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ABSTRACT: This paper proposes a two-level sub-optimal control using fuzzy prediction to control large scale systems.
A class of large-scale linear systems composed of interconnected subsystems is investigated. The overall control
problem that is posed as minimization of overall objective function, which is considered to be of quadratic form, is
reduced to some optimization problems of lower order (sub)systems. The control input to each subsystem is composed
of two signals. The First represents the local control signal (first level) and the second is the prediction signal (second
level). In fact, the second signal is the prediction of interaction of other subsystems. Fuzzy logic theory is used for
interaction prediction, where the prediction signal is constructed by a set of fuzzy sets with respect to state variables in
an appropriate inference engine manner. Finally, the proposed method is applied to three-area power system for
designing power system stabilizer (PSS).
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INTRODUCTION

Hierarchical structures in large-scale systems such as complex industrial systems, management systems and power
systems are theoretically investigated by Mesarovic (1970). The development of hierarchical control has grown by
leaps and bounds in the past recent decades Jamshidi (1983) and Li (1993). This paper proposes a two-level sub-optimal
control using fuzzy prediction to control large-scale systems. It is a specia case of multilevel control where the
complexity of large-scale control problems can be relaxed by solving a family of sub-problems that are of smaller
dimensions and are more easily handled. Most of the above hierarchical control schemes have not the capability of on-
line implementation. The control scheme used in this paper can be applied to the whole system in an on-line fashion.
Because fuzzy logic theory can be used to coordinate the large-scale systems, Sadati (1995), this paper employs fuzzy
logic theory to predict the interactions at the second level.
Consider the following large-scale linear system composed of N interconnected subsystems of the form
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where, u;T R”,x;,z T R™ arerespectively the control vector, state vector and interaction input signal,
and A, B; and A; are matrices of appropriate dimensions .
Assume that the overall performance index is of a quadratic form
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where Q and R are symmetric matrices of appropriate dimensions. The main problem can be stated as follows:
Find a state feedback control law such that the objective function J to be minimized subject to (1), i.e;
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DECOMPOSITION

Write the Lagrangian of overall optimization problem (3) as
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where r; (t) (i=1, 2, ..., N) is Lagrangian multiplier vector and Pi(t)(izl, 2, ..., N) is adjoint vector.
the Lagrangian in (4) can be decomposed asthe sum of N sub-Lagrangians, L ,i.e.;
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Itis clear that the vectors z (t) and r; (t) play the coupling role among the N sub-L agrangians. At this moment

assume that these vectors represent constant vectors; therefore all the N sub-Lagrangian problems can be solved
independently. By defining the Hamiltonian of the ith subsystem as

1 1 J (6)
H; :Euxi (t)"; +§||Ui (tmza +1() z ) 4 ri )7 A (1)
+R "¢ %)+ Ax 1)+ Bu (t)+ 2 (t))
the necessary conditions for the optimal control imply that
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The above problem is similar to atracking problem in optimal control theory. Assume that the adjoint vector P (t) is of
the following form

R(t)=Kx(t)+g ®
By substituting (8) into (7), we have
- KiA - ATK +KBR'B'K; - Q =0 (%-a)

N
; (A,T ; KiBiRi'lBiT)gi - Kiz{t)+Q A'r(t)=0 (9-b)
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FIRST AND SECOND LEVELES PROBLEM FORMULATION

Asone may seein the last section, the control input of ith subsystem is
uit)=- R8T (Kix (t) + g;) (10)

Where g; and K; come from (9). The necessary conditions for the optimal control imply that
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In Jamshidi (1983) and Li (1993), the bounds [0,T] are considered for the integral of cost function (2); it is aso
considered that g is varied with time, then an off-line control procedure was proposed. In this paper g is considered
fixed for each coordination sample time and Eqg. (9-b) is used in an on-line control structure. Eq. (9-b) can be ssimplified
asfollows:

By substituting Z; (t) and ri(t) from (11) into (9-b), we have
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By combining the above equations, we may derive the following equation

(a- BR*BTK) g+ (ATK +KA, k=0 (12)

where,
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From aboveit is easily to see that the vector g isrelated to state vector x as:

g=-(a- BRHBTK) (A K +KA K (13
It is clear that the g is dependent to time varying state vector x , however It is assume that g is fixed in each
coordination sample time. Practically we cannot implement Eq. (13) because x is not available. Therefore the prediction

of x,X ,isusedin (13),i. e.;

g=- (A- BR'lBTK)'T(AZTK + KAZ)§< (14)

So prediction of x is done at the second level, then vector g is constructed and will be sent to the local units. Local
controllers generate the control input of each subsystem by (10). This structure is shown in Figure 1.
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Figure 1: Hierarchical control structure of the proposed scheme



FUZZY PREDICTION

Assumethat X, isthe state vector at timet. The goal is to find a fuzzy-based prediction X,,; from X, and x,., . Fori
=-k ..., 0, ..., k letthefuzzy terms E; , F, and G, are considered for variables x; , X;_; and X, , respectively with

the following triangular membership functions shown in Fig. 2.
m (x)

Figure 2: Membership functions of x,

Let x, and X,_, belong to theinterval [ -L , L]. If we assume that the values of vector x vary approximately linearly,
we may have the best estimation of x as:

X = 2% - g
In Fuzzy case, if x, belongsto E; and x,_; belongsto F; then X,,; will belongto G,_ ;. Theareas R, to Ry with

respect to x, and x,_, may be partitioned as shown in Fig. 3.
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Figure 3: Different areas with respect to X, and X,_;

AREA R

Inthisareait isobviousthat any x, (or X1 ) intersectswith two fuzzy sets E and E,, (or F; and Fj,; ). Therefore

only the following four rules are fired in this area:
LIf %, is Bjq and X,_; is Fj,y then X, is Gy juq -

2.1f x is Ejyy and X, is Fj then X, is Gy 45

3.1 % is Bj and x4 is Fj, then X, is Gy 1.

4.1f x is E; and x._; is F; then X, is G, ;.
For convenience, consider two functions f; and f, asfollow

fl(x,i):§+1- i and f,(xi)=- §+1+i

If the membership value of x; to E; isequalsto m and the membership value x,_, of to F; isequalsto m,, then
the corresponding output fuzzy set, G,;.; , will be multiplied by a = min(mz,n"b) and the prediction is done by
defuzzyfying the overall output fuzzy set. Let
a, = min{ fl(xt'i +1), fl(xt-lv j +1)} and az = min{ fz(xt,i) fl(xt-la j +1)}
a,= min{fl(xt!i "'1)' f2(xt—1' J)} a, = min{fz(xt’i)' fZ(Xt—l! J)}

then the output fuzzy set G,,; becomes
Gout =@1Ga. 41 A 8,6y 2 A 283Gy 1A a,Gy



where A represents the sum operation in fuzzy sets. After applying the center of gravity defuzzyfication to the fuzzy
set Gy, , wewill have

Cay(2i- j+1)s?+a,(2i- j+2)s?+as(2i- j-1s?+a,(2i- j)s? @ . a;+2a,-a,
Xi+1 = =C2i- j+ I
a;sta,stazs+a,s § a;+a,+az+ta, g
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OTHER AREA

Following the procedure given in last section we may derive the following results for the other areas (area R2 to area
R9).

‘Inarea R;: Xir1 = 2L - Xi.q
-InareaR,; : Xi+1 =L
-InareaR; : Xi4p =- L+ 2%
-InareaR, : Xpyp = - 3L
-InareaRy : Xipp =- 2L+ 2% 4
-InareaRy : Xpie1 =- L
-InareaR; : X4 = L +2X
-InareaRy : Xeyg = 3L

Therefore, the fuzzy prediction of x,,; isobtained from the above equations. k isan arbitrary number which specifies
the fuzzy sets, for example k=4 specifies the fuzzy sets of Zero, Small, Medium, Large, and Very Large. Also, the
valueof L is considered asamultiplicative of X, (i.e, L =ax , wherea is an arbitrary scalar, for example a =1.2),
this consideration reduces the error of prediction. The reason for the error reduction can be stated as follows. If the
value of L isvery high (with respect to x; and Xx;_;) then the prediction error will grow up, because the variation of
X, with respect to fuzzy set domains is very low and its effect will not be observed for error reduction. Note that the
above fuzzy inference is applied independently to each element of vector x.
In addition to the above rules, the following two improving rules are considered as follows:
RL If [x|<e and |x_o|<e then x., isO.

R2: If X - x| <h then X3 =0gXu, -

Rule R1 prevents the prediction of states from oscillation about zero when the system tends to its steady state (e isan
arbitrary small positive real number), and rule R2 conducts the system to its steady state by applying a descent factor g
to the state variables.

SIMULATION RESULTS

The proposed scheme is used to design a PSS for three-area power system. The specifications of each machine and
network admittance matrix is considered as Anderson (1981).
The state variables of each machineare x; =Dw , x, =Dd , X3 =De¢, x, equal to output deviation of AVR , and Xg

and xg represent the state variables of governor. Our goal is the design of PSSwhere its inputs are frequency deviation

(Dw) of each machine and its outputs are control signals into governor and AVR. To construct the proposed two level
controller we linearize the system as Y u (1983).

The following figure compares the torque angle deviations of subsystem 1 for three kinds of PSS (centralized,
decentralized and the proposed method) for thefollowing initial state X, .

Xo = [-.03.05 -.02.0200 -.02-.05-.02.05.05.03.05.04.025-.05.03-.05.02]

As observed from figures 4 to 6 the proposed method outperforms the other two methods control has the better
response. Note that the coordination sample timeis 100 ms.

As we can see from simulation results (compare Fig. 5 and Fig. 6) the performance of the proposed controller may be
enhance by reducing the coordination sample time.



Figure 7 shows how good the actua state can be predicted by the proposed fuzzy estimator. The same results have been
obtained for the other two subsystems and for the sake of brevity we didn’t show them here.

Torque angle variationof subsystem No. 1 with coordination time 100 ms
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Fig.ure4: Torque angle deviation of subsystem 1 for
three kind of PSS
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Figure 6: Torque angle deviation of subsystem 1 for three

kind of PSS

CONCLUSION

Torque angle variationof subsystem No. 2 with coordination time 100 ms
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Fig.ure 5: Torque angle deviation of subsystem 2 for
three kind of PSS

Torque angle variation of subsystem No. 1 and its prediction
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Fig.ure 7: prediction of load angle of subsystem 1

In this paper a two-level sub-optimal control using fuzzy prediction was developed to control large-scale
systems. The proposed controller has been applied to three-area power system. The results of our proposed
controller have been compared with those of the other two PSS controllers frequently cited in the literature
known as decentralized and centralized controller. Simulation results easily highlight the merit of our

method.

REFERENCE

M. D. Mesarovic, D. Macko and Y. Takahara, 1970, “Theory of Hierarchical Multilevel system”, Academic Press, New

Y ork.

M. Jamshidi, 1983, “Large-Scale System Modeling and Control”, North-Holland, New Y ork.
D. Li, 1993, “Hierarchica Control for Large-Scale System with Central Multiple Linear-Quadratic Structure”,

Automatica, Vol. 29, No. 6, pp. 1451-1461.

M. D. Mesarovic, Y. Takahara, 1989, “Abstract System Theory”, Springer Verlage Berlin Heidelberg.

Y. Yu, 1983, “Electric Power System Dynamics’.

P. M. Anderson and A. A. Fouad, 1981, “Power System Control and Stability”, IOWA U.S.A.
N. Sadati and M. H. Kazemi, 1995, “Coordination of Large Scale systems with Fuzzy Interaction Prediction Principle”,

sixth IFSA World Congress, Brazil.



