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Abstract: Decentralised control of an intercon-
nected power system is attempted using high gain
feedback methodology. Two cases are presented
treating the interactions as unknown in the first
case and as known in the second case. The effect
of interactions is nullified by using a high gain
factor in the first case whereas a bound on the
high gain factor is computed to nullify the effect of
known interactions in the second case. The results
are illustrated on a two area power system [1].
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1 Introduction

In any power system, the designer aims at maintaining a
balance between power demand and generation in an
area. This objective is achieved by a proper interchange
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of power between different areas, and by a proper control
of frequency at, or near, desired scheduled values by
means of some kind of load frequency control action
besides the primary governor control . The A G C has
evolved over the last half century from simple slide wire
based devices to sophisticated applications of modern
digital computers. A considerable effort has been made
by a large number of researchers [1] to develop new
algori thms for A G C using modern optimal control
theory. This effort is justified as the classical design faces
considerable difficulty in coping with the changes that
A G C has been undergoing in recent times especially in
control hardware and in a variety of generating types
including highly engineered nuclear units.

Although the new multivariable control approach
offered definitely more freedom in selecting the best
A G C , it lacks some of the impor tant advantages of the
conventional design based upon the area au tonomy of
models and controls. In modern control schemes with a
centralised design and operation, the whole intercon-
nected model is manipulated in 'one piece' to get a global
control for the overall system. This creates both concep-
tional and computat ional difficulties whenever control of
large power systems is at tempted, mainly because central-
ised information has to be obtained from power areas
and generating plants which are spread over large terri-
tories and at the same time processed in 'one shot ' design
procedure. The methods employed are centralised in
nature and are applicable to interconnected systems. To
reduce the computa t ion further, we now extend the high
gain feedback methodology to the case of decentralised
control of interconnected systems. .

Decentralised control methods, for stabilisation of
interconnected systems using onlij local feedback have
been developed in two distinct directions. In the first
approach [ 2 - 4 ] , a decentralised controller is designed
using a complete model of the interconnections, i.e. a
model which describes local subsystems and all intercon-
nections. In the second approach [ 5 - 7 ] a decentralised
controller is designed using only models of local sub-
systems, whereas interconnections are characterised by
bounds on their magnitudes. This approach uses local
high gain feedback implicitly [5 , 7] or explicitly [ 6 ] . The
first approach is useful in the stabilisation of a wide
number of interconnected systems compared to the
second approach, but the second approach which uses
detailed models of local subsystems tolerates modelling
errors and nonlinearities in the interconnections. In the
first approach, local ou tput feedback and dynamic com-
pensators are used while, in the second approach,- only
local feedback is used. However, the second approach has
been extended to include output feedback case as well [6]
since it is common knowledge that the entire state of
each subsystem will not be available for feedback
purpose.
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In this paper, we show that the local high gain feed-
back stabilises each of the areas and also ensures the sta-
bility of the original system whatever may be the nature
of interconnections. We present two cases:

(i) when the interconnections are unknown, we apply
the high gain feedback to nullify the effect of> intercon-
nections

(ii) when the nature of interconnections are Ifnown, we
calculate a bound on the gain factor which tatfes care of
known interactions.

2 Decentralised control

2.1 Case (/) Unknown interconnections
Here we adopt the method of Young [11] for disturbance
decoupling by high gain feedback. Let the interconnected
subsystem be represented by

(1)

yi = Cixi (2)

where xt e R"', ut s Rm and y, e Rm. xf is the subsystem
state, Uj is the control and yt is the output of the sub-
system. Y, Hij is the interaction due to other subsystems.
Let the pair (At, Bt) be controllable and

ui — ~ G. x,
E

Breaking down eqn. 1 such that

(3)

we get

iu = Aluxu + A12ix2l

A2i "~ / 121iAi ' -^122i"Jt2i

.Vi = ^ l i ^ l i + ^2iX2i

+ EV/ (4)

7 (5)

(6)

Now for the class of high gain feedback systems we can
rewrite the control law of eqn. 3 in terms of slow system
gain Gu and fast system gain G2i [10] as

(7)

where G2, is chosen to be nonsingular. Substituting eqn. 7
in eqn. 5 we get the singularly perturbed form

ex2i = (zA2U + B2iG2iGu)xu

+ (eA22l + B2i G2i)x2i + e ^ H2j Xj (9)

when £ = 0 eqn. 9 becomes

0 = B2i G2i GuxT, + B2i G 2 l 3^ (10)

As (B2i G2i) is nonsingular we get

X2i=-G,,*^ (11)

The substitution of eqn. 11 into eqn. 8 results in a
reduced order system of (n, — l)th order

~x7i = (Alu- A12iGujx~['i + Y,HijXj (12)

with x^(0) = 0

JA.t) = (Cu-C2iG1$cTi (13)

Eqn. 12 represents a slow phenomenon obtained by
neglecting the fast phenomenon in eqn. 8. To examine the
error between the exact and approximate solutions given
by

and

(x 2 , - x 2 l ) = x2i + G l l x^ (14)

We introduce the variable

>/<>,• = x2l + Guxu (15)

and rewrite eqns. 8 and 9 in terms of xu and r\oi as
follows

*n = (^iii - ^i2,Gn)xn + A12itt0i + X HuXj

xu(0) = 0 (16)

£fi0i = E(A2U + GUA1U - GuA12iGu)xu

+ (B2i G2i + EGU A12i)ri0i + eG2i

(17)

where

Ll = (B2iG2i + eGliAl2y
l

x (A21t + GltAlu - GltAl2iGu) + £jf (19)

= L0i + EJ;

to block triangularise eqns. 16 and 17. As shown in Ref-
erence 10 there exists e0 such that for the £ e (0, £0) system
eqns. 16 and 17 are equivalent to

r,0,{0) = 0

We now introduce the fast variable

l + eJj)xu

(20)

efii = {B2iG2i + EGuA12i + £2(L0i

ot + eJj E H^Xj

(21)

with tj;(O) = 0, where J, is a.continuous function of £ [10].
For a given B2i, if G2j is Selected such that

ReA(B2lG2l)<0 .! (22)

the bounded stability of eqn. 21 is ensured.
As a result from eqns. 15 and 18 we get

x2,<t)=-G l ix1((t)-l-0(e) (23)

As {A, B) is stabilisable implying the stabilisability of
(AIU, A12i) [10], we can select Gu to satisfy the following
condition

Re X(Alu- Al2iGu)<0

Accordingly, we can show that

From eqns. 23 and 25 it follows that

(24)

(25)

(26)

From eqn. 24 it can be seen that any Gu that stabilises
the reduced system solves the problem of asymptotic
interaction decoupling [11]. In that case, output ~y~/(t) of
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the reduced system is exactly decoupled from the inter-
action of £ Hij.

2.2 Case (//): Known interactions
In this case, we present a method by which we calculate a
bound on the gain factor. This gain factor will serve as
the high gain factor required in the composite controller.
When it is multiplied with the composite gain, it takei
care of the interactions and ensures global stability. *

Consider the interconnected system

x = Ax + Bu + Hx
where H represents the interactions.

In decentralised form this becomes

(27)

ZHJXJ i = l,2,...,N (28)

where Ifj is a known ;'th interaction.
The local subsystem is taken as

x^AiXi + BtU, (29)

so that the local closed loop system is stabilisable

«,= - M i (30)

it = (Ai - Bt k,)x, (31)

Let us choose a Lyapunov function as given below

Wx-) = x^v-x (321

Differentiating we get

V&i) = [(At - B,fcj)Tp, + plA{ - Bikty\Xi

= -xfQiXi (33)

This leads to the following Lyapunov equation

AJ pt + Pi A,= -Qi + (p, B, fcj + kjBfpi) (34)

Eqn. 34 can be rewritten as

ATp + pA= -Q + pBK + KTBTp (35)

where

A = diag (At)

p = diag (pj)

The interconnected system can be written as H =
diag [ffj]. To nullify the effect of interactions on a local
system, we choose the local controller as

«i = -9tktXi (36)

or equivalently

u = -gKx

where g is a gain factor and

K = {*,} (37)

The corresponding Lyapunov function is

V(x) = xTpx (38)

where p is obtained as above and is positive definite.
Differentiating eqn. 38 we obtain

V(x) = xTpx + xTpx

= xTl{A - gBKfp + p(A- gBK)]x

+ xT[HTp + pH~\x

= x\-Q - (g - \\pBK + kTBTp) + HTp + pH]x

= -xTQx (39)
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where

Q = Q + (pBK + KTBTp)(g - 1) - (HTp + pH) (40)

If Q is positive definite, V(x) < 0, so the global system is'
asymptotically stable.

For Q to be positive definite, we must have

xTlQ + (g- lXpBK + KTBTp)-\x > xT(HTp + pH)x

(41)

It can be written [12]

- L J 0 + (9 ~ W»JpBK + KTBTp) > 21 max (p)||i/||
(42)

Simplifying the above, we obtain

1 +
2||B|| \\KUmiJp)

(43)

where n = Xll\HTH). Eqn. 43 gives the bound on the
gain factor for nullifying the interactions between sub-
systems. If H = Blockdiag (Ht, H2) for two intercon-
nected subsystems, g (say gx) provides the bound to
nullify the interaction effect of subsystem 2 on subsystem
1 and vice versa. If H = blockdiag (//„ H2, H3) for a
system comprising three subsystems, g (say g2) gives the
bound to nullify the interaction effect of any two sub-
systems on the remaining subsystem. If we replace K by
G = {G,} in eqn. 43, we obtain a bound gh for known
interactions in the first method but, for unknown inter-
actions, we have to select gh that assures stability.

3 Simulation results

3.1 Case (/): when interactions are not known
The two area interconnected power system is amply suit-
able for multitime scale decomposition and high gain
feedback design. Presently, it is considered to illustrate
the decentralised control using high gain feedback system
theory. The two area system is split up into two local
areas having system matrices Ax and A2 and intercon-
nection matrices ffj and H2 as given below

A2 =

0.0
0.0
0.0
0.0
0.0

0.545
0.0

-3.27
0.0
0.0

1.0
1.0

-0.05
0.0

-5.208

0.0
.0.0
£.0

-3.333

b.o

0.0
0.0
0.0
3.333

-12.5

H, =

0.0 1.0 0.0 0.0
-3.27 -0.05 6.0 • 0.0

0.0 0.0 -3.333. 3.333
0.0 -5.283 0.0 -12.5

-0.545 0.0 0.0 0.0
0.0 0.0 0.0 0.0
3.27 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
0.0 3.27 0.0 0.0 0.0
0.0 0.0 0.0 6.0 0.0
0.0 0.0 0.0 0.0 0.0



For the case of unknown interactions, we ignore Hl and
H2 and separately build up the composite controller for
each local area based on the theory given in Section 2.1.
The effect of Hx and H2 is taken care of by the choice of
a gain factor. The design of composite controller is dis-
cussed below. For the local area Alt the control input
matrix is given by

B\ = [0.0 0.0 0.0 0.0 12.5] *

As Bj is in standard form, i.e. it contains nonzero rows,
the transformation matrix M is taken as unit matrix. The
decomposition of At is therefore

M
L/1211 ^22lJ

We choose the following weighting matrices given by

Q, = diag [0.01 0.05 0.002 0.03 0.004]

R = 1.0

Accordingly, the decomposition of Qj is

ram fii«]
L6211 222lJ

We have to solve the Riccati eqn. of fourth order with
(Am, A121) as control pair and Qlit and Rt as weight-
ing matrices [10].

This gives the slow system gain as

Gn = [1.581 2.18 1.948 2.939]

system are —9.66146,The eigenvalues of the
-1.6574 ±;2.30356, -0.22194.

Selecting fast system gain as G21 = 0.063, we get the
eigenvalue of fast system as —0.79.

The composite gain for local system At is given from
eqn. 7 as

Gi = <7i[G21 Gu : G21]

= ffi[-0.1 -0.1378 -0.1232 -0.1858 -0.0632]

The eigenvalues of the composite system with a choice
of gain factor as 50 are -43.2595, -8.4757,
-1.76148 +J2.37653, -0.21383.

This choice is found to be appropriate from the point
of view of stability. We find that the eigenvalues of the
slow system are almost retained while the fast system
eigenvalue is multiplied by a factor of 50 approximately.
The responses of the decentralised controller are com-
pared with the optimal centralised controller. The gain of
the decentralised controller is written as

G = {GJ

-0.1 -0.1378 -0.1232 -0.1858

0.1 0.0 0.0 0.0

-0.0632 0.0 0.0 0.0 0.0 1
0.0 -0.1378 -0.1232 -0.18 -0.0632J

where gh = 50.
The eigenvalues of the total system with decentralised

controllers are -43.23458, -8.6425, -0.28015,
-1.60883 +A22575, -43.2682, -8.08201, -2.0274
+ J0.90184.

This shows the system is very stable with the selected
decentralised controller. Similarly, we can design the con-
trollers for the other area whose system matrix is A2.

The optimal gain is computed as

0.223 0.219 0.378 0.375

-0.223 0.097 0.006 0.002

0.1 0.097 0.006 0.002 0.0l
0.0 0.219 0.378 0.378 O.lJ

for the choice of

Q' = diag (0.1, 0.1, 0.1, 0.08,0.01, 0.1,0.1, 0.08, 0.01)

R' = diag (1.0, 1.0)

The response of the decentralised high gain controller is
compared with that of the centralised optimal controller
in Figs. 1 to 7. It can be seen from the Figures that the
performance of the decentralised high gain controller is
fairly close to that of the centralised optimal controller,
and that the decentralised trajectories show convergence.

1.0 1.5 20 2.5 30
time.s

3.5 4.0 4.5

Fig. 1 Tie line power deviation
centralised optimal

- - decentralised high gain

Thus the use of high gain factor eliminates the
unknown interactions, and each local system can be
made to run in decentralised fashion. A certain amount
of deterioration is bound to be there in view of complete
ignorance of interactions, but the asymptotic stability is
ensured because of eigenvalue placement.

3.2 Case (//): with known interactions
Here the known values of interconnection matrices are
used to compute a bound on the high gain factor g. The
interconnection matrix H = Block diag [H,, HJ. We

2.28
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Fig. 2 Frequency deviation area 1
optimal
high gain
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K ' l 0.1

now use the theory presented in Section 2.2 to compute a
bound.

Selecting Q = diag(0.4, 5.18, 5.1, 5.8, 5.04, 5.3, 5.044,
5.57, 5.26) and the gain K as the composite again without
g that is

-0 .1 -0.1378 0.1232 0.1858 -0.0632
0.1 0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0 '"I

-0.1378 -0.1232 -0.1858 -0.0632J

We get the Lyapunov solution as

P =

The trace of this matrix is 42.91 and is positive definite
and we have

*m*J.P) = 10.77859

= 0.17657

= lil2(HTH) = 7(10.9885) = 3.31489

= 12.5,

5.26154
2.25996
0.98924
1.08684
0.20588
0.19688
0.21330
0.09602
0.07143

2.25996
9.40275
1.21821

-0.83577
-0.32454
0.01951

-0.05582
-0.05422
-0.00860

0.98824
1.21821
3.6329
3.28282
0.51368
0.02309

-0.01061
-0.02521
-0.00605

1.08684
-0.83577
3.28282
5.99242
0.261933
0.03543
0.00098

-0.01831
-0.00545

0.20588
-0.32454
0.51368
1.26193
0.47553
0.00803
0.00151

-0.00285
-0.00098

-0.19688
0.01951
0.02309
0.03543
0.00803
0.59386
0.87704

-1.33072
-0.43693

-0.21330
-0.05582
-0.01061
0.00198
0.00151
0.87704
3.47711
3.06642
0.46194

0.09602
-0.05422
-0.02521
-0.01831
-0.00285
-1.33072
3.06642
5.60820
1.17321

0.07143
-0.00860
-0.00605
-0.00545
-0.00098
-0.43693
0.46194
1.117321
0.46266
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\\K\\ = 7(0.09523) = 0.30859

1.53
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From these values, g is obtained as g = 53.144474. The
result amply justifies the value of 50 which we have
chosen for gh to take care of interaction according to the
first method.

0.37

-1.73

-3.84

-594

-8.05

-10.2

-123

-144

l.b/ / 1.5 2.0
/ / time, s

J
/v /

Fig. 7 Deviation in
centralised optimal
decentralised high gai

Computation of bound on g facilitates the supervisory
control to pass that information to local systems for
adjusting the gains, since supervisory control is endowed
with total system information. Thus the proposed
method offers a novel method of supervisory control.

4 Conclusions

In this paper, we have presented two cases dealing with
the interactions for the decentralised controller using
high gain. In the first case we have shown that, when gh

takes a large value, the composite local controller con-
structed from slow and fast subsystem gains yields a per-
formance which is comparable to that of centralised
optimal controller.

Incidentally, the bound obtained from the second
method tallies with the choice of gh in the first method. It
is noted that, for obtaining the bound, use is made of
composite controller gain, constructed from local optimal
controller gains without multiplying them by g. If there
are N interconnected systems, the bound gives inter-
action effect on {N — 1) systems on the remaining
systems. We can also find the bound using the first
method for known interactions by replacing K by G in
eqn. 43 but, for unknown interactions, gh has to be found
such that it ensures stability. Thus we have provided a
systematic method for the calculation of g in the case of
known interactions.

5 References

1 ELGERD, O.I., and FOSHA, C.E.: "The megawatt frequency
control problem — a new approach via optimal control theory',
IEEE Trans., 1970, PAS-89, pp. 563-577

2 WANG, S.A., and DAVISON, E.J.: 'On the stabilization of decen-
tralized control systems', IEEE Trans., 1973, AC-18, (5), pp. 473-
478

3 SACKS, R.: 'On the decentralized control of interconnected
dynamical systems', IEEE Trans., 1979, AC-24, (2), pp. 269-271

4 CHAN, W.S., and DESOER, C.A.: 'Eigenvalue assignment and sta-
bilization of interconnected systems using local feedbacks', IEEE
Trans., 1979, AC-24, (2), pp. 312-317

5 IKEDA, M., and S1LJAK, D.D.: 'Decentralized stabilization of
linear time-varying systems', IEEE Trans., 1980, AC-25, (1), pp.
106-107

6 SABERI, A., and KHALIL, H.: 'Decentralized stabilization of non-
linear interconnected systems using high gain feedback', IEEE
Trans., 1982, AC-27, (1), pp. 265-268

7 DAVISON, E.J.: 'The robust decentralized control of a servo-
mechanism problem for composite systems with input-output inter-
connections', IEEE Trans., 1979, AC-24, (2), pp. 325-327

8 DAVISON, E.J.: The decentralized stabilization and control of a
class of unknown nonlinear time-varying systems', Automatica, 1979,
10, (3), pp. 309-316

9 SABERI, A., and KHALIL, H.: 'Decentralized stabilization of inter-
connected systems using output feedback', Int. J. Contr., 1985, 41,
(6), pp. 1461-1475

10 YOUNG, K.K.D, KOKOTOVIC, P.V., and UTKIN, V.I.: 'A sin-
gular perturbation analysis of high gain feedback systems', IEEE
Trans., 1977, AC-22, (6), pp. 931-937

11 YOUNG, K.K.D.: 'Disturbance decoupling of high gain feedback',
IEEE Trans., 1982, AC-27, (4), pp. 970-971

12 DARWISH, M.G., and SOLOMAN, H.M.: 'Design of decentralized
reliable controllers for large scale systems', Int. Syst. Set, 1988, 19,
(8), pp. 1529-1538

IEE PROCEEDINGS-D, Vol. 140, No. 4, JULY 1993


