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Abstract: A method is presented for the system- 
atic design of stabilising decentralised controllers 
for large-scale interconnected dynamical systems. 
The design method is based on (i) decentralised 
implementation of global controllers obtained by 
using existing global controller design methods, 
(ii) model reduction of dynamical systems, and (iii) 
modelling of the interactions among the sub- 
systems comprising the global closed-loop control 
system. This is used for generating local corrective 
control signals, which would account for these 
interactions. The resulting decentralised controller 
uses local information only to generate local 
control inputs. It comprises local state feedback 
controllers and feedforward compensators. Three 
distinct schemes for the implementation of the 
controller are proposed. They all guarantee near 
optimal performance. A four-station intercon- 
nected dynamical system is considered. Results of 
time simulation studies demonstrate that the 
overall performance of the system under the pro- 
posed decentralised controller is near that of the 
global optimal controller. 

1 Introduction 

To date, the task of effectively controlling large-scale 
interconnected dynamical systems is one of the most 
challenging problems in control engineering. Centralised 
control of such systems requires the establishment of an 
extensive communication network for the transfer of 
information between each part of the interconnection and 
the central facility. The function of the central facility is 
to acquire information from all parts of the intercon- 
nection, process the information, and send back stabili- 
sing control signals to the corresponding parts. All these 
activities are carried out on-line and in real time. In 
many practical cases, economical as well as technical 
considerations constrain the amount of information 
transfer among the subsystems comprising the intercon- 
nected dynamical systems. The economic constraint 
stems from the need for the establishment of communica- 
tion channels between each part of the interconnection 
and the central facility. This becomes a prime consider- 
ation when each subsystem of the interconnection is geo- 
graphically separated from the rest by long distances. The 

Paper 84991) (CS), first received 11th June 1990 and in revised form 
15th August 1991 
The author is with the Department of Electrical and Electronic Engin- 
eering, The University of Melbourne, Parkville, Victoria 3052, Australia 

IEE PROCEEDINGS-D, Vol. 139, No. 2, MARCH 1992 

technical constraint stems from the computational diffi- 
culties arising from processing very large amounts of 
information in real time, especially in large-scale systems 
of high dimensionality. These constraints introduce com- 
plexities with regard to the design of suitable stabilising 
control systems, as extension of centralised control 
methods to decentralised control ones is not straightfor- 
ward. The degree of complexity is related to the con- 
straints imposed. Therefore, it is always desirable to 
devise a control strategy for such systems where the pro- 
cessing of information and the control task are shared 
among decentralised controllers, provided that the 
overall system stability and performance are preserved. It 
is also desirable that these controllers share as little infor- 
mation among themselves as possible. Obvious advan- 
tages of such control strategies are considerable savings 
in the cost of the information transfer network and 
increased overall system reliability. 

The problems associated with decentralised control 
have been the subject of a large number of publications 
over the past two decades. These may be lumped into 
two categories. The first category [l-41 is concerned with 
obtaining the necessary and sufficient conditions for the 
existence of a decentralised stabilising controller. 
Although these methods provide a means of establishing 
whether or not a given decentralised controller stabilises 
the global system, they stop short of addressing the 
problem of developing decentralised controller design 
methods which would result in the stabilisation of the 
overall global system and, at the same time, meet some 
global system performance criteria. The second category 
[S-lo] attemps to develop methods for the design of 
decentralised stabilising controllers. To date, these 
attempts have been based on either trial and error [S, 61, 
or design of state observers [7-lo]. In the former case, 
local state feedback controllers are arbitrarily chosen and 
a criterion is applied to test the overall stability. If the 
criterion holds, the design is finished, otherwise a new 
choice is made. The whole process is repeated until a 
solution is found. There is no guarantee, however, that 
this iterative process will converge to a solution. In the 
latter case, state observers are designed at the local level 
for the construction of the entire state vector, which is 
then used to generate local control signals. An overview 
of decentralised control methods is given in Reference 11. 

In this paper, a novel method is presented for the 
design of simple and effective decentralised controllers for 
interconnected dynamical systems. The design method is 
an extension to, and generalisation of, earlier attempts 
reported in References 9 and 12. The philosophy of the 
design approach is centred on the idea of decentralised 
implementation of global controllers, obtained by using 
existing global controller design methods. Among the fea- 
tures of the proposed decentralised control method are 
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(i) complete decentralisation of the control task (i.e. 
local information only is used to generate the necessary 
local inputs) 

(ii) no constraints are imposed on the structure of the 
global controller 

(iii) local controllers and local compensators are calcu- 
lated off line 

(iv) simple and straightforward controller design algo- 
rithm is involved. 

2 Problem statement 

Consider the following linear time-invariant dynamical 
system: 

i ( t )  = Ax(t)  + Bu(t) ( 1 4  
At) = Cx(t) ( 1 4  

x(0) = xo (IC) 

with 

where x ,  U and y are n-, I- and m-dimensional stat?. 
control and output vectors, respectively. The matrices A, 
B and C are constants with appropriate dimensions. 

Let the system described by eqns. 1 be composed of N 
subsystems with the ith subsystem having xi  and U, as its 
state and control vectors, respectively. Let the dimensions 
of x i  and U, be ni and I , ,  respectively, so that: I N  n, = n 
and E;' , I, = I. Assume that each subsystem depends 
only on its own set of control variables, i.e. the control 
matrix B is block-diagonal. Accordingly, we write x = 
[xT xT ... xf] ' .  U = [T U; t.. U;]'. 2 = [d i j ] ,  and 
B = block-diagonal ( B ,  B ,  B, .. . BN), where A, (i, 
j,= 1, 2, ..., N) are (n, x nj)-dimensional submatrices of 
A, and B, (i = 1, 2, . . . , N) are (n, x I,)-dimensional sub- 
matrices of B. 

Let us assume that the global system of eqns. 1 is com- 
pletely controllable and completely observable and that a 
satisfactory global state feedback control law of the form 

(2) 
has been found, using conventional state feedback 
control methods such as pole placement or optimal 
control, so that the eigenvalues of the closed-loop system 
lie in preassigned locations in the s-plane, where F is an 
(1 x n)-dimensional global state feedback control matrix 
and r is an [-dimensional reference input vector. For sim- 
plicity, but without loss of generality, let us assume that 
the resulting closed-loop eigenvalues are distinct. The 
decentralised control problem can now be stated as that 
of finding a set of decentralised local controllers the com- 
bined performance of which is equivalent to or near that 
of the global controller described by eqn. 2. 

u(r) = Fx(t) + r(t) 

3 Global control system 

If the global control law expressed in eqn. 2 is applied to 
the global system in eqns. 1, then the closed-loop feed- 
back control system may be expressed as 

i ( t )  = Ax(t)  + Br(t) 

fit) = Cx(t )  

with 

4 0 )  = xo > ( 3 4  
where A = (A + BF) is the closed-loop system matrix. 
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Let the feedback control matrix F be partitioned in 
the following way: 

... 
(4) F =  ,.. 

FNI ... F N N  
where F ,  are (Ii x nj)-dimensional submatrices of F. In 
view of this definition, the global feedback control 
system, described by eqn. 3a, may be decomposed into 
N-subsystems of the following description: 

1 = N .  Aijx,{t) + Bir,(t)  

j = l ,  j # i  

+ Bi{"idt) + uic(t)) (5 )  
The bracketed term [ ] is the open-loop description of 
the ith subsystem, and the braced term { } represents its 
control input, which is composed of two components. 
The first is the local state feedback control component, 
ui l ,  generated locally from 

Uil(t) = F,, X i @ )  (6) 
The second is the corrective state feedback control com- 
ponent, uic , generated from 

(7) 

Eqn. 7 implies that, in order to generate the required cor- 
rective control inputs, uie, information about the state of 
each subsystem must be shared among all the remaining 
subsystems. This may prove to be prohibitive, especially 
for large systems. It is the aim of this paper to provide 
alternative means of generating the required corrective 
control signals locally, and therefore significantly 
reducing the overall information transfer burden. 

In the following Sections, a three-stage design pro- 
cedure is developed for the determination of local 
dynamic and static compensators. The function of these 
compensators is to generate collectively the required 
local corrective control components, using local informa- 
tion only. These stages are (i) the isolation of the domi- 
nant and nondominant modes of the global closed-loop 
control system, (ii) the determination of a reduced-order 
model of the global closed-loop control system, and (iii) 
the modelling of the interactions among the global 
closed-loop control system, which will be used for the 
purpose of generating local corrective control signals. 
Discussion of these three stages is given next. 

4 Isolation of dominant modes 

In this Section, an algorithm is presented for the identifi- 
cation and isolation of the dominant and nondominant 
modes of linear time-invariant dynamical system. The 
algorithm is based on the notion of combined controlla- 
bility and observability measure. This will now be devel- 
oped. 

Let the similarity transformation 

X(t) = Mz(t)  (8) 
be applied to the closed-loop system expressed in eqn. 3, 
where z is an n-dimensional dummy state vector. Since 
the closed-feedback system matrix A is assumed to have 
distinct eigenvalues, a nonsingular modal matrix M exists 
so that application of eqn. 8 to the closed-feedback 
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control system of eqn. 3 gives 
q t )  = AZ(t) + rr(t) 
f i t )  = az(t) 

with 

zo  = M - l x ,  ( 9 4  
where A = M - ' A M  =diagonal ( I l ,  I,, ..., In), r = 
M - ' B  and a = C M .  

From eqn. 9a the steady-state step response of the ith 
mode, zi, to all reference inputs is calculated as 

where y ik  is the element standing in the ith row and kth 
column of th matrix and p k  is a weighting factor associ- 
ated with the reference input r k .  The term on the right- 
hand side of eqn. 10 represents the controllability 
measure of the ith mode from reference input r. 

The steady-state step response of the ith output can be 
determined by substituting eqn. IO into the output eqn. 
9b to give 

where aij is the element standing in the ith row and jth 
column of the matrix a. The term on the right-hand side 
of eqn. 11 represents the combined measure of controlla- 
bility and observability of the ith output. This is a func- 
tion of all the eigenvalues of the system. However, in 
order to determine the dominance of the jth eigenvalue in 
the ith output, the following participation measure is 
used: 

In order to determine the relative dominance of the jth 
eigenvalue in all the system outputs, the following partici- 
pation measure is used: 

m 

w j =  COij 
i = l  

In order to determine the relative participation of the jth 
eigenvalue in the ith output variable, the following 
expression is used: 

mi.  
4, .  I J  = - n x 100%. 

O i k  
k = l  

The relative contribution of i, i = 1, 2, . . . , n, eigenvalues 
in the ith output is determined from 

Based on the above analysis, the following algorithm is 
used for the retention of the most dominant modes of the 
system: 

Algorithm 
1. From eqn. 12, calculate the measure of participation 

of each eigenvalue in each output, i.e. wij (i = 1,2, . . . , m; 
k = 1, 2, ..., n). This gives (m x n) table of eigenvalue 
participation measure matrix. 

2. From eqn. 13, determine the dominance of each 
eigenvalue in all the outputs, i.e. w j  ( j  = 1, 2, . . . , n). 
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3. Use the result of step 2 above to sort the eigen- 
values in order of dominance, ranging from the most 
dominant to the least dominant. Let these be denoted as 
I , ,  12 ,  ..., I, so that I ,  is the most dominant and 1, is 
the least dominant. 

4. From eqn. 14, calculate the relative participation of 
each eigenvalue in each output variable, i.e. d i j  (i = I, 2, 
..., m ; j = 1 , 2  ,..., n). 

5. From eqn. 15, calculate the combined relative par- 
ticipation of i eigenvalues in each output, starting from 
i = 1, and finishing with [ = n. 

6. Test the condition: c$=l d i j  3 Y .  

When this last condition (6) is satisfied, the first i eigen- 
values are the dominant ones. The rest are nondominant. 
The value Y is chosen, arbitrarily, etween 80 and 100% 
according to the required degree of approximation. A 
value of 90% and above would result in a reasonably 
accurate approximation of the original system. It should 
be noted that the higher the value of Y,  the higher the 
order of the reduced model. With Y = 100%, the 
reduced-order model is the same as the original system. 

5 Model reduction 

Model reduction techniques that have been proposed in 
the literature over the past two decades may be cate- 
gorised as (i) those which retain the most dominant 
eigenvalues or the most important states of the system 
[13-151, and (ii) those which derive optimal approx- 
imation of the system [16-181. In the former category, 
the physical meaning of the state is preserved, but in the 
latter it is lost. 

Let us assume that the identification of the dominant 
(or slow) and nondominant (or fast) modes of the system 
of eqns. 9 has been carried out, according to the algo- 
rithm outlined in Section 4. Let these be grouped into q1 
dominant and q2 nondominant modes, q1 + q,  = n, so 
that eqns. 9 are rewritten in the following way 

where As is a (ql x ql)-dimensional diagonal matrix con- 
taining q1 slow (dominant) modes of the system and A, is 
a (q ,  x q,)-dimensional diagonal matrix containing the 
fast (nondominant) modes of the system. Accordingly, the 
transformation equation (eqn. 8) may be partitioned in 
the following way: 

where Mjl and M j ,  for j = 1, 2, . . . , N are (n j  x ql)- and 
(nj x q,)-dimensional submatrices of M ,  respectively. 

From eqns. 16 and 17, the state of each subsystem, 
x j t ) ,  may be represented by 

(18) x,{S = Mjlz , ( t )  + M j 2  z,(t) j = 1 ,  2, . . . , N 
where zf and z, are defined, from eqn. 16, by the follow- 
ing dynamical equations: 

i f ( t )  = A, z,-(t) + r, r(t) (19) 
with z,(O) = z f o ,  and 

i,(t) = A, zd t )  + r, r(t) 

with z,(O) = zso 
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Eqns. 18-20 can be viewed as models of the state of 
each subsystem. These are linear combinations of the 
dominant and nondominant modes of the global system 
and form the basis for the design of local compensation 
schemes. The development of these schemes is given next. 

6 Feedforward compensation scheme 

In this Section, three feedforward compensation schemes 
will be developed. The function of each of these schemes 
is to generate local corrective control signals equivalent 
to those generated from remote state feedback, as 
described by eqn. 7. The structure of each compensation 
scheme depends on how the nondominant part of the 
system is treated. 

6.1 Decentralised control scheme 1 
Since the contribution of the fast modes to the system 
dynamics is only important at the beginning of the 
response, early model reduction methods [13] ignored 
the fast modes altogether, i.e. z, = 0. Applying this to 
eqn. 18 gives the following approximate model of the 
state of the jth subsystem: 

x,(t) N Mj,z,(t) j = 1, 2, ..., N (21) 

uiAt) = Yi zs(t) (224 

Substituting this into eqn. 7 yields 

where 

Eqns. 20 and 22 describe a dynamic compensation 
scheme, the output of which is equivalent to the local 
corrective signal described by eqn. 7. 

6.2 Decentralised control scheme 2 
A modified method of model reduction [19] is based on 
the assumption that the step response of the non- 
dominant part of the system is instantaneous. According 
to eqn. 19 this gives 

i ,(t) = o = A, z,+) + r, r(t) 
so that 

z,(t) = -AY lr, r(t) 
From eqns. 23 and 18, we obtain the following approx- 
imate models for the state of the jth subsystem: 

(24) x,(t) N Mjlz,(t) - M j ,  A i  lr, r(t) j = 1, 2, . . . , n 
Substituting this model approximation into eqn. 7 gives 

yi = F i j M j l  
j=1.  j f i  

and 
N 

Eqns. 20 and 25 represent a compensation scheme, where 
the corrective control signal is generated locally by a 
dynamic and static compensators. 
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6.3 Decentralised control scheme 3 
The nondominant dynamics may be approximated by an 
optimal linear combination of the dominant modes [14], 
i.e. ,?At) = Ez,(t), where 2, is an estimate of z,,. In view of 
this approximation and from eqn. 18, we obtain 

x,(t) (Mjl + Mj2 E)z,(t) j = 1, 2, ... , N (26) 

sAt) = Yiz,(t) (274 

Substituting this in eqn. 7 gves 

Eqns. 20 and 27 represent a compensation scheme that is, 
basically, similar to that of scheme 1. The difference is in 
the structure of the output eqn. 27b, where an additional 
term corresponding to the nondominant modes has been 
included. 

7 Decentralised control 

In this Section three decentralised control structures are 
proposed. The implementation issue concerning the most 
effective structure for a particular interconnected system 
is discussed in terms easily determined by quantitative 
measures. 

7.1 Decentralised control structure 1 
Let us, for example, consider the decentralised controller 
described in scheme 2 (Section 6.2) and examine its struc- 
ture and related implementation issues. According to this 
scheme, the control input to each subsystem is given by 

UXt)  = u i k )  + s d t )  (28) 
where uii is the local state feedback control component, 
and uie is the corrective control component. The local 
state feedback component is given by eqn. 6 as 

U i i ( t )  = Fii Xi@)  

The corrective control component is composed of two 
parts, generated from dynamic and static compensators, 
i.e. 

Ui&) = ufc(t) + U!&) (29) 

= Yiz,(t) (304 

The dynamic compensator part is obtained from 

where y j  is jth column of the reference matrix r. The sta- 
tic compensator part is obtained from 

where Bi. is the jth column of the static compensator Qi. 
Obviously, to generate the required corrective control 
signal, all the reference inputs to the global systems, i.e. r j  
( j  = 1, 2, ... , f), must be known a priori. In most cases 
these are known and therefore this requirement is conve- 
niently met. In cases such as these, the decentralisation of 
the control task is achieved as presented above without 
further consideration. The same argument applies equally 
to schemes 1 and 3. 
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7.2 Decentralised control structure 2 
If it is not possible. for practical or Rhysical reasons, for 
each subsystem to acquire information regarding all the 
reference inputs from each of the other subsystems, a sub- 
optimal decentralised control system is obtained. The 
degree of suboptimality is related to the amount of infor- 
mation available to the local decentralised controller 
regarding the reference inputs to other parts of the 
system. However, if observed physical behaviour of inter- 
connected dynamical systems is appropriately utilised, 
then the degree of suboptimality experienced by the 
overall system can be made small and, in most cases, neg- 
ligible. The following analysis highlights this important 
practical aspect of the design process and its implication 
with regard to the selection of the most practical and eff- 
cient structure for local decentralised controllers. 

Owing to the physical characteristics of interconnected 
dynamical systems, the strongest reaction to a dis- 
turbance in any part of the interconnection takes place in 
that part. The next strongest reaction comes from that 
part of the system that has the strongest interconnection 
to the disturbed part, and so on. Therefore different parts 
of the interconnection react differently to a given dis- 
turbance, depending on how strongly coupled these parts 
are to the disturbed one. To quantify the strength of the 
interaction among the subsystems of a global system, the 
following analysis is used. 

As a diagonal block in the global system matrix A 
represents the dynamics of the correponding subsystem, 
and the off diagonal-blocks represent the strength of the 
interactions (SI) between the subsystem and the rest of 
the interconnection, the SI may be quantified in terms of 
the relative norm of the off-diagonal matrices with 
respect to the diagonal one [20]. For example, the 
strength of the interaction between subsystem i ( i  = 1, 2, 
. . . , N) and subsystems j ( j  = 1, 2, . . . , N) may be evalu- 
ated as 

(324 

where 11.11 denote the norm of a matrix, which may be 
taken as either the largest singular value of the matrix or 
the square root of the sum of the squared elements of the 
matrix. 

In the case where two subsystems, say i and j are not 
directly coupled to each other, but are indirectly coupled 
through subsystem k, then the SI between them may be 
determined by multiplying the strength of interactions 
between subsystems i and k and subsystems k and j ;  i.e. 

S I ,  = Sl i ,  x S I ,  (324 

The above analysis forms the basis for the decentralised 
control structure outlined below. It permits the incorpo- 
ration of the system behaviour into the controller design. 
Based on this analysis the controller may turn out to 
comprise a number of subcontrollers each one of which is 
most appropriate to a given part of the interconnection. 
This may imply that different parts of the interconnection 
have different controller structures. As a result, the fol- 
lowing local dynamic and static compensators are 
obtained: 

and 
4 

ufc = C oi .  ‘At) (334  

where U is a 4,-dimensional dummy variable, C is the 
number of the most strongly coupled subsystems to the 
disturbed subsystem, and k is the index to those coupled 
subsystems. This means that if, for example, subsystem 3 
is experiencing the disturbance and has the strongest 
interconnection with subsystem 2, then [ = 2, and k = 1 
and 2, i.e. 

j =  1 

b 3 ( 4  = A, us@) + y 3  r3(t)  + y 2  rAt) 

4, = 

4, = 8 3 . 3  rdt) + 8% 2 r20) 

and 

The same analysis applies to the remaining subsystems. 
In this way the overall system is subdivided into clusters, 
each comprising a number of stongly interconnected sub- 
systems. Implementation of such a decentralised control 
scheme requires each subsystem in a cluster to acquire 
knowledge regarding the reference inputs to the other 
subsystems within the same cluster only. This is not a 
prohibitive requirement to satisfy, as usually only the 
neighbouring subsystems need to communicate their ref- 
erence inputs with each others. A main advantage of this 
scheme is the obvious saving in the number of communi- 
cation channels. The saving comes at the expense of a 
slight deterioration in the steady-state performance of the 
overall system, owing to the lack of information at the 
cluster level. In view of the physical nature of intercon- 
nected systems, this performance deterioration is not, in 
general, significant, and therefore does not warrant 
further consideration. 

7.3 Decentralised control structure 3 
In cases where the subsystems of an interconnection are 
weakly coupled no information transfer is necessary. For 
systems of this nature the local state feedback controllers 
take a prominent role and are capable of damping out 
the effects of remote disturbances. This leads to the fol- 
lowing simply structured set of decentralised dynamic 
and static local compensators: 

b( t )  = As uAt) + ~i rXt) (344 

UfC = Y;u,(t) (344 
and 

(35) 

In this way, each subsystem will have its own com- 
pensation network which receives local information only. 
A scheme of this kind means that all components of the 
local control system, i.e. local state feedback controller, 
dynamic compensator, and static compensator will 
respond when the disturbance is local, otherwise only the 
local state feedback controllers will respond. Such a 
control scheme is in line with present day practices, such 
as in the power industry. 

As this structure lacks any form of information trans- 
fer facility, it is expeted that a degree of steady-state offset 
will appear in the static performance of the overall 
system. The magnitude of this offset depends on the 
strength of the interconnection. However, this should not 
constitute a major concern, as a gain adjustment strategy 
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could be easily implemented to eliminate such a static 
offset. Subsystem 1 :  

The completely decentralised control structure, 

manner shown in Figs. 1 and 2. Fig. 1 represents schemes 
1 and 3, and Fig. 2 represents scheme 2. In either case the 
corrective control component is generated from dynamic, 
or dynamic and static, compensators. This is then added 
to the local state feedback control component to form the 

system are given as 

described in this Section, may be implemented in the 0 
i l ( t )  = [ - 4  p:]X,(t) 

0 0.4 
0 0 -0.6 

required control input to each subsystem. yl(d = C1 Olxl ( t )  

local dynamic local dynamic 
compensator 1 compensator 2 

subsystem '1 

- - - - - - - - 
interconnections 

Fig. 1 Schematic diagram of decentralised control, schemes I and 

local dynamic 
compensator N 

- - - - - - - - - 
interconnections 

Fig. 2 Schematic diagram of decentralised control, scheme 2 

8 Numerical example 

In this Section an interconnected dynamical system com- 
prising four subsystems, as shown in Fig. 3, will be con- 
sidered for the application of the proposed decentralised 
control schemes. 

8.1 System description and characteristics 
The 4-subsystems interconnected dynamical system of 
Fig. 3, comprises a total of 9 states, 4 inputs, and 4 
outputs. The dynamical equations governing each sub- 

Subsystem 2: 
0 1  

-17 -8  - 5  -0.5 0.6 

YAt) = c1 0 

Subsystem 3 :  

Fig. 3 Interconnected dynamical system comprising four subsystems Y4(t) = [1 o]x.dt) 
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The relative strength of the interactions among the four 
subsystems is shown in Table 1. Each row in this Table 
represents the percentage interaction of each of the sub- 
systems with respect to the corresponding subsystem. For 
example the value 20.71 in the second row represents the 
strength of the interaction of subsystem 3 with subsystem 
2, and so on. 

Table 1 : Strength of interaction among the subsystems 

Subsystem 1 Subsystem 2 Subsystem 3 Subsystem 4 

(% SI)  (% SI)  ( % S I )  ( X  SI)  

Subsystem 2 1 8 4 3  100 20 71 1 37 
Subsystem 1 100 4 26 0 90 0 06 

Subsystem 3 0 47 2 5 7  100 0 04 
Subsystem 4 0 28 1 54 032 100 

From Table 1 it is easy to conclude that the most 
interaction in the given interconnection takes place with 
subsystem 2. It also shows that although subsystems 1, 3 
and 4 are directly connected to subsystem 2, only sub- 
systems 1 and 3 provide measurable, though weak, inter- 
actions with subsystem 2. The rest of the interactions are 
all almost negligible. 

The analysis presented above may be verified on 
examining the open-loop output responses of the four 
subsystems to a unit step increase in the reference input 
rl.  These responses are shown in Figs. 4-7, from which it 
is clear that, among the rest of the subsystems, the most 
affected by the disturbance is subsystem 2. This is a result 
which can be easily arrived at by looking at row 1 of 
Table 1. Examination of this row shows that subsystem 2 
has the highest strength of interaction with subsystem 1. 

Figs. 4-7 also show that the open-loop system per- 
formance is not satisfactory, as some oscillations are 
exhibited. Therefore an appropriate controller must be 
designed for it in order to improve its transient response. 

..of __---- 

0 4 8 12 16 20 

Fig. 6 
system I 
~ open-loop 
~ ~ _ _  closed-loop 

Subsystem 3 output response to a unit step increase in sub- 

0.03r 

Fig. 7 
system I 
~ open-loop 
~~~~ closed-loop 

Subsystem 4 output response to a unit step increase in sub- 

Fig. 4 
system I 
____ open-loop 

Subsystem I output response to a unit step increase in sub- 
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Subsystem 2 output response to  a unit step increase in sub- 

8.2 Design of optimal controller 
In the following account, a state feedback optimal con- 
troller [21] will be designed for the global open-loop 
system so that, on its application, the oscillations are 
damped out and a satisfactory system performance is 
obtained. The optimal control problem may be stated as 
that of finding the control input u(t) which, subject to the 
constraints given by the dynamical system equations, 
minimises the following cost function: 

r m  

where S and R are the state and control weighting 
matrices. The solution to this is given by u(t)  = Fx(t) ,  
where F is the state feedback optimal control matrix. 
This is calculated from F = R-'BTP,, ,  where P ,  is the 
steady-state solution to the matrix Riccati equation [Zl]. 
If the state and control weighting matrices are chosen so 
that 

S = diagonal(0, 2, 0, 0, 2, 0, 2, 0, 2) 
R = diagonal(1, 4, 2, 1) 
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set of completely decentralised controllers are I obtained. ing 
then the following global optimal state feedback control 
matrix is obtained: 

Application of this controller to the global system results 
in the closed-loop control system having the set of eigen- 
values given by I1 = - 19.5906, I ,  = - 3.9608, 13, = 

Subsystem I : 

0 1  r -0.5791 0 

-0.5152,1, = -0.5791-and I ,  = - 1.5016. 
Figs. 4-7 also show the closed-loop system output 

responses, overlaid on their corresponding open-loop 
responses, to a unit step change in the reference input rl.  
It is clear that a degree of improvement in the system 
performance has been achieved by the global optimal 
controller. 

0 -1.5016 Jui(f) Oi(t) = 0 -0.5152 

l o  

+ [ - ~ ~ ~ ~ ] r l ( t )  

U;< = [-0.0068 0.0009 -0.0837]~,(t) 

U;, = [1.0088]r1(t) 
8.3 Isolation of the dominant modes 
Application of the modes identification algorithm, out- 
lined in Section 4, yields the combined controllability and 
observability measures shown in Table 2. 
From Table 2, it is clear that the most dominant modes 
of the global closed-loop system are I 8  = -0.5791, I, = 
-0.5152 and I, = - 1.5016. Thus only these three eigen- 
values will be retained, as they represent the dominant 
dynamics of the system. The rest will, therefore, be 
assumed to be nondominant. As a result, a 3rd-order 
dynamic compensator is obtained, as follows: 

0 z(t) 
0 -1.5016 O 1  

0 

-0.1520 0.0874 1.2669 -0.0174 

i ( t )  = 0 -0.5152 

[-0'5: 

0.0879 -0.0618 -0.5501 0.0608 r(t) 1 0.1280 -0.0515 - 1.6619 -0.0048 

8.4 Decen tralised controllers 
The decentralised control scheme described in Section 7.3 
will be chosen for this system. This choice is based on the 
analysis made in Section 8.1, where it was established 
that the interaction among the four subsystems is rela- 
tively weak and therefore transferring information among 
the subsystem is not necessary for the conrol purpose. 
Although this choice results in a slight degradation in the 
static performance of the overall system, the advantages 
of having a simple, practical and cost-effective scheme 
outweigh those disadvantages. Accordingly, on using the 
decentralised controller design procedure described in 
Section 8.1, and on incorporating structure 3, the follow- 

u d t )  = CO. 

Subsystem 2:  

L O,(t) = 

+ 

753 O.O561]x1(t) 

0 UZ(t )  
0 -1.5016 " 1  0.5791 0 

0 -0.5152 
0 

0.0874 

. - 0.0515 

&(t) = [ -0.0536 -0.0495 -0.0470]~,(t) 

u;,(t) = [1.0007]rz(t) 

uzr(t) = [-0.0173 0.1299 0.0734]x,(t) 

Subsystem 3 :  

0 
0 -1.5016 

0 

&(t) = [-0.0899 -0.0351 -0.2063]~,(t) 

u;,(t) = [0.9293]r3(t) 

u3,(t) = [0.0008 0.3749]x3(t) 

Table 2: Controllability and observability measures 

Eigenvalues % of W, in y ,  % of VI, in y2 % of W3 in y3  % of W4 in y1 

A, = -0.5791 14.77 33.83 44.05 45.34 
A, = -0.51 52 22.1 8 51.17 52.1 6 95.1 7 
A, = -1.5016 33.5 62.2 80.83 96.86 

A5,  = -1.0306 7 1.6248 70.24 78.32 93.87 98.36 
A, = -0.8982 T 2.0658 96.2 97.36 99.81 99.8 
I. - 
A, = -3.9608 100 100 100 99.92 
A, = -1 9.5906 100 100 100 100 
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Subsystem 4 :  

0 o4(t) 
0 -1.5016 O I  

0 

+ [ - 0.0608]r4(t, 0.01 74 

- 0.0048 

&(t) = C0.0098 0.0143 0.0098]u4(t) 

&(t) = [0.9998]r4(t) 

u4,(t) = [O.Olll 0.0505]x4(t) 

9 Simulation results 

Extensive simulation studies of the four-subsystem inter- 
connection have been carried out. These involved appli- 
cation of each of the three compensation schemes 
outlined in Section 6, incorporating a number of informa- 
tion transfer patterns, ranging from that where each sub- 
system receives information regarding the reference 
settings of all the remaining subsystems to that where no 
information is transmitted from any subsystem to 
another. For space limitation reasons, the simulation 
results of only one case are presented in this paper 
(interested readers can obtain copies of the full results 
directly from the author). The reported case involves 
scheme 2, with no subsystems receiving or transmitting 
any information about their reference input settings, i.e. 

c 
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each subsystem has the decentralised control structure as 
described by eqns. 6, 34 and 35. Figs. 8-11 show the 
simulation results for this case, overlaid on correspond- 
ing centralised optimal control responses. An exami- 
nation of these Figures reveals that the performance of 
the system under the decentralised control scheme is 
satisfactorily close to that under the centralised optimal 
control scheme. 

-0.02 -o.ollv 
0 4 0 12 20 

I I I I I I I I  I 1  

16 

Fig. 10 
system I 
~ centralised 
~ _ _ _  decentralised 

Subsystem 3 output response to a unit step increase in sub- 

0.03 r 

Fig. 11 
system I 
~ centralised 

Subsystem 4 output response to a unit step increase in sub- 

. decentralised 

10 Conclusion 

In this paper a new method for the design of decentral- 
ised controllers for interconnected dynamical systems is 
presented. Three decentralised controller schemes have 
been proposed. In schemes 1 and 3, the subsystem con- 
troller comprises a local state feedback controller, and a 
dynamic feedforward compensator, whereas in scheme 2 
an additional static compensator is involved. Further- 
more, three structures have also been proposed for the 
implementation of each controller. The choice of the 
most appropriate controller scheme and structure to be 
implemented depends on the dynamical behaviour of the 
system. The characteristics of each of the three proposed 
structures can now be briefly discussed. 

(i) The first structure, described by eqns. 6 and 28-31, 
is suitable for all types of interconnected dynamical 
systems. It is, however, most suited to systems with very 
strong interactions. The operational requirement for this 
structure is the knowledge, by each part of the system, of 
all the reference inputs to the remaining parts. In most 
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systems this is applicable and therefore no realisation 
problems arise. Under such a structure, both the state 
feedback controllers and the compensators are oper- 
ational all the time. The overall system performance 
under such a decentralised control structure is very close 
to that under the global one. 

(ii) The second structure, described by eqns. 6, 32 and 
33, is most suited to interconnections where the inter- 
action is strong only among groups of subsystems, owing 
to their proximity and ties to each other. In this structure 
it is necessary for these groups to share information 
about the nature of the reference settings only within 
themselves. This is not an unreasonable requirement 
because transferring some information along relatively 
short distances is not so prohibitive a task. This implies 
that, in this structure, the overall system is subdivided 
into groups, each of which operates under the control 
structure outlined in (i) above. The overall system per- 
formance under such a decentralised control structure is 
also close to that of the global one, as only a minor static 
performance degradation could result. 

(iii) The third structure, described by eqns. 6, 34 and 
35, is most suited to systems with relatively weak inter- 
actions among their various parts. A structure of this 
description requires no transfer of information of any 
kind. In this case, the state feedback controller is oper- 
ational all the time, and the dynamic and the static com- 
pensators are operational only when local disturbances 
occur, i.e. the major control activity takes place in that 
part of the interconnection that experiences the dis- 
turbance. The overall system static performance under 
this controller is expected to show some degradation, but 
this should not be of a major nature. 

Thus, unlike other existing methods, the proposed design 
method is systematic, simple, and adaptable to systems 
with varying degrees of interconnections and interactions. 
The pattern of information transfer can be changed from 
that where no information transfer network is in place, as 
is the case with completely decentralised control schemes, 
to that where some or all parts of the global system inter- 
change information, as is the case with partially decen- 
tralised control schemes. 

The simulation results presented in Section 9 illustrate 
the suitability of the proposed design methds for inter- 
connected dynamical systems. The performance is very 
comparable to the global optimal one, despite the fact 
that no information is transmitted by or received from 
any part of the system. 

11 References 

1 WANG, S.H., and DAVISON, E.J.: ‘On the stabilization of decen- 

2 CORFMAT, I., and MORSE, A.: ‘Decentralized control of linear 

tralized control systems’, IEEE Trans., 1973, AC-18, (S), pp. 473- 
478 

multivariable systems’, Automticn, 1976, 12, pp. 479-495 
3 DAVISON, E.: in HO, Y., and MITTER, S .  (Eds.): ‘Direction in 

large-scale systems’ (Plenum Press, London, 1976). p. 303 
4 ANDERSON, B.O.D., and CLEMENTS, D.J.: ‘Algebraic character- 

ization of fixed modes in decentralized control’, Automticn, 1981, 
17, pp. 703-712 

5 SEZER, M., and HUSEYIN, 0.: ‘Stabilization of linear time- 
invariant interconnected systems using local state feedback‘, IEEE 
Trans., 1981, SMC-8, pp. 751-756 

6 SILJAK, D.: ‘On decentralized control of large scale systems’. Pro- 
ceedings of IFAC 7th World Congress, Helsinki, Finland, 1978, pp. 
1849- 1856 

7 MOORE, J.: ‘On a class of stabilizing decentralized controllers’. 
Proceedings of IFAC Symposium LSS, Zurich, Switzerland, 1986, 
pp. 341-345 

8 ALDEEN, M., and MARSH, J.F.: ‘Modelling of power systems for 
decentralized control’. Proceedings of the 20th Annual Pittsburgh 
Conference on Modelling and Simulation, Pittsburgh, PA, 1989, 
Vol. 20, pp. 639-643 

9 ALDEEN, M., and JAMSHIDI, M.: ‘On a decentralized control of 
large-scale systems via model reduction’. Proceedings of IFAC Sym- 
posium, LSS, Berlin, East Germany, 1989, Vol. 1, pp. 139-144 

10 ALDEEN, M., and MARSH, J.F.: ‘Decentralized proportional-plus- 
integral control design methods for interconnected power systems’, 
IEE Proc. C ,  1991,138, (4), pp. 263-274 

1 1  JAMSHIDI, M.: ‘Large-scale systems modelling and control’ 
(Elsevier, North-Holland/New York, 1983) 

12 ALDEEN, M.: ‘Decentralized control of power systems via inter- 
action modelling’. Proceedings of IEAust, Control 90, August 1990, 
Gold Coast, Queensland, Australia 

13 DAVISON, E.: ’A method for simplifying linear dynamic systems’, 
IEEE Trans., 1966, AC-11, (l), pp. 93-101 

14 LITZ, L., and ROTH, H.: ‘State decomposition for singular pertur- 
bation order reduction: a modal approach, Int. J. Control, 1981,34, 

15 LASTMAN, G., SINHA, N., and ROZSA, P.: ‘On the selection of 
states to be retained in a reduced-order model‘, IEE Proc. D,  1984, 
131, pp. 15-22 

16 ELLIOTT, H., and WOLOVICH, W.: ’A frequency-domain model 
reduction procedure’, Automtica, 1980, 16, pp. 167-177 

17 PEREZ-ARRIAGA, I.J., VERGHESE, G.C., PAGOLA, F.L., 
SANCHA, J.L., and SCHWEPPE, F.C.: ‘Development in selective 
modal analysis of small-signal stability in electric power systems’, 
Automtica, 1990, 26, (2), pp. 215-231 

18 PEREZ-ARRIAGA, I.J., SCHWEPPE, F.C., and VERGHESE, 
G.C.: ‘Selective modal analysis: basic results’. Proceedings of IFAC 
Symposium on Theory and Application of Digital Control, 1982, 
New Delhi, India, pp. 12.29-12.33 

19 MARSHALL, S.: ‘An approximate method for reducing the order of 
a linear system’, IEE Control Conference, 1966, pp. 642-643 

20 CHOW, J.H., and KOKOTOVIC, P.V.: ‘Large scale systems theory 
and applications’, 1976, pp. 321-326 

21 ATHANS, M., and FALB, P.: ‘Optimal control: an introduction to 
the theory and its applications’ (McGraw-Hill, New York, 1966) 

pp. 937-954 

134 IEE PROCEEDINGS-D, Vol. 139, No. 2,  MARCH 1992 


