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Abstract: A simple and computationally efficient 
decentralised control design method is introduced 
for load-frequency control (LFC) in intercon- 
nected power systems. The method is based on 
the use of a reduced-order observer and a 
proportional-plus-integral controller in each area 
of the power system, and ensures zero static 
change in area-frequency and tie-line power. Some 
of the features of the decentralised scheme are 
decentralised implementation of a wide choice of 
feedback controllers, which have been designed 
off-line to meet the requirements of the global 
system; a constraint-free structure for the feed- 
back controller; and avoidance of the need for 
inter-area transfer of data, for the purposes of 
LFC. The proposed decentralised control algo- 
rithms are tested on a computer-based simulation 
of a two-area interconnected power system. The 
simulation results demonstrate that the method 
can give closed-loop performance which is similar 
to that of the equivalent global control system. 

List of symbols 

Dimensions of vectors and matrices are given in paren- 
theses 
d 
U 

U, 
x 
xi  > 
B 
E 
y 
yi 
C 
Ci 
ACE'" = area control error 
&$) = areaconstruction of global control-vector 

(2 x 1) 
p'" 
D@ 

= disturbance vector (2 x 1) 
= control vector (2 x 1) 
= offset control-vector (2 x 1) 
= system state-vector (7 x 1) 
= area state-vector (4 x 1) 
= offset system state-vector (7 x 1) 
= system matrix (7 x 7) 
= input matrix (7 x 2) 
= disturbance matrix (7 x 2) 
= system measurement-vector (3 x 1) 
= area measurement-vector (2 x 1) 
= system measurement-matrix (3 x 7) 
= area measurement-matrix (2 x 7) 

= integral controller state-vector (2 x 1) 
= area-feedback combination matrix (2 x 2) 
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F, = integral feedback gain-matrix (2 x 2) 
Fj) = proportional feedback gain-matrix (2 x 7) 
L(') = error matrix (2 x 7) 

.t2:r = observer estimate of x!,'!, (5 x 1) 

.ti!, = error in estimation of xi?, (5 x 1) 
y i )  = offset measurement-vector (2 x 1) 
d" = observer matrix (5 x 5 )  
H'" = measurement matrix (5 x 2) 
K'" = observer gain-matrix (5 x 2) 
W) = input matrix (5 x 2) 

x'o ",, = subvector of unmeasured system-states (5 x 1) 

1 Introduction 

In the dynamical operation of power systems, it is usually 
important to aim for decentralisation of control action to 
individual areas. This aim should coincide with the 
requirements for stability and load-frequency scheduling 
within the overall system. In a completely decentralised 
control scheme, the feedback controls in each area are 
computed on the basis of measurements taken in that 
area only. This implies that no interchange of informa- 
tion among areas is necessary for the purpose of load- 
frequency control. The advantages of this operating 
philosophy are apparent in providing cost savings in data 
communications and in reducing the scope of the moni- 
toring network. 

In the load-frequency control function, it is necessary 
that the system frequency and the inter-area tie-line 
power are kept as near to the scheduled values as pos- 
sible through control action. The deviations from these 
scheduled values are normally combined and represented 
in the area control error (ACE). The ACE is computed 
within each area, and provides the basis for load- 
frequency control action. 

The important requirement for system stability may be 
conveniently met by adopting a global policy for design, 
based for example on well-established principles of pole- 
placement or optimal control by state-feedback. Where 
such an approach is to be used with decentralised 
control, the state-vector for the entire system should be 
made available for the generation of local feedback 
control signals in all areas. This requirement may be met 
if a reconstruction of the system state-vector is made 
within each area from the measurements taken from 
within that area only, i.e., if the system state-vector is 
observable from area measurements. 

Completely decentralised control is investigated for 
the case of a two-area interconnected power system 
(TAIPS). Area representation is based on the linearised 
single-machine area equivalent (SMAE) model of Elgerd 
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Cl]. This model, a summary of which is given in the 
Appendix, has been the subject of much discussion C2-43 
which has drawn attention to some practical limitations 
but has also highlighted the advantages of the SMAE 
model. 

These advantages include: 
(a) Simplicity and low dimensionality. 
(b) Reasonable accuracy. 
(c) Suitability for simulation and educational purposes, 

especially with regard to the load-frequency control 
problem. 

It is for these properties that the model has been fre- 
quently used for simulating various types of control 
system design [>lo]. Although the Elgerd model, as pre- 
sented in the Appendix, is naturally of seventh order for a 
TAIPS, extensive use has been made in previous load- 
frequency control studies [S, 6, 91 of augmented state- 
vector representations which are of ninth order. The 
augmentation principally arises because of the incorpo- 
ration of the ACE in the TAIPS state-definitions. In 
addition to difficulties which can arise in observability of 
the ninth order state-vector from some desirable low- 
order combinations of area measurements [7], in the case 
of decentralised control there are advantages in incorpo- 
rating the ACE into the controller, rather than the plant. 

State-definitions are assigned directly to the Elgerd 
model of the Appendix. The resulting system description 
is therefore of seventh order, and has the desirable 
property that the state-vector for the global system is 
completely observable from area measurements. The 
observability properties enable the state-vector for the 
entire system to be reconstructed in each area, using 
area-based decentralised observers. A global policy of 
feedback control can then be implemented in a com- 
pletely decentralised manner within each area. Important 
features of the new approach include: 

(i) Area control can remain a function of the area 
ACE, which becomes part of the feedback controller 
structure rather than part of the state-vector 

(ii) Area control action is autonomous in the sense that 
it is a linear functional of measurements obtained in that 
area only 

(iii) The structure of the area controller has a form 
which is identical to that of the global controller. 

The definition of the state-representation to be used is 
given, and candidate global and area measurement 
subsets are defined. The observability and controllability 

properties of the global system state from area measure- 
ments and controls are then examined. An analytical 
treatment of the decentralised PI optimal controller is 
presented, and a philosophy is outlined for controller 
design and implementation. The design of a reduced- 
order observer for each area of the TAIPS is described, 
and a discussion of special characteristics which arise 
because of complete decentralisation of the information 
input to each observer is included. The theoretical pres- 
entation is completed with a summarised specification for 
the closed-loop control system comprising a reduced- 
order observer and PI controller for each area. A case 
study of the application of the decentralised controller 
design method to the TAIPS is described, and simulation 
results are presented and discussed. 

The seventh-order, 2-input, 2-disturbance state-space 
representation for the TAIPS is then 

i. = Ax(t) + Wt) + Eqt)  (1) 

2 Multivariable system description 

2.1 State-definition 
The following state-, control- and disturbance-vectors are 
defined with respect to the Elgerd model of the Appen- 
dix : 
area state-vector 

xi = CAPPtie,i Ah APgi AxoiIT 

global state-vector 

[&tie Afl Axwl 4 2  A P g 2  k 2 i 7  
where 

&tie = APPrie. 1 = -&tie, z 

area controls Apcl and Appc2, giving rise to the global 
control vector 

" = CAP,, APczlT 

and area disturbances Apdl and Apd2, giving rise to the 
global disturbance vector 

A 
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In a practical scheme for feedback control of a TAIPS, 
some of the elements of the global or area state-vectors 
are unlikely to be made available in a SCADA system as 
the result of direct measurement. In the present study of 
decentralised load-frequency control, design is to be 
based on a restricted subset of measurements which 
would normally be available within a computer data- 
base. The use of the SMAE as the basis for modelling 
area behaviour raises practical issues relating to a 
lumped interpretation, in the model, of measurements 
which would be either distributed or single-point values 
when taken from an actual system. The inclusion in a 
measurement subset of tie-line power is intuitively admis- 
sible, and presents no problems in practical interpreta- 
tion. If the assumed single link between the two areas 
actually consists of a number of parallel paths, the values 
on each line could, in principle, be synchronously mea- 
sured and then aggregated to give a lumped value. A 
similar argument applies in the case of power generation 
level if coherency is assumed. A lumped value in each 
area could be obtained in principle from simple aggre- 
gation of the measured output power at each generating 
unit. In the case of area frequency, a single-point mea- 
surement would normally be taken in each area. Depend- 
ing on the type of instrument installed, and factors such 
as sampling period and signal processing, the value 
received at a given instant through the telemetry system 
would depend on the location of the frequency trans- 
ducer in the area network owing to non-coherency of the 
actual system. Although the range of variation would be 
small, it is not obvious how to obtain a single value 
which is representative of each area taken as a whole. 

Measurements of tie-line power and area generation 
only are assumed to be possible. The general results pre- 
sented for area observability and the design procedure for 
decentralised control may be extended without condition 
if area frequency measurements are substituted for area 
generation. The following area measurement models are 
therefore defined: 

YlW = C,X(t) 

where 

1 c1=[ 0 0 1 0 0 0 0  
1 0 0 0 0 0 0  

and 

where 

1 Cz=[ 0 0 0 0 0 1 0  
1 0 0 0 0 0 0  
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Aggregation of the area measurements gives rise to the 
global measurement model: 

At) = CX(t) 

where 

1 0 0 0 0 0 0  
0 0 1 0  0 0 0 
0 0 0 0 0 1 0 ~  

3 Structural properties 

3.1 Observability 
It is necessary to establish that the TAIPS state-vector 
may be reconstructed from appropriate measurements 
taken on the power system so that a design for decentral- 
ised control may proceed. Observability of the global 
state-vector from the global measurement set is first 
examined. Observability from each of the area 
measurement-sets is then established. 

3.1.1 Global observability 
The condition for observability of the global state-vector 
from the global measurement set is 

rank{M} = n = 7 

where 

-=[  CA6 "1 
is the Kalman observability matrix. 

The condition is satisfied if seven rows of the matrix M 
can be shown to be linearly independent. It turns out 
that such a subset of rows of M may be assembled from 
the rows of the matrices C, CA and CA2 only, i.e., the 
system has observability index 3 with respect to the 
global measurement set. Let the (7 x 7) matrix so formed 
be denoted M 7 .  Then the rank test on M is equivalent to 
rank{M7} = 7. To simplify the analysis of conditions 
under which the rank test will hold, it is convenient to 
select particular rows from the matrices C, CA and CA2 
so that M7 is close to triangular form. Some column 
exchanges are then made so that M7 is transformed to 
strictly upper triangular form. Sufficient conditions under 
which rank{M7} = 7 are then given by inspection of the 
diagonal elements of the upper triangular matrix. Each 
diagonal element should be non-zero for full rank. Let 
[ . I i  denote the ith row of the matrix in the square 
brackets. Let M7 comprise the following seven rows of 
matrix M: 

L c q 3  _I 
If the following pairs of columns of M7 are exchanged: 
column 1 with column 2; column 3 with column 4; and 
column 6 with column 7; an equivalent matrix is 
obtained which is strictly of upper triangular form. 
Inspection of the diagonal elements of the transformed 
matrix then leads to condition 1 for global observability. 
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Condition I: The global system state-vector is completely 
observable from the defined global set of measurements if 
all TAIPS parameter values are within the positive, finite 
range. 

3.1 2 Area Observability 
The conditions for observability of the global state-vector 
from each area measurement set alone are 

rank{M(i)} = rank{ [ ?]] = 7 i = 1 , 2  

C, A6 

For each area in the TAIPS, a (7 x 7) submatrix with the 
required rank property for observability can be 
assembled from the matrices Ci, C, A, Ci A2 and Ci A3, 
i.e. the system has observability index 4 with respect to 
measurements local to either area. Let the (7 x 7) 
matrices so formed be denoted M,(i), where i is an area 
index, i = 1, 2. A procedure similar to that described for 
the global measurement case is applied to the area 
matrices M7(1) and M7(2), to effect transformations to 
triangular form. 

Area 1: Let M,(1) comprise the following 7 rows of 
matrix M(1): 

M7(1) = 

If the following pairs of columns of M,( l )  are exchanged 
in sequence: column 3 with column 4; column 1 with 
column 4; and column 2 with column 3;  then an equiva- 
lent matrix is obtained which is of strictly lower triangu- 
lar form. 

Area 2: Let M,(2) comprise the following seven rows of 
matrix M(2): [E!] CC2 A '1 

CC2A2I2 
cc2 A12 

c c 2 1 2  

M7(2) = 

If the following pairs of columns of M,(2) are exchanged: 
column 1 with column 4; column 2 with column 3 ;  and 
column 6 with column 7; then an equivalent matrix is 
obtained which is of strictly upper triangular form. 

Following the procedure described, inspection of the 
diagonal elements of the transformed matrices for areas 1 
and 2 leads to condition 2 for area observability. 

Condition 2: The global system state-vector is completely 
observable from the defined measurements local to each 
area if all TAIPS parameter values are within the posi- 
tive, finite range. 

Condition 2 is always met in practice, and hence the 
global system state-vector may be reconstructed within 
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each area of the TAIPS from measurements taken locally 
in that area only. A basis for decentralised multi-variable 
feedback control therefore exists, provided that the 
system state-vector is fully controllable from the total set 
of area controls. 

32  Controllability 

32.1 Global controllability 
The condition for controllability of the global state- 
vector from the global set of area controls is 

rank{* = n = 7 

where 
N = [ B  AB ... A 6 a  

is the Kalman controllability matrix. 
This condition is satisfied if seven columns of the 

matrix N can be shown to be linearly independent. It 
turns out that such a subset of columns of N may be 
assembled from the columns of the matrices B, AB, A2B 
and A3B only, i.e. the system has controllability index 4 
with respect to the global set of area controls. Let the 
(7 x 7) matrix so formed be denoted N 7 .  The rank test 
on N is then equivalent to rank {N,} = 7. To facilitate a 
simple analysis of the conditions under which the rank 
test will hold, a particular selection of columns from 
matrices B, AB, A2B and A3B can be made so that N7 is 
in lower triangular form. No further transformation of 
N ,  is necessary. Let [ . I i  denote the ith column of the 
matrix in the square bracket. Let N7 comprise the follow- 
ing seven columns of matrix N: 
N7 = 

CCA34' ['@a1 C A N  [a1 c A 2 a 2  c A a 2  ca21 
Inspection of the diagonal elements of this lower triangu- 
lar matrix leads to condition 3 for global controllability. 

Condition 3: The global system state-vector is completely 
controllable from the global set of area controls if all 
TAIPS parameter values are within the positive, finite 
range. 

Condition 3 is always met in practice, and a sound 
structural basis for the design of area-based, completely 
decentralised feedback controls therefore exists, for a 
TAIPS. 

4 Decentralised controller 

4.1 Global optimal linear regulator 
In the TAIPS state-space model 

f = A d t )  + Bu(t) + E q t )  (1) 
the term Ed(t) represents the input mapping caused by 
power system disturbances qt) .  The basic theory of 
optimal linear regulators [ l l ,  12) is generally not applic- 
able to dynamic systems which are subject to dis- 
turbances. Optimal linear regulators are capable of 
compensating for changes in initial conditions within the 
system by forcing all system states and control variables 
to zero in an optimal way according to a specified cost 
function. Only in the special case of impulsive dis- 
turbances occurring at the time-origin is the response of 
the system to applied disturbances equivalent to the effect 
of initial conditions. When an input disturbance of a non- 
impulsive type occurs, the standard optimal linear regula- 
tor fails to restore the desired zero equilibrium condition. 
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In the case of constant input disturbances, a steady-state 
error will be present in the system states. 

A simple way of allowing for this effect in the case of 
step disturbances [SI is to make a change to the imposed 
initial conditions, equivalent to the steady-state error. 
Standard optimal control theory can then be applied to 
the offset system. In this case, the state- and control- 
vectors are redefined in terms of their steady-state values 

XAt) = X(t) - 1, 

U&) = U ( [ )  - U, 

and 

The system state-space model of eqn. 1 may then be 
written in terms of offset variables x, and U, as 

X"(0) = - x, 

and 

U,(O) = - U, 

4 2  Integral control 
The prime objective of load-frequency control is to 
achieve zero steady-state frequency deviations in all areas 
of the power system and at the same time ensure that 
each area supplies its own load demand in steady-state 
conditions, i.e. to give zero static change in tie-line 
powers. Both of these objectives are achieved if the ACE 
is forced to have zero steady-state value in response to a 
step disturbance. This suggests that the control scheme 
must include area integrators, the inputs to which are the 
ACES. The integrators may be introduced into the 
control system in the following way: Let the ACE for 
area i be defined as 

ACf l i )  = Bfi AfXt) + &si=. At) 

where B,i is the frequency-bias constant for area i. Define 
the system error, e@), for the TAIPS as 

where L is a constant (2 x ?-dimensional mapping 
matrix. Introduce an external state-vector At), the ele- 
ments of which are the integral of ACE"' and ACE'" 

At) = L~(T)  dr + po = L x.(T) dr + po ld 
or 

f i t )  = e(t) = Lx,(t) 

Po = P(0) 
Clearly, p is a two-dimensional state-vector of the inte- 
gral controller. 

4.3 The global optimal control problem 
The combination of eqns. 2 and 3 results in the following 
augmented system stateequation : 

(3) 
with 

io(.) = A, xAt) + B,, U,,@) 

initialised by - -  
(4) 

where 

and 

The optimal control problem is now to find the controls 
U&) which, subject to the constraint given in eqns. 4, 
minimise the following cost function: 

J,, = [x,%)Q, %(T) + U%)R%(T)l dr ld 
Ll 

where Qa is the block-diagonal matrix 

in which Q7 is a (7 x 7) positive-semidefmite weighting 
matrix for the system states; Q2 is a (2 x 2) positive- 
semidefinite weighting matrix for the integral states and 
R is a (2 x 2) positivedefinite weighting matrix for the 
controls. 

4.4 Global optimal PI controller 
Following the establishment of the controllability proper- 
ties for the system, as expressed by condition 3, the solu- 
tion to the control problem is given by design of the 
matrix Fa in the feedback-control law 

U&) = Fa XAt) 

For an infinite-time regulator [ll, 121 the state-feedback 
matrix is constant, and is given by 

Fa = - R -  ' BZP, 

where P, is the steady-state solution to the matrix 
Riccati equation 

f i t )  = -Q,, - P(t)A, - ATP([) + P(t)B,R-'BTP(t) 
If P is partitioned as 

then 

um(t) = FpX.(t) + F, e(r) dr ld 
where 

Fp = - R-'BTPlln 

and 
F, = - R - ~ B ~ P , , _  

in which Fp and F, are constant feedback matrices, rep  
resenting proportional and integral feedback gains, 
respectively. 

The control law of eqn. 5 may be written, with the use 
of eqn. 3, as 

U(t) = U, + FpX(t )  - F p X ,  + F, 
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where 

X, = Yd( t )  

U, = @d(t) 

and 

@ = (BTB)-’BT(AY + E )  
In eqn. 7, the (7 x 2)-dimensional transformation matrix 
Y is uniquely determined once the operational specifi- 
cations are established for the interconnected areas. To 
achieve complete decentralisation, eqns. 7 and 8 are par- 
titioned in the following way: 

and 

where d ,  and d,  are the scalar elements of the constant 
disturbance vector d. 

The PI-controller is summarised in the block-diagram 
of Fig. 1. 

rh rh 
- 1  

“ 3- 

global system model 

optimal PI controller 

I - I 

L&T+ e-P 

Fig. 1 Global control scheme 

4.5 Decentralised controller 
The global optimal feedback controls are given, from 
eqns. 3 and 5, by 

um(t) = Fpx.(t) + FJ L x(s) ds (9) sd 
or, alternatively, by 

um(t) = FPxm(t)  + F J P ( r )  (10) 
The state-vector x,(t) is not fully available by direct mea- 
surement in each area. Since x,(t) is completely observa- 
ble from area measurements, a reconstruction of the 
system state can be generated in each area by means of 
an appropriately designed area-based observer. 

In the design of the feedback control scheme, it is 
necessary in the feedbackcontroller defined by eqn. 10 
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that x,(t) should be replaced by its area-based, observer- 
generated reconstruction kf4t). Since the integral control- 
ler state-vector At) is a linear function of x,(t), then At) in 
eqn. 10 becomes an area-based, linear function of ft’(t), 
and should be replaced, in eqn. 10, by pti)(t). The right- 
hand side of either eqn. 9 or eqn. 10 will then generate an 
area-based construction of the global system control 
vector, which is described by 

gyt) = FPk?)(t) + F,p‘O(t) (1 1) 
The (2 x 1)-dimensional vectors PY’(t) and I!,”(t) contain 
elements which represent constructions, in areas 1 and 2, 
respectively, of the complete set of feedback-controls for 
both areas of the TAIPS. These area-generated vectors 
must be combined to form the control vector U&), which 
is the actual input to the offset TAIPS model given in 
eqn. 2. The following linear combination is used: 

U&) = zwi:1’(t) + BZ’ip(t) (12) 
The elements for the (2 x 2)-dimensional matrices D“’ are 
chosen to meet the requirement for decentralisation of 
feedback-controls. 

The procedure described results in the complete decen- 
tralisation of the control task to the two areas of the 
TAIPS. The design procedure may be completed with a 
full definition of the observers and controllers for the two 
areas. 

5 Decentralised observers for power systems 

The area observability properties stated in condition 2 
ensure that the complete system state-vector may be 
reconstructed within each area by means of a suitably 
designed observer. A wide range of designs suitable for 
use with power systems is available. In the present study, 
each of the area measurements defined is made directly 
on a state-variable. The problem of state-reconstruction 
within each area may therefore be confined to estimation 
of the remaining five states in the TAIPS state-vector, 
which leads to a reduction in the dimension of the algo- 
rithm used for state-reconstruction. It is appropriate to 
examine the design of a reduced-order observer [13, 141 
for each area. A simple linear transformation is first 
applied so that the subset of measured states may be dis- 
tinguished from the remaining states in the TAIPS state- 
vector in each of the two areas. 

Consider the TAIPS dynamics described by 

in@) = Ax&) + Ikr,(t) (2) 
In view of the relation between x, and the state-vector x, 
the measurement equation which accompanies this 
dynamical description is 

yf(t) = Cix,(t) i = I, 2 (13) 
where y:) is a (2 x 1)-dimensional vector, considered as a 
set of offset measurements for area i. Consider the ele- 
ments of the system state-vector x, to be ordered and 
partitioned as 

where x , ,~  is the sub-vector of system states which are 
observed directly by the global measurement set, and x“, , 
consists of the remaining elements of x,. It is useful for 
the design of the area observers to extend this notion of 
partitioning to each area, by means of the definitions 
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where xFd is the sub-vector of system states which are 
observed directly by the measurement set in area i, and 
xt!, consists of the remaining elements of x,. Hence 
represents a simple area-indexed re-ordering of the ele- 
ments of x,, and the two vectors are related by an 
orthogonal connection matrix f i i )  

x:)(t) = T")x,(t) i = 1, 2 (15) 
Application of this relationship to eqns. 2 and 13 gives a 
re-ordered form of the system dynamical and measure- 
ment equations, as perceived within area i 

i:)(t) = A'"x:)(t) + B'"u,(t) 

and 
y:)(t) = ( i )  

1" ( t )  
where 

and 

fl) = ci p ) T  = [I 01 

5.1 Reduced-order observer 
A standard procedure for the design of reduced-order 
observers may now be applied to the suitably trans- 
formed TAIPS model. The following summary is drawn 
from the detailed descriptions given in References 13 and 
14: 

The structure of the reduced-order observer for area i 
is given by 

p ( t )  = G(i)z(i)(t) + Hc"yt)(t) + W'"U"(t) (16) 
where z(O is the (5 x 1)-dimensional reduced-order obser- 
ver state-vector for area i. 

The state-estimate for x:!, is given by 

P:,),(t) = Z(i)(t) + P y ? ( t )  (17) 
The matrices G"), H'" and W(') are obtained from 

@) = A"' - gci)A"' 
dr 

p )  = G(i)fl)  + A") - fii)A(i) 
rd dd 

and 
p@i) = q i )  - xI"&l' 

The remaining matrix e), termed the 'observer gain 
matrix', is chosen so that the observer has an acceptable 
dynamical response. Let the observer error be deiined as 

q r ( t )  = xC!,(t) - a:!,([) 
The observer error dynamics are then described by 

- - (A:) - f l )A( i )  e)xm,,(t) -0) = G")i:!,(t) (18) 

with an initial condition %:!LO). The state-estimate .t:!,(t) 
will converge to x:!At) from an arbitrary initial condition 
provided that eqn. 18 is asymptotically stable, i.e., if R" 
is chosen so that all eigenvalues of the matrix G") have 
negative real parts. In practice, x?" is chosen such that 
the observer has dynamics an order or so faster than the 
dominant dynamics of the power system. Any established 
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method for pole-placement or optimal control design 
may be used for the computation of Typical pro- 
cedures are described in References 11,12 and 15-17. 

52 Fully decentralised observers 
In the procedure described for the specification of a stan- 
dard reduced-order observer, the control input to the 
observer is identical to the control input to the system, as 
stated in eqn. 16. This structural characteristic gives rise 
to the desirable asymptotic behaviour of the observer 
error dynamics, namely that following an initial transient, 
the observer output will track the system state precisely 
in the presence of general time-varying inputs. In the 
TAIPS control scheme, the system input U&) is given by 

U&) = DW!,~)(~) + D'2)li'.f)(t) (14 
where and i:') are the locally generated constructions 
available as control inputs to the observers in areas 1 and 
2, respectively. In a completely decentralised scheme, 
with no data communication between areas, the control 
input to the observer in area i consists of the locally gen- 
erated signal #)(t) only. With u, in eqn. 16 replaced by 
fit), the observer error dynamics then become 

(D(i)i$) + D(J>fitfl) - W(i)$i) 

i = l , 2 ; j = l , 2 ; j # i  

It is clear that the terms in and ii2) in this expression 
cannot be simultaneously cancelled by any choice of fl). 
In the case of a fully decentralised control scheme, the 
observer error dynamics can be stabilised by selection of 
matrices f i l l  and fi'), but will exhibit a non-zero bias 
which is a linear function of the control inputs to both 
observers, in the steady-state. This would suggest that, 
unlike the conventional reduced-order observer with full 
knowledge of the system control inputs, the TAIPS area 
observers might not track the system state asymp- 
totically. Area integral-controllers are incorporated into 
the local feedbackcontrols for the TAIPS. This ensures 
that both the control inputs applied to, and the state- 
estimates generated by, each area observer move asymp- 
totically to zero in the steady-state following the 
application of a step disturbance to the TAIPS, provided 
that the observers are designed to be stable. In the case of 
fully decentralised TAIPS control, observer estimation 
errors will occur each time the system receives a new step 
disturbance. These transient estimation errors will decay 
asymptotically as the system dynamics approach the new 
steady-state. 

6 Closed-loop system 

Equations for the implementation of the fully decen- 
tralised closed-loop control system may be completed for 
each area of the TAIPS. A set of dynamic equations in 
the system, observer and integral-controller state- 
variables are presented, which may be checked for stabil- 
ity of the overall closed-loop system, incorporating area 
observers and controllers. 

6.1 Area controllers 
Following the approach described earlier, the global 
control signals derived from a reconstruction of the 
system state may be written as 

fi,(t) = FP2"(t) + F,p(t) 
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Application of the transformation defined by eqn. 15, 6 3  Systemdynamics 
together with the replacement of p(t) by its area-based 
equivalent p(')(t) as described earlier, leads to an expres- 
sion for area-based controls 

Using eqn. 12 for combination of the area-constructed 
control inputs to each observer, the system dynamical 
equations described by eqn. 2 can be expressed in the 

Q(t) = Fp P)ri:>(t)  + F,p"7(t) 

where 

since states x:!,(t) are measured directly. 
Let 

form 
(19) 

in([) = Ax'," + flD(l)i!,l)(t) + D(2)i?i2)(t)] 
Substituting eqn. 22 into this equation gives the state- 
space form 

where I$!d and Pi!, are (2 x 2) and (2 x 5) submatrices 
of the transformed proportional feedback matrix I$$), 
respectively. Use of this with eqn. 19 gives 

6.4 Integral-controller dynamics 
Replacing the state-vector x, by its estimate k, in eqn. 3 
for the integral-controller dynamics gives 

iip(t) = Fpdy:'(t) + I$!.?::&) + F1p'$t) (20) 

Substituting eqn. 17 into eqn. 20 gives the equation for 
implementation of area feedback controls 

With the aid of eqn. 13 the area controls may altemative- 
ly be expressed, in terms of the system, observer and 
integralcontroller state-variables, as 

62 Area observes 
Since the actual control vector available for input to the 
redud-order observer operating in area i is generated 
by eqn. 21, the actual observer dynamics in this case will 
be given by 

f i t )  = Ll"(t)  

Substituting the transformation eqn. 15 into this equa- 
tion gives 

(27) p(t) = L(i)kt'(t) 

where 
L(i) = ~ p ) r  

With L(') partitioned as 
L'O = [Lp' : L f ) ]  

and with the substitution of eqns. 14 and 17 in eqn. 27, 
the equation for implementation of the area integral- 
controller is obtained as 

p ( t )  = [Lf' + L!"K'iqjI!i'(t) + L!i)z"'(t) (28) 
With the aid of eqn. 13, the integral-controller dynamics 
may be alternatively expressed, in state-space form, as 

Q"'(t) = [ L p  + L!"K"']C,X"(t) + Lf)z(i'(t) (29) 

P ( t )  = G"""7(t) + H")Jp(t) + w(9ei(,l)(t) (23) 6.5 Closed-loop system 
The overall closed-loop control system may be represent- 
& by the following homogeneous set of state equations: Substituting eqn. 21 into eqn. 23 gives the equation for 

implementation of the area-observer Defining 
p ( t )  = [C"' + *"p" P. I ]p(q 

+ + [II'" WV,p'i'(t) + w"{Fpp + FgpP}b:'(t) (24) &)=E] 
With the aid of eqn. 13, the area-observer dynamics may 
be alternatively expressed, in state-space form, as the equations for the closed-loop system are obtained 

from eqns. 26,29 and 25 as %" = [CC" + Wi)F$!,]Z(f)(t) 

+ [IP + Wi){)F61, + fii,@"}]CiX&) f i t )  = A,X(f) 

do) = x o  

+ w'", p"'(t) (25) 1 initialised by 
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in which 
r'" = F'dl + p) 

The eigenvalues of the matrix A, may be computed to 
provide a check on the stability of the overall control 
system, including area observers and controllers. 

d 

from area 2 
controller 

to area 2 
observer t global system model _ _ _ _ - _ - - - -  --- 

area I reduced order observer Y(A' I - 
area 1 optimal pi-controller I 

U -  

Fig. 2 Decentralised control scheme 

pmted, 1 = p r m d .  2 = 2ooo MW 
HI = H ,  = 5 s  

D ,  = D ,  = 0.00833 PU MW/HZ 

TI = q, = 0.3 s 
T,, = T,, = 0.08 s 

RI  = R,  = 2.4 Hz/pu MW 

Ptie, IMz = 200 MW 
6: - 6; = 30" 

TI, = 271 cos (S: - 6;) = 0.545 pu MW 
profed 

APdl = 0.01 pu MW 

APdz = 0 

Let the system error equations be defined as 

el(t) = ACE")(t) = ApIie(t) + B,, 4fl(t) 

e&) = ACE(')(t) = -ApIi&) + B,, Af2(t) 

and 

where B,, and B,, are the frequency-bias settings for 
areas 1 and 2, respectively. These values will be taken [l, 
51 as 0.425. In the error/state relationship expressed by 
eqn. 3 

O O 1  
L=[ 1 0.425 0 0 0 

- 1  0 0 0 0.425 0 0 

Let the matrices Q7,  Q,  and R be defined as 

Q7(1, 1) = 1.6; Q7(2, 2) = Q7(5, 5) = 1.0 

with all remaining elements of Q7 set to zero. 

I Q 2 = R = I z  

the (2 x 2) identity matrix. 

back matrices Fp and F, are evaluated as 
For the data given, the optimal state and output feed- 

0.6460 -0.8478 - 1.1953 -0.2796 0.0509 0.0766 
F p = [  -0.6460 0.0509 0.0766 0.0160 -0.8478 - 1.1953 -0.2796 

and 
The TAIPS state-vector x(t) is obtained from the offset 

equation 

40 = + 1, 
= x&) + Y4t) 

A block-schematic of the proposed decentralised control 
scheme is shown in Fig. 2. 

7 Casestudy 

The decentralised control design method previously 
described was applied to a case study for a TAIPS. The 
global PI optimal controller was designed, followed by 
the local redud-order observers. The observers and PI- 
controllers were then combined to form the decentralised 
control scheme. 

7.1 PI-controller design 
Based on the representation described in the Appendix, 
and the derived state-space model, the following data [l, 
51 is used for the design and simulation of the proposed 
control scheme. 
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The area feedback controls are combined, in accordance 
with eqn. 12, using the matrices 

The global optimal PI-controller designed will be imple- 
mented in a completely decentralised manner. 

72 Observer design -area 1 
The following vector definitions are required in support 
of the observer design for area 1 : 

x y ( t )  = [[x:!'dt)]T : [x:3t)]q' 

yil)(t) = [&tie ApgiIT 

= [&tie : 4 1  4 2  'Pg2 hv21T 
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1 
and 

4 = CAP,l APc21T 
Then 

0 0 10.545 0 
0 -3.333 I 0 3.333 

-6.0 6.0 j -0.05 0 
0 0 I -5.21 -12.5 
6.0 0 I 0 0 
0 0 I O  0 
0 0 I O  0 

0 0 1 0  12.5 0 0 0 ' 

1 0 1 0  0 0 0 0 
0 1 1 0  0 0 0 0 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

0 0 1 0  0 0 0 1 2 . 5  1 [ 
1 

[ A''' = 

B"' = 

0 1 '  = 

and 

1 an>l)=[" 12.5 0 0 0 ' 
0 0 0 0 12.5 1 

-0.545 0 0 

0 0 0 0 0 0 "1 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ -  

-0.05 6.0 0 
0 -3.333 3.333 

-5.21 0 -12.5 

7.3 Observer design -area 2 
The following vector dehitions are required in support 
of the observer design for area 2: 

X$Z'(t) = [[x$:&)l' : [x:yt)]=]' 

I = [APtie A~p112: A P ~ I  &I 4 2  4 1  AxvzI' 

R'@) = CAPtt. APp,2IT 
and U&) is as defined for the observer in area 1. [-I 01 0 0 0.425 

Then 

L(l' = 1 0 I 0.425 0 0 

0 0 I O  0 -0.545 0.545 0 
0 -3.333 I 0 0 0 0 3.333 - - - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - -  c 0 0 I -3.333 3.333 0 0 0 

The eigenvalues for A:) are: Al = - 13.29; A2. = - 1.3 + j2.51; 1, = - 12.5 and 1, = -0.05. The reduced-order 
observer design problem is to 6nd fi" so that the matrix 
[A:' - @')A$'] in eqn. 18 is asymptotically stable. For a 
satisfactory response, the desired observer eigenvalues 
were chosen as 

1; = -12.43 

1;. = - 1.35 f j2.5 
12 = -1.5 

and 

1: = -13.3 

For this case, the observer gain matrix K"' is evaluated 
as 

0.3777 -0.141 -0.2133 0.0363 0.0771 ' 
-0.8867 0.3516 -0.0246 0.0131 0.0123 1 K'" = 

From this result, the observer state, control and dis- 
turbance matrices are given by 
0 1 )  

-0.256 2.9553 0.206 0 
-5.1312 -13.672 -0.0768 0 

0.1163 0.082 -0.1663 6.0 
-0.0198 -0.0436 0.0198 -3.333 3.333 
-0.042 -0.0408 -5.166 0 -12.5 

[ 4.3056 0.9162 -0.0736 0.0425 0.0377 1 Ml) = -6.5572 0.0058 6.2856 0.1305 0.1283 ' 

212 

0 0 j 0 -12.5 0 -5.208 0 
6.0 6.0 0 0 -0.05 0 0 

-6.0 0 I 6.0 0 0 -0.05 0 
0 0 I O  0 -5.208 0 -12.5- 

0 0 1 0  12.5 0 0 0 ' 
0 0 1 0  0 0 0 12.5 1 

1 [ 0 l I 0  0 0 0 0 
1 0 1 0  0 0 0 0 

and 

[-1 0 10 0 0.425 0.425 0 0 "1 1 0 1 0 0  0 

The eigenvalues for A:' are: = -1.3 f j2.51; 1, = 
- 13.29; 1, = - 12.5 and 1, = -0.05. 

The reduced-order observer design problem is to find 
R2) so that the matrix [A:' - i F Z ' A $ ~  in eqn. 18 is 
asymptotically stable. For a satisfactory response, the 
desired observer eigenvalues are chosen as 

= - 1.35 f j2.5 

1: = -13.3 
12 = -1.5 

and 

1: = -12.43 

For this case, the observer gain matrix K") is evaluated 
as 

-0.0363 -0.0771 -0.3777 0.2133 0.141 ' 
0.0131 0.0123 -0.8867 -0.0246 0.3516 1 
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From this result, the observer state, control and dis- 
turbance matrices are given by 
G ( Z )  = 

1 -3.333 3.333 -0.0198 0.0198 -0.0436 
0 -12.5 -0.042 -5.166 -0.0408 

0 -0.2558 0.2058 2.9554 
0.1163 -0.1663 0.082 

0 -5.1312 -0.0768 -13.672 

1 ,.p) = -0.1305 -0.1283 6.5572 -6.2856 -0.0058 [ 0.0425 0.0377 4.3056 -0.0736 0.9162 

and 

0 12.5 0 0 0 c 0 0 0 0 12.5 1 w@) 

8 Simulation results 

The decentralised controller designed for a TAIPS has 
been tested in a simulation study where a one percent 
step increase in the load demand in area 1 is experienced, 
with no change to the load demand in area 2. The simu- 
lated responses of incremental tie-line power, area 1 fre- 
quency and area 2 frequency are shown in Figs. 3,4 and 
5, respectively. The responses of the corresponding vari- 
able of the same system experiencing the same change in 
load demand, but under a centralised controller, are 
superimposed on these Figures. Examination of the 

-2.51 . . , . . I I I _I 

0 1 2  3 L 5 6 7 8 9 10 
time. s 

Fig. 3 Tie-line power responses 
1% step in- in load demand 
AlCUl  
_ _ _ _  dcccntralircd 
__ ceatraliscd 

i '  
-101 J . , . . . I . I I 1 

0 1 2  3 L 5 6 7 8 9 10 
time, s 

Fig. 4 Frequency responres 
1% step in- in load demand in ana 1 
_ _ _ _  deccntraliscd 
~ ccntraliaed 
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responses reveals good correspondence between the per- 
formance of the decentralised and centralised controllers. 

" " " 
4 5 6 7 8 9 10 

time, s 

Fig. 6 Frequency responses 
1% step increasc in load demand in Area 1 
_ _ _ _  deaUValised 
~ antralisod 

In each case the deviations in area frequency and tie-line 
power are restored to zero in the steady-state following 
the application of the load disturbance. Since the tie-line 
power returns to its scheduled value in the steady-state, it 
is evident that the imposed change in load demand in 
area 1 is completely met by area 1 generation, in the 
steady-state. The simulated system is seen to respond 
more slowly, with greater overshoot, in the case of decen- 
tralised control. This is because of the presence of the 
observers in the decentralised scheme, and arises from the 
time taken for the area observers to settle following a 
load demand change. Although some improvement could 
be obtained in principle, by specifying faster dynamics for 
the area observers, this may be offset in practice by an 
increase in the susceptibility of the observer outputs to 
noise. 

9 Concluding remarks 

A fully decentralised feedback control scheme has been 
proposed for use with multi-area interconnected power 
systems. A detailed design procedure together with simu- 
lation results have been presented for the case of two 
interconnected areas (TAIPS). The decentralised control 
scheme makes use of a reduced-order observer and a PI- 
controller operating within each area. 

Each area controller utilises output feedback from a 
set of measurements comprising the total area power gen- 
eration and the inter-area tie-line power. Area measure- 
ments are then used for the reconstruction of the global 
system state-vector within each area, using the area 
observer. This enables a global feedback strategy to be 
implemented directly at area level. Area feedback con- 
trollers are obtained from a simple partitioning of a glob- 
ally designed feedback matrix. An important advantage 
of the proposed scheme is that a wide range of controller 
design options, including optimal control and pole- 
placement can be accommodated. The PI-controller 
element is included in the general design to ensure zero 
static error in the system frequency and scheduled tie-line 
power. 

The proposed controller has been developed in con- 
junction with the single-machine area-equivalent model 
of Elgerd for the case of a TAIPS. The scheme is applic- 
able to a wide range of model representations for power 
systems provided that the system state-vector may be 
reconstructed from area measurements. 
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The decentralised control scheme has bcen tested in a 
simulation of a two-area interconnected power system 
(TAIPS). The response of the system with decentralised 
control is shown to be close to that of the same system 
under centralised control The difference can be attributed 
to the presence of the area observers used in the dencen- 
tralised case. The static errors in system frequency and 
tie-line power are zero as anticipated. 

From an operational point of view, the complete 
decentralisation of control achieved with this method has 
considerable attraction for systems with area intercon- 
nections more complex than in the case of the TAIPS. 
The research is therefore being extended to establish 
whether other classes of area interconnection (e.g. radial, 
ring, or combinations) exist for which the system state is 
observable through area measurements. The decentral- 
ised strategy described would then be directly extendable 
to such cases. 

10 References 

1 ELGERD, 0, and FOSHA, C.: ‘Optimum megawatt-frequency 
control of multi-- electric energy systems’, IEEE Tram., 1970, 

2 ROSS, CW.: ‘Discussion’. IEEE Tram., 1970. PAS-89, (4). PP. 

3 QUAZZA, G.: ” s i o n ’ ,  IEEE Trrau, 1970, PAS&), (4). p. 573 
4 COHN, N.: ‘Discussion’, IEEE Trans, 1970, PAS-89, (4). pp. 
574575 

5 FOSHA, C., and ELGERD, 0.: ‘The mcgawatt-~uency control 
problem: a new approach via optimal control theory’, IEEE Tram, 
1970, PAS&), (4). pp. 5-571 

6 REDWCH, T.W., JULICH, P.M., TAN, T.O., and TACKER 
E.C.: ‘Models and p d o m a n a  lknctionals for load frequency 
control in interconnected pow systems’. IEEE Cod. Daision and 
Control, M i  Florida, Deambcr 1971 

7 ALDEEN, M.: ‘Application of 1argbScDLe systems theory to the 
load-frequency control problem of intmnnected power systems’. 
PhD Thesis, Brunel University, UK, 1982 

8 TACKER, E.C., LINTON, T.D., SANDERS, C.W., and WANG, 
T.C.: ‘Decentralized optimal controUm for multi-area powcr 
systems’. Power Industry Computer Application Gd., Toronto, 
1977, pp. 383-391 

9 ELMETWALLY, M., and RAO, N.: ‘Dccentralizcd optimal control 
of multi-arca power systems'. Roc IEEE Power Enginerring 
Society Winter Mating, New York, January 1976, pp. 146-1-146-7 

10 DAVISON, E., and TRIPATHI, N.: The optimal decentralized 
control of hrge power systcms: bad-kquency control approach’, 
IEEE Trans, 1978, AC-23, (2), pp. 312-325 

11 KALMAN, R.E.: ‘When is a linear control system optimal?’, Truns. 
ASME, 1964, pp. 51-50 

12 ATHENS, M., and FALB, P.: ‘optimal control: an introduction to 
the theory and its applications’ (Maw-Hi l l ,  1969) 

13 LUENBERGER, D., : ‘Obsmvers for multivariable systems’, IEEE 
Trans., 1966, AC-11, pp. 190-197 

PAS&), (4). pp. 556-563 

571-572 

274 

14 CUMMINGS, S.D.: ‘Design of observers of reduced dynamics’, 

15 PATEL, R.: ‘Pole assignment by means of unrestricted rank output 

16 MURWCH, P.: ‘Pole and zero mignmmt by statevector feed- 

Electron. Lett., 1%9,5, (lo), pp. 213-214 

feedback‘, Roc. IEEE, 1974,121, (8). pp. 874878 

back’, Aur-icq 1975,11, pp. 19%201 
17 PORTER, B., and BRADSHAW, A.: ‘Multivariable timeinvariant 

linear s~stcms with innutderivative control: statcantrollability 
and ci&valuc-assignability’, Int. J .  Control, 1972, 16. (I). pp. 
101-104 

11 Appendix 

The following representation for a single-machine area- 
equivalent model is from Elgerd and Fosha [ l] : 
speed governor 

turbine-generator 

power system 

f ”  -- *Hi W i e ,  At) - AP&) + &At)) 

and tie-line power 
N 

APtie. At) = 1 TdAfAt) - Afdt)) i = 1, 2, . , . , N 
j =  1 

where 
fo = nominal system frequency 
D = load-frequency constant 
H = inertia constant 
N = number of subsystems comprising global system 
R = regulation constant 
T, = governor timeanstant xj = synchronising coefficient 
1; = turbine timeanstant 
Af= incremental frequency deviation 

Apc = incremental change in speed-changer poition 
Ap, = incremental change in load demand 
Ap* = incremental power generation level 

Ax,, = incremental change in valve position 
Aptie = incremental tie-line power 

IEE PROCEEDINGS-C, Vol. 138, No.4, JULY 1991 

-- 
I 


