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Abstract Load Frequency Control (LFC) has received considerable attention during last decades.
This paper proposes a new method for designing decentralized interaction estimators for
interconnected large-scale systems and utilizes it to multi-area power systems. For each local area, a
local estimator is designed to estimate the interactions of this area using only the local output
measurements. In fact, these interactions are the information of other area. A new scheme is
developed to construct an approximate model for the interaction dynamics and design a local
estimator. The designed local estimator exploits the model of each area and its actual inputs and
outputs to produce a good estimation of unknown states and interactions. It is shown that in the
proposed method the errors of estimation are globally ultimately bounded with respect to a specific
bound. Our scheme is used to design decentralized estimator for a three-area power system to
illustrate the effectiveness of the proposed method.
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1. INTRODUCTION

In Power systems, one of the most important issues
is load frequency control (LFC), which deals with
the problem of how to deliver the demanded power
at the desired frequency with minimum transient
oscillations [1]. This problem has received considerable
attentions during the last three decades led to
development of many different approaches [2-4].
Load frequency control in a multi-area power
system is an example of large-scale systems, which
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is important in electrical power system design and
operation. Many control strategies for load frequency
control have been proposed [5-7]. A local load
frequency controller uses only its area’s state
measurements. It does not use any feedback from
other area. Therefore the interactions of the other
area are unknown for each local controller. In the
most control strategies the interactions are considered
as an external disturbances [8-9]. While this paper
addresses a method to reconstruct the interactions
which can be used in control design strategies to
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yields the better results.

The classical scheme for decentralized state
feedback control is based on the assumption that
all states of the subsystems are available [10-11].
In large-scale systems, especially multi-area power
systems, however, this assumption is not usually
realistic. Therefore, a state estimator has to be
designed. This estimator exploits the model of each
subsystem and its actual inputs and outputs to
produce a good estimation of unknown states of
the system. Interactions between subsystems are
another uncertainties that make the complexity of
controller design in large-scale systems. In the
classical scheme for decentralized control, the
interactions are unknown for the local observer or
controller. Therefore the reconstruction of interactions
plays an important role in the local observers and
controllers to achieve less conservative performance.

The main idea of this paper is to introduce a
scheme to estimate the interactions in a decentralized
approach. The decentralized observation problem
was first considered in [12]. Necessary and
sufficient conditions on the subsystems were
derived in [13] under which the observers could be
designed. In [14] an output-decentralization and
stabilization scheme were proposed, which could
be directly used to construct asymptotic state
estimators for linear large-scale systems. The
problem of robustness of a Luenberger observer
applied to a given large-scale system was addressed in
[15].

In [16] a decentralized filter was obtained by
identifying the dynamics of the interaction variables,
and estimating the local states and interactions
using local information. An indirect method for
decentralized estimation of interconnected large-
scale systems was presented in [17]. In [17], the
estimators were obtained in two steps. In the first
step, an approximate model for the desired local
variables, in an indirect method, was derived. In
the second step a local filter was derived using the
obtained model and the local measurements.

In the previously published papers, [16-19], either
the local state vector and the interaction variables
are assumed to be available or the interactions have
been treated as disturbances. However in the
practical problems, as considered in this paper,
there is no measurement on the interaction variables.
Our main objective, in this paper, is to introduce a
new method for designing decentralized estimators
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to estimate the states and interactions, using only
local output feedback.

In a decentralized control problem, such as
decentralized state estimation or the interaction
estimation problem, the overall large-scale system
is split into the two systems, the related subsystem
(ith subsystem) and the residue system (aggregation
of other subsystems). It should be noted that, the
interactions to the ith subsystem are generated by
the dynamics of the residue system. Therefore, by
incorporating the dynamics of the residue system
one can expect to reduce the error of the
estimation. Now, if the dynamics of the residue
system is added to the estimator dynamics, the
order of the designed filter becomes very high,
while, the aim of decentralized estimation is to use
low order estimator for each subsystem.

This paper is organized as follows: Section 2
formulates the problem. The system under study is
described in Section 3. Section 4 is devoted to
present the main contributions of this paper namely
as: (1) introducing a new technique for interaction
dynamics identification and (2) developing a
new decentralized states and interactions
estimator, which uses the identified model. In
Section 5, the simulation results for a three-area
power system show the effectiveness of the
proposed algorithm.

2. PROBLEM STATEMENT

Consider the large-scale LTI system S, composed
of N subsystem S, (1=1,2,..., N described by

X, =A.x,+h, +Bu, +G,w,
(1
y; =Cix; +v;

where, h, is the interaction from other subsystems,

N
h =Y Ax, @)
=1

e

where x; € R™ is the state vector of ith subsystem
and u, € R?™ is its control function. Furthermore

w, € R¥ is the disturbance and v, € R% is the
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Figure 1. State and interaction estimation diagram at ith subsystem.
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Figure 2. Multi-area power system.

measurement noise, which is assumed be bounded
A, B, C,, and G, describe the dynamics of the

isolated ith subsystem, A ; describes the interaction

matrix from the jth subsystem, which are assumed
to have appropriate dimensions. It is assumed that

IJE Transactions A: Basics

(C,,A, ) is observable and (A ,, B, ) is controllable.

The goal of this paper is to design an estimator
F. for each subsystem to estimate the interactions
from other subsystems, h,, and the states of ith
subsystem. As seen in Figure 1, the estimator F,
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Figure 3. Block diagram of area-1.

constructs the estimate of interaction, fli , and state

estimation X, from the input and output of S;. The

local controller uses these estimations to control
the ith subsystem.

3. THE SYSTEM UNDER STUDY

A three-area power system shown in Figure 2 is
taken as an example system [20].

Figure 3 shows the block diagram of area 1.
Referring to Figure 3, state vector X, control vector
u, and disturbance vector d can be defined as
follows:

Xy AP, AP, Y
X=X, [, u= APC2 ,d: Asz , Y=1Y,
X3 AP, AP, Y;

T T
Yy = [Afl APtielZ] > ¥ = [Afz APtieZ}] )
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T
Y; = [Af3]
=[at, ap,, ap, ap, ap, ap, AP, AP |'
X, = AL 11 121 31 gll 221 931 tiel2
=[af, AP, AP, AP, AP, AP, AP, AP [
X, =86, t12 122 32 12 222 232 tie23

x3:[Af3 AP, AP, AP, APgl} Aszz APg}}]T

where,

Af,

1

AP

gki

APci
AP,

incremental frequency deviation of area I
incremental governor valve position change

of generator k of area I
control input of area I

incremental output of generator k in area I

incremental change in tie-line power between

areas i and j
disturbance of area I

equivalent inertia constant for area I
equivalent damping coefficient for area I

governor time constant of generator k for
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TABLE 1. System Parameters.

Area 1 Area 2 Area 3
D, =0.006 D, =0.0083 D, =0.008 (p.uMw/Hz)
M, =0.2 M, =0.167 M, =0.15 (p.uMw)
T, =0.2 T, =03 T;, =021 (s)
T,,=0.24 T,, =0.35 T;, =0.22
T,; =0.25 T, =0.32 T, =0.23
T,; =2.22 T,, =0.08 Ty =0.1 (s)
R, =22 R, =245 R, =2.23 (Hz/p.u.Mw)
R,, =2.23 R,, =25 R,, =2.21
R,; =221 R,; =2.48 R,; =222
o, =0.25 o, =0.5 oy, =05
a,=02 a, =50
T, =0.272 T, =0.109 (p.uMw/Hz)
area.I ) ai = [Ali Ay Ai(i—l) Ai(i+1) AiN]
T,;  turbine time constant of generator k for area I ~ .
.. .. . B; =d1ag—block{Bl B, B, By BN}
T; synchronizing coefficient in normal operating ~ ,
.. . . G; =dlag_b100k{G1 G, G, Gy GN}
conditions between areas i and j - - .
aj; ratio between the rated MW capacity of U Wi
areas i and j U W
oy, distribution factor for generator k
R, drooping characteristic for area 1 u, =|u, |, W, =|w,_,
The system parameters are listed in Table 1. u., W
4. THE PROPOSED METHOD Un [WN
In this section a new method is introduced to X Ay
design decentralized estimator. X, A,
Equation 1 can be rewritten as:
X; =AyXx; +h; +Bu; +G;w; 3) X; =X | Ay = A(i—l)i
y; =Cx;+v, Xin A(i+1)i
hi = ifi - _
For convenience, in Part A of this section, the
where, overall system dynamics is considered without
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any control inputs, measurement noise, and
disturbances. In Part B, the results are extended to
the general case where all of these assumptions are
relaxed.

Ay Ay, Al(i—l) Al(i+1) o A

A21 Azz AZ(i—l) A2(i+1) AZN

A = A(i—l)l A(i—l)z A(i—l)(i—l) A(i—l)(i+1) A(i—l)N
A(i+l)1 A(i+1)2 A(i+l)(i—l) A(i+1)(i+1) A(i+l)N
L Ay Ay, AN(i—l) AN(i+1) A ]

A. The Simplified Case Consider the dynamics
models 3 and 4, without any control inputs,
measurement noise, and disturbances, 1.e.,

X, =A.x, +h,
?i =Ki§i +A X,
h, =CX,
yi =Cx; +v,
(%)
Now let’s define the following estimator:
X =A% +h, +K,(y, —Cfc)
E =ME, +N&, +K,(y, -C,%,)
ﬁi :E‘:i
(6)

where, K, and K, are filter gains and E, M, N, are
appropriately dimensioned design matrices which
substitute for the dynamics of the interactions. &;

is a state variable vector, which is considered for
dynamics of the interactions. Let us set the

dimension of &, equal to the dimension of X, .

Now, the appropriate values of E, M, N should
be found such that the best response for the
estimator 6 and bounded error estimation are
achieved.

Let the estimation errors be defined as:

><)

e X
=h, ﬁ
@)
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where, € is the error of state estimation and e, is

the error of interaction estimation. Then for the
state error, we have:

é, =%, —X, =A,x,+CX, — A& —EE —Ky, +K,C&,

:( ii _chi)ex+eh
3

and for the interaction error, we have:

¢, =h. —h, =C.X, —EE,
=C,AX, +CA,x, —EN&, —EM¢, —EK, (y, -C.,)

hi *i

=(C,A,x, ~EN&, J+C.A X, ~EME, —EK,C e,

hi i

)

Now let’s choose the matrices E and N such
that,

~

EN=CA,; (10)
then, Equation 9 can be rewrite as:

. =(CA, —EK,C k, +C,AX, - EME,
(11)

Assuming that E is nonsingular, the above equation
can be written in the form:

¢, =(C.A, —EK,C, k, + EME™e, + (C,A, — EME"'C, K,
(12)

Augmenting 8 with 12, the error equation can be
written as:

e, A, -KC roJed, 0 N
=| ~ ~ ~ ~ X
¢, | |CA,-EK.C, EME'|e, CAI EME'C, [

(13)
By defining:
A, -K,C, I e,
= | , ec= ,
C,A, —-EK,C, EME™ e,

0
F=|~ ~ e (14)
C,A, —EME™'C,
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the Equation 13 become:
¢ =He+ FX, (15)

Theorem 1 The solutions e(t;t,,e,) of the

error system 13 are globally ultimately bounded
with respect to a bound V, if H is chosen as a

stable matrix and X, are bounded.

Proof Let’s choose H as a stable matrix such that
for any symmetric positive definite matrix Q there
exists a unique symmetric positive definite matrix
P as the solution of the Lyapunov matrix equation:

H'P+PH=-Q (16)
Then we define a function V:R*™ — R ™ as:
V(e)=ve"Pe (17)

where, Y is a positive number. Computing V(e)
using 15, results in:

V(e)=ye" (H"P+PH)e + 2y%,F"Pe,
V(t,e)e R xR™
(18)

now using 16, we have:

V(e)=—1e"Qe+2yX F'Pe, V(t,e)e RxR™"

(19)
and then the term YX,F'Pe can be written as:
V(e)=-1e'Qe — (FX; - Pey) (FX, - Pey)

+XF'FX, +y%e"P%
V(t,e)e RxR™
(20)

by dropping some negative terms and using the
bounded ness assumption of X;, the following
inequality is obtained:

Vo)< el 2 @)+ P )+ 2FF
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V(t,e)e RxR™ (21)
where,
% = sup|X, () (22)

The last inequality can be summarized as:
Vie)<—e|* +m, V(t,e)e RxR™ (23)

where, the constants { and T are defined to be:

£ =P Q=[PP vl = x|F (24)

Selecting ¥ small enough such that { >0, then 23
implies:

V(e)<-uV(e)+n, V(t,e)e RxR™ (25)

where, the positive number | is given by

H<Cy ', (P) (26)

From 25 it is clear that V(e) decreases monotonically

along any solution of 23 until the solution reaches
the compact set:

Q, =feeR™: V(e)<V,} @7)
where,
Vi=pn (28)

Therefore the solutions e(t;t,,e,) of 13 are

globally ultimately stable with respect to bound
V;.QED

From 15 it is clear that if F =0 and H is stable,
the error e converges to zero. To choose the
matrices M, N, E, the first step is satisfying the
stability condition of matrix H.

The following Lemma gives the stability condition
of matrix H.

Lemma 2 If we choose the matrices E and M
such that the following condition is satisfied,
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Condition 1: The couple (A, C,;) be observable,

A, |
where, A =|: :|,CH = [Ci 0]

C.A, EME™

then we can stabilize the matrix H by selecting the
appropriate filter gains.

Proof From 14 we can rewrite the matrix H as

the form

H=A, -K,C, (29)
K,

where, K, =
EK,

Therefore, if the observability condition of (A ;,C;)

is satisfied, then there exists a gain K,; such that
H is stable. Note that we can compute the gain
matrix K, as a LQE problem for the system

(A, Cy,) such as previous sections. Q.E.D

Selection of E and N It seems that there are
some degrees of freedom for the selection of the
matrix E, but according to Theorem 3.1, first the
effect of matrix E on the upper bound of the error
estimation and the possibility of decreasing it
should be investigated.

Equations 28, 26, and 24, imply that:

y A (P)
Vi=pms — 20—
7\‘min (Q)_ Y||P||

From 30, it can be noted that the larger Q and
lower P, results in decreasing the upper bound V., .

For a fixed matrix Q, increasing the matrix H
results in small P matrix, i.e., the unique solution
of the Lyapunov matrix Equation 16. Therefore the
matrix H should be high, by appropriate selection
of E.

If the matrix E is chosen as:

(30)

E=pl 3D

then, by increasing p, the element (2X1) of the
matrix H become high. The precise value of p can
only be obtained by trial and error.
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From 10 and 31, the matrix N can be get as:
N=p'C.A, (32)

Selection of M As stated in the previous section,
if F=0 and H is stable then the error e converges
to zero. Unfortunately as seen in 14) F cannot

~

always be equal to zero, because, the matrix C,

may be not a full rank matrix. But we can choose
the matrix M such the effect of F is minimized. In
the other word, M can be achieved from the
following optimization problem:

min||F|| = minH(NJiKi - M(NJi H
M M (33)
S.t condition 3.1

One solution of 33 in the absence of condition 3.1
is

M=CAC (34)

~. . _ ~
where, C; is the pseudo-inverse of C;.

Therefore by using 31, 32, 34 and Lemma 2, the
estimator 6 can be constructed.

B. The General Case Now, the above method
is extended to the general case, when the input
disturbance, measurement noise, and external input
are present. Hence consider the large-scale system
which is introduced by Equations 3,4, and the
following estimator can be defined:

;(i =A;X, +ﬁi +K1(Yi _Ciﬁi)—l—Biui
é.n :Mgi + NX; +K2(Yi _Cif(i)

ﬁi :E‘:i

y; =Cx; +v,

(35)

Let the error of estimation be defined as 7, and as a
result the error system dynamics as:

€, | ALK G I € +
¢, | |C.A, —EK,C, EME" |e, (36)
G,w,-K,v, ]

[(ﬁi& —EME"C, K, —EK,v, +C,B,¥, +C,G,W,
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h (8) =Ty, Af,
0-15 T T T T T

0.05

-0.05

0.1+ T :Actual
——  :Estimate

-0.15 |-
_O_ 2 L L L L L L L L L
o 1 2 3 4 5 6 7 8 9 10
Time
Figure 4. Estimated interaction of area 1.
h,(1)=AP,,, /M,
0.4

0.2 ’ —:Estimate
-0.3 .
_0_4 | I | I I | I | I
(0] 1 2 3 4 5 6 7 8 9 10
Time

Figure 5. First estimated interaction of area 2.
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hz )= T23Af3
0.02 | ‘

0.01

-0.01

:Estimate

-0.03 - N f
_0_04 ] ] 1 1 1 ] 1 1 ]
(0] 1 2 3 4 5 6 7 8 9 10
Time
Figure 6. Second estimated interaction of area 2.
h3 H= APtie23 /M3

0.25 T T T T T T T

0.2+ -

‘ [ :Actual

0.15 ) | — :Estimate _

0.05

-0.05

Time
Figure 7. Estimated interaction of area 3.
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h3 = APtieZB /M3

0.25

0.2

0.15

0.1

0.05-

-0.05-

-0.1

. . . . . . . . .
0 1 2 3 4 5 6 7 8 9 10
Time

Figure 8. Estimated interaction of area 3 for some different p .

h3(1) = APticZ3 /M3

0.25

Time

Figure 9. Estimated interaction of area 3 for p = 1000 .

By defining H and ¢ as 14 and f as:

f= Gw, —Kv,
“|(CA, ~EMEC, &, —EK,v, + CB, + .G,

the error system 36 can be summarized to:

¢=He+f (38)

Theorem 2 The solutions e(t;t,,e,) of the error
system 36 are globally ultimately bounded with
respect to a bound V, if H is chosen as a stable

IJE Transactions A: Basics

matrix and X,, W,, U, be bounded signals.

Proof Similar to proofs of Theorem 3.1 we define
a function V:R® — R" as 17 and compute
V(e) with respect to 38 and using 16, we have,

V(e)=—ye"Qe—(f —yPe)' (f —yPe)+f f+y’e"P’e
, V(t,e)e RxR™

(39)
By dropping some negative terms and using the
boundedness assumption of X;, W,, U,, which

means the boundedness of f, the following
inequality is obtained.

V()| +n. V(r.e)e Rx R (40)
where,
n=suplf(t)". S = @-P vk @)

Selecting y* small enough so that { >0, Equation
40 implies:

V(e)<—uV(e)+n, V(t,e)e RxR™ (42)

where, the positive number w<{y'A; (P) is
given as 20.
From 42) it is clear that V(e) decreases

monotonically along any solution of 36 until the
solution reaches the compact set

Q, =feR™: V(E)<V,}, V,=pn 3

Therefore the solutions e(t;t,,e,) of 36 are
globally ultimately stable with respect to bound
V. QED

Hence, the same results in Part A for selection
of matrices M, N, E, are valid.

5. SIMULATION RESULTS
In order to demonstrate the effectiveness of the

proposed decentralized interaction estimation,
numerical simulations have been carried out. Now
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the proposed interaction estimation method is
implemented to a multi-area power system, which
is described in Section 3. For each area, it is
assumed that there occurs 0.1 puMW step disturbance
in other two area and also there is 0.01 percent
measurement noise. A local estimator is design for
p =100 at each area and the estimated interactions

are shown in Figures 4 to 7. Figures 8 shows the
real and estimated interactions of area 3 for p=10,

20,50, and 100. As we can see from this figure, we
may still improve the estimator behavior by
increasing the parameter p. More increasing of p

caused the noisy results, as shown in Figure 9 for
P =1000. The precise value of this parameter (p)

can be obtained by trial and error.
It should be noted that, since the estimation of
interactions is the main goal of this paper, no

control input signals, AP_. , are considered for each

ci?

area. In fact they have no effect on the estimation
results. In area 1 there exist one interaction signal,

T,,Af, , which is the frequency deviation of area 2

and in area 2 there exist two interaction signals,
T,,Af, and AP, ,/M,, and in area 3 the

interaction signal is AP, ,, /M.

6. CONCLUSION

In this paper, the design of decentralized estimators for
interconnected large-scale systems was investigated.
Local estimators were designed to estimate the
interactions and states of each subsystem using only
the local output measurement. We outlined a new
method to construct an approximated model for the
interaction dynamics. The theorems showed that, in
the proposed algorithm the errors of estimation are
globally ultimately bounded with respect to a specific
bound. This bound can be minimized by appropriate
selection of a parameter (p ). The precise value of this

parameter (p) can be obtained by trial and error.

Numerical simulations were presented for a multi-
area power system. These simulation results
demonstrated the effectiveness of the proposed method.
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