equations
and Bernussou, 2000) may not be applicable to this probler&)_(g) around a specific equilibrium point. The vector of

This paper proves the converse, i.e., that the ideas in (Ram@!gebraic variables is eliminated by isolating it and substi-
Alberto and Bretas, 2004a) and (Oliveira, Geromel anHJtl_ng the_ resultin the Imeanzed equatlor_w obtained from (1)_.
Bernussou, 2000) can indeed be applied to derive a proced{@ing this process, a linear representation of the system in
capable of handling the design of supplementary controllef3€ Vicinity of the equilibrium point is obtained, which can
in general (that is, either PSS-type controllers or SDCs fdte described in state space form by

FACTS devices). Furthermore, it also includes an explicit
formulation to ensure that the bandwidth of the resulting con-

trollers is acceptable in practice, which is very important to #(t) = Ax(t) + Bul(t), 4)
avoid the amplification of high frequency noise signals in the y(t) = Ca(t). (5)
controller input. These two features constitute the main con-

tribution of this paper. A control structure based on dynamic output feedback is

. ) . adopted in (Ramos, Alberto and Bretas, 2004a). Such control
The paper is structured as follows: section 2 reviews the fugtrycture is necessary due to difficulties in obtaining mea-
damentals of the control methodology proposed in (Ramogyrements of all model state variables in the real system.

Alberto and Bretas, 2004a), and shows why it is not applirhe proposed controller based on dynamic output feedback
cable to the design of SDCs for FACTS devices; section 3 represented by

presents the proposed control technique, which is based on

the ideas developed in (Ramos, Alberto and Bretas, 2004a);

section 4 summarizes the complete design procedure; results tc(t) = Aczc(t) + Bey(t), (6)
of the tests performed using the proposed procedure are pre- u(t) = Coza(t) @)
sented in section 5, and section 6 presents the conclusions ’

and the final comments. wherezc(t) € R™ is a vector with the controller states. The

dynamic behavior of the controller, as a function of the plant

2 THE PREVIOUSLY PROPOSED CON- outputy(t), is described by (6). The control input for the

TROL METHODOLOGY systemu(t) is produced by (7) with the application of the

matrix gainCc to the states generated by the controller.

This chapter presents a review of the main fundamentals

about the previously proposed control methodology, whic :

was developed in (Ramos, Alberto and Bretas, 2004a) f(?r'2 Control Problem Formulation

designing PSS-type controllers. From the connection of the power system model (4)-(5) with
the damping controller model represented by (6)-(7), the
closed-loop system is given by
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control formulation to ensure an acceptable performance for
i(t) = Ai(t), (8) the controlled system. This inclusion is done using the Re-

gional Pole Placement (RPP) technique (Chiali, Gahinet and

Apkarian, 1999), which consists in the definition of a region

where
for pole placement in the complex plane where the perfor-
mance criterion is fulfilled. This region is definedy (o,
A— A BCc ) and it can be viewed in Fig. 1, whetg is the desired mini-
BcC Ac |’ mum damping ratio for the poles of the closed loop system.
andx(t) € R?" is a vector with the states of both the system _ i Im

and the controllers. Notice th& c, Bc, andCc are the
matrix variables to be determined by the design procedure.

Using the Lyapunov stability theory for linear systems, the | Re
_ _ Pole placement
problem of stabilizing the system (4)-(5) by the output feed- region s
back controller (6)-(7) can be solved (Skelton, lwasaki and Bl
Grigoriadis, 1998) if the controller matrice%c, Bc, Cc E C,:‘?o damnin rati
and a matrixP = PT > 0 (with appropriate dimensions) " (tminitnum damping ratio)

are found, such that

ATP + PA <0. (10) Figure 1: Region for the pole placement.

This idea constitutes the core of most design procedure basBae pole placement criterion expressed in Fig. 1 can be ful-
on Lyapunov stability theory for linear systems. Howeveffilled if matricesAc, Be, Cc andP = PT > 0 are found
this simple formulation is not adequate to the design duch that the BMI (Ramos, Alberto and Bretas, 2004a)
damping controllers for power systems, because:

satisfactory damping to the oscillation modes of inter- | .os9. (ATP — PA) sinf- (ATP + PA) <0

est since no performance index is considered in that for- (11)
mulation;

(i) The controller designed using (10) may not provide a | sind - (ATf’ + 15.7&) cost - (PA — ATP)
P

is satisfied, wheré = cos~'({,) and matrices\ andP were
(ii) since the linear approximation (4)-(5) is valid only in apreviously defined.

vicinity of a particular operating point, the robustness
of the controller with respect to the variations in th
operating conditions of the system is very limited;

(iii) inequality (10) is a Bilinear Matrix Inequality (BMI) on The uncer_tai_nties in the power system _rr_10de| with respect
the problem matrix variables& ¢, B, andCc and  t0 the variations of the operating conditions were treated

P), whose solution may require a large Computaﬁona{p (Ramos, Alberto and Bretas, 2004a) using the polytopic
effort. modelling technique (Boyd et al., 1994)(Ramos, Bretas and

Alberto, 2002). In this technique, instead of using a single

_ Linear Time Invariant model, the system is modeled by a
Each of these problems was addressed in (Ramos, Albepolytopic Linear Differential Inclusion in the form

and Bretas, 2004a) using suitable extensions of the core
idea expressed in (10). The next subsections present a brief L
overview of these extensions. x € A(a)x, (12)

e2.4 Performance Robustness

2.3 Performance Index whereA(a) € © and( is a closed subset of a matrix space
with dimensior2n x 2n, which is formed by the convex com-

In (Ramos, Alberto and Bretas, 2004a), a performance critbination of a set of predefined matricAs. Notice that each

rion (in the form of a minimum damping ratio to be achievedA; comes from a closed loop representation of the power

for all modes of the closed loop system) is included in theystem in the form (9), which is related to a linearized model
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around a particular operating condition. Such operation poinbt suitable for the problem of SDC design for FACTS de-
may be chosen, for example, from the load curve of the sysices, because the linearized models of power systems con-
tem, complying with the typical practice in the industry. Setaining these devices usually exhibit a direct feedthrough ma-
Q can be written as trix D in the output equation. For this reason, it was argued
in (Xue, Zhang and Godfrey, 2006) that the ideas support-
ing the procedure proposed in (Ramos, Alberto and Bretas,
L 2004a) may not be applied to design SDCs for FACTS de-
Q= {A(a) . Aa) = ZaiAi;Zai —1a;>0%. vices. The next section proves this statement wrong, and
proposes a new formulation (which uses the main ideas from

(13) (Ramos, Alberto and Bretas, 2004a)) which is not only ca-
pable of designing such controllers, but is also capable of

It can be observed in (13) that $@tis a polytope in the ma- handling constraints on the controller bandwidths, which are

trix space and matriced; are the vertexes of this polytope, yery important from the practical point of view.
beingL the number of operating points used for the construc-

tion of the polytope. 3 THE PROPOSED NEW CONTROL FOR-
Using both polytopic modelling and RPP technique in the  MULATION

design procedure, associated with the quadratic stability the-

ory (Boyd et al., 1994), an adequate damping of the osciln order to be able to handle the design of SDCs for FACTS
lation modes of the system is guaranteed. This is achieviégvices, the new control formulation proposed in this paper
not only for the operating points used as vertexes in the codleals with generalized power system models with matrices
struction of the polytopic model, but also for all the operatA, B, C and also a non-zero matri.

ing points that can be generated from the convex combina- ) ) ) )
tion of these operating points (Ramos, Bretas and Albert6" that, consider again the linearized power system model

2002)(Barmish, 1985). Such statement is satisfied solvirfffScribed by (4)-(5). The time derivative of active power

the following BMIs on the matrices variablesc, Be, Cc measurements is used as input control signal. This signal ex-
andP (which must be symmetric): ' ’ hibits a great observability of the inter-area oscillations of

interest and, additionally, its derivative effect prevents the
controller from acting in steady-state (Ramos, Alberto and

P>o, (14) Bretas, 2004a)(Ramos, Alberto and Bretas, 2004b). There-
fore, the practical requirement (iii) in the list presented in
l sing- (ATP +PA;) cost- (PA; — ATP) section | is fulfilled. The time derivative of the outputt)
T , RO <0,  can be written as
cosf - (ATP —PA;) sind- (ATP + PA;
(15)

g(t) = y(t) = Cx(t) + Dult), 16
where A;= { Béé)l Bj&(ic }2 = 1,.,Land g = v =9 W " (4o

cos™1(Co). whereC = CA andD = CB are matrices with dimensions

determined byA, B andC. BesidesD is a non-zero matrix

The matrix inequalities (14)-(15) are BMIs on the problenfor the FACTS devices due to the sensibility of the line active
matrix variablesAc, Bc, Cc andP. However, such ma- power flow to variations in the FACTS controllable parame-
trices inequalities can be transformed to a set of LMIs users (as for example, the equivalent reactance for a TCSC
ing a two-step separation procedure (Oliveira, Geromel anfbvice). It is important to point out that the definition of the
Bernussou, 2000). This procedure consists basically in a pgew output as the time derivative of the previous one does
rameterization and a change of some matrix variables of thi@t require the implementation of an ideal derivative block.
control formulation (14)-(15), allowing the solution of the As explained in (Ramos, Alberto and Bretas, 2004b), this
inequalities by two sequential steps. The first one involves@erivative action can be later incorporated into the controller
choice of matrixCc and the second one consists in findingransfer function to compose a washout block, which is typi-
matricesA ¢ andBc using the previous choice @c. cal of PSSs and SDCs for FACTS devices.

However, as originally proposed in (Ramos, Alberto and Brewith this new definition for the output, the dynamics of the
tas, 2004a), this design procedure was conceived to Wogkntroller can now be described by

over polytopic models whose vertices were comprised by lin-
ear models in the form (4)-(5), leading to the closed loop for-
mulations in the form (8). These closed loop formulations are Tc(t) = Aczc(t) + Bey(t). a7)
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JL_E.m - A7, BZCC

_‘-L':." AZ: BCCZ AC +BCDZCC 5 1= ].7...,.[/7 0=
cos~1(¢p) andr is a scalar
Region D So, if matricesA ¢, Bg, Cc of the proposed controller and

also a matrix = PT > 0 (defining an appropriate Lya-
punov function) are found, such that (19) to (21) are satis-
fied, the poles of the controlled system are confined into the
region D of the complex plane, not only for the operating
points used in the construction of the polytopic system, but
also, for all the operating points that can be generated from
the convex combination of the L adopted operating points.

Figure 2: Region for the pole placement.

The next section shows how to use the two-step procedure
_ in (Oliveira, Geromel and Bernussou, 2000) to transform the
From the connection of the power system model (4) and (16t of BMIs (19)-(21) into a set of LMIs which corresponds

with the damping controller model (17)-(7), the vertices ofo the generalized control formulation proposed in this paper.
the polytope for the controlled system with general power

system models described by the $&t, B, C, D) will be

given by 3.1 The Two-step Separation Procedure

The concepts and procedures described in this section are
- A, B.Cc derived from the ideas presented in (Oliveira, Geromel and
A= BcC; Ac +BeD;Cc |’ (18) Bernussou, 2000). The first stage of the separation proce-
dure consists in setting up a state feedback gain that stabi-
fori—1. . L. lizes the polytopic system with the pole placement objec-
T tives discussed previously. For that, it is possible to find a
Furthermore, as mentioned earlier, an additional practical rétate feedback gai¢= LY ~* solving the following LMIs
quirement is included in the control formulation to ensurén the matrices variablds andY (Ramos, Alberto and Bre-
that the controller bandwidth remains within acceptable limtas, 2004a):
its. With this inclusion, the new region of the complex plane
used for the pole placement is shown in the Fig. 2 as re-

gion D, which is delimited by a circle with radiusand a Y >0, (22)
conic sector defined by angle So, such region ensures a

minimum damping ratig = cos # (ensuring the oscillation Y AY+BL | 0, 23)
modes are adequately damped) and a maximum natural os- * —rY

cillation frequency = rsinf (ensuring that the closed loop

system has acceptable bandwidth) for the poles of the poly-

topic closed loop model. sinf - (YAT + A, Y cos - (YAT — A;Y
+LTBT + B,L) +LTBT — B,L)

The matrices inequalities related to the polytopic modelling

(considering the generalized power system model) and the | . .y . (—YAZ.T LAY sinf - (YA;T LAY

RPP technique with the constraints shown in Fig. 2, are given ~LTBT + B,L) +LTBT + B,L)

by (Chiali, Gahinet and Apkarian, 1999)

- <0, (24)
P >0, (19)
:TI: PAj where i =1,...,L and is a scalar. Then, the first step of the
T <0, (20) : : -
AP —rP separation procedure is concluded definfdlg := Ky as
m o~ - - - - being the output matrix of the proposed damping controller.
sind - (A;fP + PAl) cosd - (PA; — ATP
ATH _ PA 5. pan | =0 Forth d step of th f d iders th
cosd - (ATP — PA;) sinf- (ATP + PA,;) or the second step of the separation procedure, considers the
(21) BMIs (19) to (21). Itis possible to partitioned the symmetric
matrix P and its inverseP~! according to the dimensions
where of the system and the controller, as follows
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5_[ X U pa_[Y Y - Ny = sinf - (PAJALP),
T UT Xc |’ Y Y¢ |’ (25) Nig = sinf - (PAFALX + CLFT 4 9),
Ni3 = cosf - (AL P — P;l;”,

whereX, X, Y, Y, U € R, Now, letT € R27%2n g Ny = cost - (~PATAGX + (’j’?l}jT +5),
matrix defined by Nay = sinf - (X AT AT X + FCFCIFT),
Noy = cost - (~XAFATX — FCFCTFT),
Nag = N{}, N33 = Ni;N3g = NjyNuy = N;
T:[i é}, (26) Agi = Ai + BiCc,

(_j;”‘ = Ci + Diéc, (1 = 1,...,L), with CC
. . ) o calculatech priori by (22)-(24).
where the dimensions of the submatrices are implicitly deter-

mined byP. The next section presents the complete design procedure

) . . based on the developments described previously.
Moreover, the following changes of variables are carried out

4 THE DESIGN PROCEDURE

F=UBc,P=Y ' S=AfU", (27)  The design procedure is divided in three stages: (i) construc-
tion of the polytopic model; (ii) calculation of the state feed-
back gain matrix of the controller¢) and; (iii) calculation

where the dimensions of the matrid@sP andS are implic-  of the matrices that describe the controller dynamics (matri-
itly determined by the transformations. cesAc andBg). Each stage is described in this section.

Now, the BMIs (19)-(21) can be transformed into a set of . )

LMIs. For that, multiply these BMIs on the right and the4-1 ~Construction of the Polytopic Mod-

left by T = diag[T, T], introduce the new variablds, P, elling

S and simplifies the expression by algebraic manipulations, _ o
remembering thabP ! = L Solving the set of LMIs ob- The f|r_st step of thg controller de5|gn procedure consists in
tained by such development in the matrices variableP, chposmg some 'g_yplgal operating points of the system to 0b-
S andX, the matricesA ¢ andBg of the proposed damp- tain the maFncesAi (i=1,...,L)that defl_ne the vertexes of
ing controller can be calculated by (27), wh&fe= P — X. the polytopic model. The steps for carrying out the first stage

The set of LMIs are given by are:

(i) Build the power system model as a set of nonlinear dif-

P P ferential and algebraic equations in the form (1)-(3);
P x |< 0, (28)
(ii) Linearize the system equation (1)-(3) around L equilib-
rium points and after the network reduction (which is
P P PA,, PA, requrireg It_o eliminate the vectk?r pf 2Igebr:aic variables
s X XA, +FCy+S XAu+FTCT z), the linear systems are obtained in the space state
N N Y . <0, form which will constitute the vertexes, as in (12), of
* % % X the polytope&?.
(29)
Ny; Nz Nis Nia 4.2 Calculation of the State Feedback
# Naz Nag Noa | _ o (30) Gain Matrix of the Controller (Matrix
* %  Nsz Nag ’ Ce)
* * * N44
After the first stage, the purpose of the two following stages
is to design a supplementary damping controller based on
where dynamic output feedback structure and defined by matrices
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Ac, B¢ andCc. This controller must stabilize the polytopethe desired time derivative of the line active power (without
Q while fulfilling a minimum damping ratio and a maximumthe inclusion of an ideal derivative block) as input control
natural oscillation frequency for all modes of the closed loopignal, it is possible to rewrite (31) in the zeros/poles/gain
polytopic model. In this design stage, the state feedback gdiorm, as the following relation shows (Ramos, Martins and
matrix of the controllers C¢) is determined by means of the Bretas, 2005):

solution of a set of LMIs written for the polytope vertexes.

These steps can be carried out in the following way:

- [Ty (2 +5) Tw  Jleey (2 +s)
(i) Define the minimum damping ratiqy = cosf and a H(s) =K 12 - = Kl T ];—11 J

A ) ) Hl:l (p1+ s) + sl Hl:l (pi + s)
maximum frequency,,, = rsinf. Therefore, a region (32)
in the complex plane defining the minimum acceptable
performance index is specified for all the oscillationvhereK is the gain, whilepandzare, respectively, the num-
modes of the polytopic system (according to Fig. 2); ber of poles and zeros of the controller. The paramEigs

(i) build the computational representation of the matripgdual t0-1/ps, wherep,, must be chosen as the real pole
variablesL andY. The matrixY must be symmetric placed closest to the origin by the controller design proce-

with dimensiom x n and the matrix. must be rectan- dlljerrieﬁtlr:ﬁg Ejheasinlrl\ez (sz)(nst)rﬁlz r:frég(ti)eAggti\\I/vee Cgvr\]/elrrnr-nea-
gular with dimensiom x n. The set of LMIs (22)-(24) P 9 P

must be structured and solved for the variakleand surements by:

Y;

(iii) after determir_ﬂng the_ variablet and Y, the state Au= K sTw Hzfll (2k +S)Ay, (33)
feedback gain matrixCc can be calculated by L+ sTw [T7Z) (0 + )
Ce=LY 1

5 TESTED SYSTEM

In the next stage, the matricésc and B¢ are calculated

with the previously designed matrXc. To demonstrate the effectiveness of our proposed proce-
dure, tests were carried out on a 16-machine, 5-areas sys-
tem, shown in Fig. 3. This is a reduced order model of the
New England and New York interconnected system. The first
In the last stage, the matricesc and B¢ are calculated Nine machines (G1 to G9) are the generators associated with
by means of the solution of a new LMI set established ithe New England Test System (NETS), while G10 to G13 are

the polytope vertexes. To do so, the following steps must B€ generators of the New York Power System (NYPS). Also,
executed: G14 to G16 are representing three equivalent areas neighbor-

ing connected to the NYPS.

4.3 Calculation of the Matrices A ¢ and B¢

(i) Build the computational representation of the new mam the adopted multimachine model, all the generators were
trices variable&', P, S andX, with dimensions: x n,  described by a sixth order model that considers the swing
n x n,n x g andn x n, respectively, and solve the setequations and the transient and subtransient effectaria
of LMIs (28)-(30) in these variables; qaxes (Anderson and Fouad, 1994).

(ify After finding F, P, S andX, t_hle r{]atrlceskc an(_j]13c Also, the machines were equipped by a first order model
can be calculated btc = U™"S™ andBe = U™'F, ¢ 5 gratic type AVR (thyristor controlled without transient
whereU = P — X. gain reduction) with a gain equal to 50 and a constant time

of 0.01s. The transmission system was modeled as a pas-
After concluding the three design stages, the matrikes  sive circuit by means of algebraic equations and the system
B¢ and C¢ which define the structure of the SDC for theloads were modeled as constant impedances. The data for
FACTS device are obtained. Such controller can also be repus, lines and machines were taken from (Pal and Chaudhuri,
resented in the transfer function form obtained by 2005).

The generators G2, G3, G5, G7, G9, G10,G11, G12,G14and
H(s) = Co(sI— Ac) 'Be. (31) G15 are equipped with a speed input PSS- type controller to
ensure adequate damping of its local modes. Such damp-
With the purpose of implement the transfer function (31)ng controllers were designed by a classical control tech-
without using the time derivative of the outpldfy obtaining nique based on eigenvalues placement using transfer func-
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Figure 4: Small-signal dynamic model of TCSC with a Sup-
plementary Damping Controller (SDC).

Figure 3: 16-machine, 5 areas study system. j IJ
' 0 2 3 46 6 7 5 01011121 2 3 4667 8§ 9 101
tion residues (IEEE Power System Engineering Committee < Hour P
1999).
Since our main purpose is to design SDCs for FACTS de- ~ Figure 5: Daily load curve of the tested system

vices, we chose one type of such devices that is regarded
as a highly effective solution to improve damping of inter-_ .
area oscillations (a task that PSS sometimes cannot pfns at 3 p.m) were taken from (Pal and Chaudhuri, 2005).
form with similar effectiveness): the well-know Thyristor The other operating points were obtained using percentual
Controlled Series Capacitor (TCSC). In our application, th¥ariations (as shown in Fig. 5) of the system loads with re-
TCSC is represented by a first order linear model (Del Ross8P€ct to the operating conditions at 3 p.m. The generators
Canizares and Dona, 2003) (which is a typical model usetere redispached in each of these points, sharing portions of
in small-signal stability studies). The block diagram of thdotal load variation in a direct proportion of their respective
adopted TCSC with an SDC is given in Fig. 4. inertia constants. It was also assumed (to comply with the
usual practice in power systems) that each area is responsi-
In Fig. 4, AXrcsc is the deviation of the equivalent TCSC ble for supplying its own load variations and, therefore, the
reactance with respect to the nominal valleX,..; is the active power flows among the areas were kept constant for
reference for the desired reactance deviation (from its norall operating conditions.
inal value) in steady state) X, is the stabilizing signal ) ) . )
from the proposed supplementary controller &g is 1 D€ €igenvalue analysis shows (for all considered operating
the device time constant. conditions) that the system without the inclusion of SDCs for
the TCSCs have all the local modes and also two inter-area
Two TCSC devices were placed in the system with thenodes adequately damped (corresponding to a damping ratio
purpose of improving the stability of inter-area oscillationgreater than 5%, which is typically accepted as an indicator
modes, as well as increasing the active power transfer caf satisfactory power system dynamic behavior). These re-
pacity among the power systems areas. One of them waglts for the inter-area modes are shown in Table 1. As it
installed in the line connecting buses #60 and #61 and tltan be seen, modes 3 and 4 are the well damped ones. On
other in the line connecting buses #18 and #49. Hence, ttiee other hand, mode 1 exhibits an unacceptable damping ra-
one is responsible to raise the active power transfers capadity in the operating conditions from 7 a.m to 10 p.m, while
between areas #2 and #5. The compensation of both T@ode 2 is poorly damped for all the analyzed daily load curve
SCs (in steady-state) corresponds to 50% of the impedanueints. The frequency of each oscillation mode is approxi-
of their respective lines. mately (since it changes with variations in the operating con-

) - o ditions) 0.74 Hz, 0.55 Hz, 0.80 Hz and 0.42 Hz, for modes 1,
All the small-signal stability analyses in this paper were car 3 and 4, respectively.

ried out for a daily load curve, which is shown in Fig. 5. The

stability of local and, especially, inter-area modes were inve3-he participation factors analysis shows that mode 1 is most
tigated in twenty-four operating points, each one equivalembservable in the generators located in areas #1 and #2, while
to an hour of the day. The data for a particular load levehodes 2 to 4 are related to generators located in areas #2, #3,
(which was assumed, in this paper, as the operating condi4 and #5. Therefore, the TCSC equipped with a SDC and
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installed between areas #1 and #2 is responsible to improVvie ‘feasy solver, available in Matlab LMI Control Tool-

the stability of mode 1. Similarly, the TCSC installed in aredox (Gahinet et al., 1995) was used to solve the set of LMIs

#2 and also equipped with a SDC must supply an additioneglated to the control problems. The time taken to generate

damping to the mode 2. Both SDCs were designed (but ntite controllers was approximately 8 hours and 25 minutes for

simultaneously) by the proposed control methodology. the SDC added to the TCSC installed between areas #1 and
#2 and 4 hours and 37 minutes for the other SDC. Both set of

The power system model has 140 states. In order to reducgiis were solved in a computer with a Pentium Dual Core
the dimensions of the power system models used to design gHz processor and 2 GB of RAM.

the proposed controllers, two simplified models were devel-
oped. The first one corresponds to the NETS model con-
nected to a single equivalent generator (which is an equiva2ble 1: Damping ratios (%) of the inter-area modes for the
lent representation of areas #2, #3, #4 and #5) and it was uiy load curve without the inclusion of SDCs.

to design the SDC for the TCSC installed between buses #60 Hour Hour
and #61. This simplified model, i.e, the NETS model with | @my| '™&&emodes |  'nterareamedes
the single equivalent generator, has 77 states and it is denoted
in this paper by reduced modal Similarly, the other sim-
plified power system model corresponds to the NYPS model
connected to a single equivalent generator representing area 1 | 549 319 7.86 859 1 | 4.66| 2.61 804 9.35
#1, and it was used to design the SDC added to the TCSQ , | 556l 331 780 844 2 | 255| 290 838 95
installed between areas #2 and #5. This model has 66 states
and it is denoted by reduced mod!

1 2 3 4 1 2 3 4

0 5.36| 3.0§ 7.94 8.7q 12 4.73| 2.65 8.01 9.2y

3 6.19| 354 7.7% 81§ 3 451| 3.0 897 9.69

4 6.26| 3.44 782 832 4 4.25| 255 833 931

To illustrate the accuracy among the full order model (with
140 states) and the reduced models A and B, Table 2 show
the inter-area modes calculated for each of these models in
the operating conditions at 3 p.m. Notice thatonly mode 1is| 7 | 497| 274 791 914 7 | 364| 221 86§ 9.77
observed in the reduced model A, since the dynamicsamong g | 44| 25d 816 9s5d s | 395! 242 854 o958
the generators of areas #2, #3, #4 and #5 are not being co
sidered by such model. Comparing the inter-area modes cal
culated by each power system model, it is possible to verify| 10 | 453 253 811 944 10 | 470| 281 82} 918
that the reduced models A and B offer an acceptable approxt 11 | 482| 264 7.98 929 11 | 531| 290 802 895
imation of the system dynamics of interest.

5 6.05| 3.17 7.71 85 5 3.86| 2.26] 8.5 9.69

6 542 294 768 874 6 3.21| 195 871 09.88

9 440( 2484 818 953 9 4.33| 2.67] 8.4Q 9.3f

The proposed controllers were not designed simultanebuslyyne of the difficulties associated with the proposed design
i.e., the SDC for the TCSC installed between areas #1 and fifethodology is its requirement, due to the nature of the con-
was designed using the reduced mollgivhile the SDC for  to] problem formulation, that the order of the designed SDC
the TCSC located between areas #2 and #5 was designed g$rst be equal to the order of the power system model. In
ing the reduced mod@&. For both SDCs, the time derivatives he presented application, since the reduced power system
of local active power measurements were used as input CQfpdels A and B have, respectively, 77 and 66 states, the re-
trol signal. The operating points at 3 p.m and 4 p.m wergyjting SDCs had also order 77 and 66. However, high order
used for the construction of the polytopic model adopted fQipntrollers are difficult to implement in practice and, for this
the reduced mode, while operating points at 5 p.m and 6yeas0n, it is desirable to reduce the dimensions of the con-

p.-m were used for the polytopic model of reduced md&lel {rojlers designed by this proposed methodology.
A minimum damping ratio of 5%((,=0.05) and a maximum

natural oscillation frequency of = 20 rad/s was defined as To achieve the goal of producing a low order controller, the

an acceptable performance index for the controlled polytoproposed procedure was combined with a final step of model

system. order reduction. After a high order controller was designed,
the balanced truncation method (Pal and Chaudhuri, 1995)
was applied, reducing the dimension of the SDCs from order

1 Although from atheoretical viewpoint thereisnorestriction for the 77 and 66 to only order 5 for both controllers.
simultaneous design of both controllersin thiscase using block-diagonal
structures for the controller matrices, it wastried this simultaneous ap- Itis important to emphazise that the app”cation of the bal-

proach with several different block-diagonal choices but none of them : : P
produced satisfactory results. For this reason, it was chosen to apply anced trun_catlon method may modify the orl_glnal poles and
this sequential design approach, which ended up producing better re-  Z€r0S obtained by the design procedure. This means that the

sultsin this case. poles and zeros of the reduced order controller may not sat-
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Table 2: Damping ratios (%) of the inter-area modes for the

daily load curve in each of the power system models.

be seen that the performance index achieved by the conven-
tional SDCs is smaller than the one obtained from the pro-
posed SDCs. Indeed, for the operating conditions from 5

Inter- Full Order Model A to 8 p.m., the damping ratios achieved by the conventional
area Model (%) f Model B SDCs is smaller than 5%, and it is very difficult to manu-
(%) f (%) f (Hz) ally tune these SDCs to achieve greater damping ratios under
modes (Hz) i
(Hz) these conditions.
L 451073 4.890.73 _ The results of the nonlinear simulation in three different op-
#2 3.010.54 i} 2.540.57 erating conditions (at 6 p.m, 1 p.m and 3 a.m) with the pro-
#3 8.970.79 - 8.720.79 posed SDCs (and the conventional SDCs) are shown in Figs
#4 9.690.42 j 9.550.44 6, 7 and 8. These simulations were carried out to validate the

results of the linear analyses and the robustness requirement.
The perturbation used to stimulate the inter-area modes was
a three-phase solid fault in one of the lines connecting buses
47 and 48. The fault conditions were simulated after 2s for a
isfy the region for pole placement (Fig. 2). In this case, itluration of 80 ms&£5 cycles in a 60 Hz system) followed by

is important to verify if the bandwidth of the reduced ordeopening of the faulted line.

controller remains within acceptable limits. The validation ) ) . )

of the effectiveness of the reduced order SDCs was carriégcording to Figs. 6, 7 and 8, the TCSCs equipped with
out by comparison of the frequency responses of the full arthe designed SDCs presented a betted performance in com-
reduced order controllers and by quadratic stability analysRarison with the conventional SDCs. Notice that the perfor-
with regional pole placement constraints (using the formuldnance of the proposed controllers was satisfactory for oper-
tion given by (21)-(22) and considering the same p0|yt0p€%ting conditions that were not consiglergd i.n the design stage
adopted in design stage). The transfer functions of the r€l P-m and 3 a.m). This is a good indication of the robust-

duced order SDCs are presented in the appendix. ness of the proposed controllers with respect to variations in
the operating conditions. Additionally, the stabilizing signal

The damping ratios of the inter-area modes for the systeprovided by the SDC added to the TCSC placed between ar-
with the inclusion of the SDCs for the TCSCs in all twenty-eas #1 and #2 was able to reduce the maximum valor of the
four operating conditions corresponding to the daily loadctive power at line #60-61 in the first oscillation occurred
curve analyzed previously are shown in Table 3. These rafter the perturbation.

sults were obtained considering the full order model of the

power system, in which generator 13 was taken as the ang- CONCLUSION

lar reference for the system model.

é\srobust control methodology structured in the form of lin-

Such results were aiso compared with conventional SD r matrix inequalities (LMIs) was presented for the design

based on phase compensation (Pal and Chaudhuri, 2OO§[SDCS for FACTS devices, with the purpose of improving

The structure of these SDCs consists basically of a Statt'ﬁe stability of inter-area oscillation modes. This required

gain, a washout filter and a phase compensation netwoik . .
. the development of a new formulation, based on the ideas

(formed by two lead-lag blocks). The compensation angle : . .
- ex(PIored by the authors in previous works, that is now capa-

usgd to determine the !ead-lag parameters was determlr}ﬁe of treating the models that arise when FACTS devices are
using the transfer function residues calculated for the bas

. . . aced in the power system. This new formulation is general
case (Pal and Chaudhuri, 2005). _The d_ampln_g ratios of t@%ough to allow the design of either SDCs for FACTS de-
inter-area modes for the system with the inclusion of the con-

ventional SDCs for the TCSCs are shown in Table 4. vices or PSS-type cont.rollers and al.so includes a further step
of model order reduction, addressing the problem of con-

It was verified that the performance index obtained by th&oller order, which was until now a drawback of the previous
TCSCs equipped with the proposed SDCs is better than tREOPOSItiON.

minimum acceptable performance specified in the desqpis important to stress out that this paper proves that it is

stage. Notice that modes 1 and 2 present now a damplpr%eed possible to apply the ideas explored by the authors

1 1 0, 0, 0, 0,
o g o 1.4 01650 10855 01720y it o paers o e desn of S0 o FACTS
#2 and #5 and equipped with the proposed SDC well im_ewces, since this possibility was questioned in the past, as

proved the damping ratio of mode 4 as well. On the O,[heorrewously mentioned in the paper. Moreover, the treatment

hand, comparing the results shown in Tables 3 and 4, it Cé)rf] the restrictions in the controller bandwidth is another ad-
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Table 3: Damping ratios (%) of the inter-area modes for the
daily load curve with the designed SDCs (using the proposed
design procedure).

Table 4: Damping ratios (%) of the inter-area modes for the
daily load curve with the designed SDCs (using a classical
control methodology).

Hour Hour
I nter-area modes I nter-area modes Hour Hour
(am) (p.m) I nter-area modes I nter-area modes
(am) (p.m)

0 15.03 10.5% 8.31 11.57 12 14.30 10.11 9.67] 12.9

=

0 6.88 | 6.00| 7.91 9.7q 12 5.58 | 5.56| 8.80] 11.40

1 15.21 10.7f 823 1145 1 14.32 10.12 9.66 124

[e=]

1 829 | 6.06f 7.81] 954 1 551| 554| 883 1140

2 15.72 10.90 8.01 11.05 2 13.89 10.0¢ 9.34 12.07

2 6.06 | 6.08| 7.83 9.61 2 549 | 553| 886 11.05

3 16.10 10.9Y 7.85 10.97 3 13.47 10.04 9.05 13.14

3 7.06| 599, 7.81 93§ 3 5.36 | 5.47| 8.94| 11.13

4 16.64 10.49 7.98 11.22 4 13.44 9.96| 9.20 13.30

4 7.10| 593 7.88 94§ 4 5.10| 5.39| 9.09 11.24

5 1579 10.3% 8.22 1196 5 12.20 9.66| 9.35 13.45

5 8.17| 6.41| 8.10f 838 5 4.70| 5.24| 9.32| 11.38

6 15.12 10.31 846 12.21 6 11.90 9.53| 9.76] 13.11

6 6.28 | 5.77| 8.37/ 1040 6 4.44 | 5.15| 9.47 1144

7 14.47 10.20 8.7 1210 7 12,19 9.70| 9.50, 13.78

7 5.82| 5.63| 8.66| 10.80 7 4.60| 5.20| 9.34| 11.35

8 13.80 10.04 9.08 13.19 8 12.99 9.82| 9.32] 13.01

8 530| 5.46| 898 11.16 8 4.85| 529| 9.23 1133

9 13.79 10.02 9.11) 13.23 9 13.43 10.03 9.11 12.86

9 5.25| 544 9.00, 1119 9 5.20 | 5.42| 9.03 11.20

10 13.92 10.0f 9.02 13.11 10 13.84 10.12 8.89 1243

10 539 | 549 892 11.10 10 5.63| 5.58| 8.77| 10.97

11 14.29 10.16 9.66 12.84 11 14.42 10.27 8.7 12.22

11 5.68 | 5.59| 8.74| 10.90 11 6.12 | 5.75| 8.46| 10.41

vancement that comprises the set of contributions of this pa-

per 1551 Active power (MW) in line #18-50

1365
Given that the closed loop poles and zeros produced by the
method may change when the controller order reduction is
applied, the development of new procedures that enable the
design of low-order controllers without requiring balanced — %0¢; : " e o
truncation is one of the future directions of this research. An- time (s)
other predicted development is the imposition of bandwidth 475 Active power (M) in line #60-61
restrictions only to the controller transfer function, instead of
the whole closed loop system, which may improve the feasi-
bility of the control problem formulation. 2881
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APPENDIX A

The transfer functions of the reduced model of the designed
SDCs are given by

- SDC for TCSC installed between areas #1 and #2:

s4.67 (s> 4 1.785 4 0.37)
1+ s4.67 (s% + 2.185 + 3.12)
(52 4+ 1.235 4+ 70.4)

(52 +1.20s + 70.98)

SDC1=1.310-
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