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Abstract: The paper presents a novel systematic 
procedure for the design of excitation based stabil- 
isers for large-scale interconnected electric power 
systems. The design method is based on newly 
obtained results in optimal linear quadratic regu- 
lator (LQR) design, and is superior to previously 
reported LQR approaches. A model of a five- 
machine interconnected power system which 
includes detailed representation of synchronous 
machines, excitation systems, turbines and speed 
governing mechanisms is considered. Stabilisers of 
various structures are proposed. It is shown, 
through simulation studies, that the stabilisers 
improve the power system performance markedly, 
without excess demand for control action. 
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List of symbols 

d,  q = direct and quadrature axes 
h;,i ,, = load angle of ith relative to j th  machine 
6, 6 = shaft speed deviation, acceleration 
‘Fkd = flux linkage of d-axis damper ‘1’ 
Yrql  = flux linkage of q-axis damper ‘2’ 
e,, , e,, = machine states 
E, = stator referred field voltage 
vx = internal exciter state 
P , ,  = mechanical input power 
C,. = power at valve outlet 
i s ,  = excitation system set point 
vt = stator voltage magnitude 
A = A f ( t ) : = f ( t )  - , f (O):  change operator 

1 Introduction 

Excitation based power system stabilisers (PSSs) have 
been extensively used in power systems around the world 
for improving the small disturbance oscillatory per- 
formance. There are a number of approaches to the 
design of PSSs. A commonly used approach is based 
around the conventional PSS structure which is com- 
posed of a wash out circuit and a cascade of two-phase 
lead networks. A number of PSS input signals, such as 
terminal voltage, rotor speed, accelerating power, electric 
power etc., and linear combinations of these have been 
extensively investigated, and recommendations regarding 
their use have been reported in the literature [1-12]. 
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The design of such PSSs requires the determination (or 
tuning) of six parameters for each machine. These are the 
overall DC gain, the wash out circuit time constant, and 
the various constants for the two-lead networks. A 
number of sequential [ I ,  3, 9, IO], and simultaneous 
12, 4-81 approaches for the tuning of these parameters 
have been reported in the literature. A common approach 
has been to simplify the problem of tuning the six param- 
eters to that of tuning only two by making a series of 
intuitive assumptions based on experience and physical 
appreciation of the power system. For example, it is 
common to assume that: (i) the lead and lag networks are 
identical with known time constant; (ii) based on experi- 
ence, a particular value is given to the wash out time 
constant; and (iii) for the multimachine case all the PSSs 
are either the same or have the same gain value. Then a 
search procedure is used to determine the best possible 
combination of the remaining parameters with respect to 
a proposed performance criteria. 

Although the above approaches have been widely used 
and produce satisfactory results regarding the damping 
of local modes of oscillation, their outcome may not be 
considered as the best possible. This is due to the 
restrictive assumptions made and to the intuitive nature 
of the design process. In an attempt to address this 
problem, a number of researchers have proposed noncon- 
ventional design techniques based on modern control 
theory, such as eigenvalue assignment [S, 9, 12, 131, 
Nyquist array 114-161, and optimal control [7, 17-22]. 

It is well known that, for multimachine systems, eigen- 
value assignment is often too involved and complex and 
may not provide satisfactory results. The complexity 
stems from the ineficient degree of freedom available to 
the designer in assigning eigenstructure by fixed gain 
output feedback. Moreover, even when a suficient degree 
of freedom is available or a dynamic output stabiliser is 
sought, numerical problems often arise regarding the 
solution of sets of high dimension nonlinear algebraic 
equations for which a solution may or may not exist. It is 
also well known that, in applications of multivariable 
Nyquist array methods to multimachine power systems, 
there may be dificulties associated with the attainment of 
the necessary diagonal dominance condition. However, 
these can be overcome by using the design procedure 
described in Reference 14. 

As eigenvalue assignment and early Nyquist array 
approaches proved to be cumbersome, research was 
directed towards optimal control theory, and in particu- 
lar towards optimal linear quadratic regulator (LQR) 
control theory. The shift towards optimal control was 
motivated by the following reasons: (i) optimal control 
provides a systematic way of designing a state feedback 
LQR; (ii) the resulting stabiliser is guaranteed to stabilise 
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the system and to provide a guaranteed level of per- 
formance, and therefore the problem of where to place 
the closed loop poles does not arise; (iii) the LQR pro- 
vides sufficient stability margins, and therefore is robust 
to small parameter changes; and (iv) well developed 
design algorithms exist. 

As a result, reports have appeared in the literature 
concerning the application of optimal LQR theory to the 
design of power system stabilisers (PSSs) [7, 17-22]. The 
early papers considered single machine infinite bus 
(SMIB) systems. Later, this was extended to the multi- 
machine case. In the above referenced papers, the way by 
which the state Q and control R weighting matrices were 
arrived at may be summarised by the following iterative 
procedure (i) the structure of Q and R matrices is chosen 
to be diagonal; (ii) the diagonal elements of Q and R are 
arbitrarily assigned numerical values: (iii) an optimal 
state or output feedback LQR is determined; and (iv) the 
closed loop system performance is investigated. If the 
performance is satisfactory, the design is finished. Other- 
wise the whole process (i)-(iv) is repeated until satisfac- 
tory performance is obtained. 

In the procedure above a number of shortcomings 
exist. These are: 

(a) The method is based on trial and error and does 
not offer a systematic way of choosing Q and R. 

(b) The matrix Q, if found by using the iterative pro- 
cedure above, is diagonal. Although Yu and Siggers 171 
claim, in the discussion following their paper, that no 
advantage can be gained by choosing nonzero off- 
diagonal elements in Q, they d o  not provide any theoret- 
ical evidence to support their claim. As will be 
demonstrated in this paper, this statement is simply not 
true, as such a constraint on the structure of Q is imprac- 
tical and ignores the interactions between the states of 
the system. A stabiliser based on this premise is obviously 
not the best possible one. 

(c) Apart from intuition and trial and error, no analyt- 
ical treatment of any kind has been given to the choice of 
R.  

(d )  Where trial and error is not solely used in some 
cases, the state and control weighting matrices have been 
arrived at largely by incorporating the designer's experi- 
ence. 

In summary, i t  can be said that the major shortfall in all 
of the PSS optimal LQR design approaches outlined 
above is the lack of a systematic procedure for the design 
of a quadratic cost function that would reflect the phys- 
ical characteristics of the system studied. The practice has 
been to use one's knowledge of the system, and/or follow 
an iterative trial and error procedure that may or may 
not produce result, let alone the best possible result. It is 
quite easy to realise that neither of these approaches can 
be successful when dealing with real-life power systems 
which, in general, may have thousands of state variables. 

In this paper, a novel systematic procedure for quad- 
ratic cost function design is presented. The method is 
centred around the identification of the most controllable 
and observable states of the system, and penalising these 
according to their measure of combined controllability 
and observability. The main feature of the proposed 
method is that the design of the cost function does not 
depend on the designer's appreciation of the physical 
behaviour of the system studied, as the choice of the state 
and control weighting matrices is performed systematic- 
ally and according to a calculated set of controllability 
and observability measures. 
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The method is applied to the design of an output feed- 
back based PSS for a large-scale, interconnected power 
systems comprising five generating units and 15 bus bars. 
It is shown that a straightforward application of the 
design method can produce a PSS that significantly 
improves the small disturbance stability of the power 
system. This is supported by computer simulation of the 
power system with and without the designed PSS. 
Further, more simulation results are given of some off- 
normal conditions where signal failure is experienced in 
various parts of the power system. 

2 LQR design method 

The LQR design problem has been extensively invest- 
igated for the past four decades [23-271. Consequently, 
the theory of linear optimal control has been very well 
developed. Central to the optimal stabiliser design 
problem is the formulation of the cost function and the 
choice of the state and control weighting matrices. 
Although the need for the design of a cost function that 
reflects the physical characteristics and practicalities of 
the studied system is reasonably understood, the choice 
of the elements of the weighting matrices that would 
translate this understanding still remains a difficulty. This 
is mainly due to the interactive nature of the states and 
controls of linear multivariable dynamic systems. In the 
following we present a novel systematic approach to this 
problem which overcomes the shortcomings of existing 
approaches. 

Consider a linear, time-invariant system: 

i ( t )  = A x ( f )  + Bu(f)  ( 1 4  

y(r) = Cx(t) (1b) 
where x is an n-dimensional state vector, U is an r- 
dimensional control vector, and y is an m-dimensional 
output vector. The A,  B and C are constant real valued 
matrices with appropriate dimensions. Define a linear 
quadratic performance measure, for eqn. 1, as 

J = r ( x 7 Q x  + u'Ru) d t  (2) 

where Q and R satisfy the definiteness conditions Q > 0 
and R > 0. 

2.1 Choosing the 0 matrix 
The importance of each state variable of a linear dynamic 
system may be related to its combined measure of con- 
trollability and observability. This measure can be deter- 
mined by transforming the system into an ordered 
balanced form 1281, through the following transform- 
ation: 

x(t)  = T- 'x , ( t )  ( 3 )  
where T is a balanced transformation matrix and x, is 
the state vector of the balanced form. The transformation 
(eqn. 3 ) ,  when applied to eqn. 1, gives 

i , ( t )  = A,x , ( t )  + B,u(t)  

= C b - x b ( f )  

where 

A, = T A T - '  B, = T B  C, = C T - '  (4c) 
The controllability and observability gramians, denoted 
by W, and W ,  respectively, of the system eqn. 1 are 
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defined as follows: (i) Partition the system (eqn. 1) as follows: 

W,  = fe”’BB’e”” dt ( 5 4  

WO = reArrC’CeAt dt (56) 

For open loop stable systems, these gramians satisfy the 
following Lyapunov equations: 

AW, + W, + B B ~  = 0 ( 6 4  
A T W ,  + W,A + CTC = 0 (66) 

When the system is in a balanced form, its controllability 
W, and observability WO gramians are equal and diag- 
onal, i.e. 

(64 
where ui > u i i l  > 0 ;  ( i  = 1, . .., n - 1) are called the 
Hankel singular values (HSVs), or second-order modes of 
the system, and rn is the number of most dominant (most 
controllable and observable) modes. 

The transformation (eqn. 3) yields the state vector of 
the balanced system x b  having its elements ordered 
according to their combined measure of controllability 
and observability, reflected by its associated HSVs. The 
most controllable and observable state will appear as the 
first element in the state vector of the balanced system. 
The least controllable and observable state will appear as 
the last element in the state vector. Based on the above 
analysis, the choice of the Q matrix is made as follows: 

(i) The first rn states of the balanced system are those 
states which are deemed to contribute most to the 
dynamical behaviour of the system. Thus they should be 
weighted according to their contribution. 

(ii) Ignore the last n-m states of the balanced system, 
by placing zero weighting on them. This is because those 
last n-m states are poorly controllable and/or observable, 
and therefore play a minor role in the dynamical behav- 
iour of the system. Thus it is impractical and useless to 
expend energy, which has to be very high, on these states. 

With regard to the m retained states, obviously the jth 
( j  = 1, 2, . . . , m) state is more controllable and observable 
and therefore plays a more important role in the system 
dynamics than the following m-j states. This means that 
jth state requires less control effort than the following 
ones to affect a change in its status (i.e. it is more eco- 
nomical to use to affect a change in the system dynamics). 
Therefore, to achieve the required change in the system 
state, the j th state variable should be less penalised than 
the following m-j ones. Therefore, to exploit the physical 
characteristics of the states and their role in the system 
dynamical behaviour, each state should be weighted 
according to the ratio of its contribution with respect to 
the most controllable and observable one (i.e. the first 
state). As a result we obtain eqn. 7a. Once Qb is obtained, 
it is transformed back into the original system coordin- 
ates to yield 

W, = WO = Z = diag ( U 1 , .  . . , U,,,, b,+ . ., U”) 

Q b  = diag (1, Ui/uz 9 CJi/U3, . . . , U,/U, , , ,  0, 0, . . . , 0) (70) 

Q = T*Q,T (76) 

i ( t )  = Ax(t )  + 1 bi ui(t) ( 8 4  

A t )  = 1” x(t) (86) 

where I ,  is the identity matrix of order n. 
(ii) Consider the ith control input, conveniently start- 

ing from i = 1, and ignore all other control inputs. This 
leads to the following set of r single input, multioutput 
systems: 

i ( t )  = Ax( t )  + bi udt) i = 1, 2, . . . , r ( 9 4  

Y ( t )  = 1, x ( t )  (9b) 

i =  I 

(iii) Transform the ith single input multioutput system 

(iv) Calculate the contribution of the ith control input 
into its respective balanced form. 

wi as: 

wi = tr(ZJ (10) 

where Xi = Wci = Woi, and and Woi are the controll- 
ability and observability gramians corresponding to the 
ith control input. 

(v) form the R matrix as 

R ~ ( 1 ,  W J W i ,  w J w ~ .  . . ., w , / w ~ )  (11) 

where y is a positive scalar constant that determines the 
tightness of the control action. Normally, this should be 
set to 

Y = Wli.1 

If, however, there are practical limitations which restrict 
the amount of control energy to be injected into the 
system, then y should be chosen as 

Y ’ o1i.1 

On the other hand, if more emphasis is to be placed on 
the closed loop state performance, then y should be 
chosen as 

2’ <: WIIO, 

3 Description of power system 

The sample power system to be studied in this paper is 
shown schematically in Fig. 1 ,  The system comprises five 

a, 1 area 2 

*’ *3 178 
,?!A #9 GVA 

11ine10 - 
2 9L 
GVA line y . 1 3  9 

area 1 I l ine 11 

area 3 

GVA GVA 

where T* is the conjugate transpose of T .  Fig. 1 Schematic offiue-machine power system 

2.2 Choosing the R matrix 
The choice of the control weighting matrix R is accom- 
plished by using the following procedure. 

generating units grouped into three areas, 5 transformers, 
I5 bus bars and 1 1  transmission lines. Base power for the 
system is S, = loo0 (MVA), and base frequency is fo = 
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Table 1 : Generator Darameters (exDressed in DU on system base) 

genl gen2 

8560 1660 
3.196 3.000 
0 0 
0.003 0.003 
0.107 0.105 
1.848 2.201 
1.936 2.284 
0.001 0.001 
1.909 2.248 
0.025 0.023 
1.518 1.993 
1.749 2.004 
0.079 0.005 
1.518 2.997 
0.036 0.007 

50.0 (Hz). Each area is represented by a sixth-order syn- 
chronous machine model. The data for each of the five 
generating units is given in Table 1. 

Type STl excitation systems [29] are modelled for 
each generating unit, with the following pu data: K ,  = 

K ,  = 0, ymin = -5.0, and V,,,, = 5.0. A nonreheat 
steam turbine model and mechanical speed governing 
system model [30] is employed for each generating unit, 
with the following data (expressed in pu on the machine 
base): K ,  = 20.0, T,, = 0 (s), T,, = 0.1 (s), C,,,, = 0, 

(pu/s), and T,, = 1.0 (s). 
The resulting power system model has 49 states, since 

the relative load angle for the reference machine (unit '1') 
i s  not required, 5 inputs, and 15 outputs. 

The bus shunt susceptance (E) data is as follows: buses 
1-6 and 8-10 have 0 pu total shunt B, bus 7 has 0.5 pu 
total shunt B, and buses 11-15 have 1.0 pu total shunt E. 
The transmission lines have the following pu series 
impedance values: LI = 0.4 + j3.0, L2 = 0.4 +j3.0, 
L3 = 0.3 +j0.2, L4 = 0.7 + j5.0, L5 = 0.9 + j8.0, 
L6 = 0.7 + j5.0, L7 = 0.3 + 3.0, L8 = 0.9 + j0.6, 
L9 = 1.0 + j8.0, L10 = 0.7 + j5.0, and L11 = 0.9 + 7.0. 
The pu leakage impedances for each transformer 
are as follows: T1 = 0.12 +jl .05,  T 2  = 1.20 + j5.72, 
T3 = 0.84 + j6.18, T4 = 0.34 + j3.39, and T5 = 
0.45 + j1.79. The tap ratio for all of the transformers is 
the same and given as a ,  = . . . = a5 = 1.05 pu. 

The load flow data for the system under the operating 
point described above is given in Table 2. 

The state vector x i ,  control vector u i ,  and output 
vector y i ,  for the i'th generating unit are defined as 

state: 

200, T. = 0.05 (s), & = T, = 0 (s), K ,  = 0.03, T, = 1.0 ( s ) ,  

C",,, = 1.2, d(C"~,,,,,)/dt = -0.1 (PU/S), 4 C "  ope")dt = 0.1 

x i  = [Aai ASi Aeqi Aedi A$kdi A$nq2i 

AE,, Ayxi  AP,Ni ACvi17 

control: 

ui = [Av,~] 

output: 

y i  = [Aqi  Ahi Axi]' 

A linearised equivalent model of the power system, for 
small disturbance stability studies, may be obtained, for 
any prespecified stable initial operating condition as: 

k(t)  = Ax(t)  + Bu(t) (12) 

Y ( t )  = Cx(t) (13) 
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gen3 gen4 gen5 

1780 2950 4460 
4.470 3.390 3.410 
0 0 0 
0.003 0.003 0.003 
0.176 0.100 0.151 
2.189 1.217 2.405 
2.156 1.334 2.372 
0.001 0.001 0.001 
2.109 1.217 2.302 
0.025 0.010 0.01 1 
2.182 0.671 2.152 
2.156 0.652 2.038 
0.016 0.008 0.008 
2.492 1.517 2.948 
0.005 0.008 0.005 

Table 2 :  Loadflow data, normal condition (expressed in pu 
on system base) 

Bus Voltage Power 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

1.00L0.00 
1 . O O L  -6.04 
1 . O O L  -1 0.1 6 
1 .oo i -8.81 
1 .OO i -9.24 
1.02 1 -4.1 4 
0.981-9.59 
0 .991  -14.63 
1.001-12.85 
1.01 1 -1 1.88 
0.99 1 -1 0.03 
0.941 -14.77 
0.931-19.92 
0.95L-19.65 
0.96L-18.75 

6.92 + j2.17 
1.20 +/0.89 
1.30 + j0.85 
2.10+j1.18 
2.80 + j l . 2 6  
0.00 + jO.00 
0.00 +)O.OO 
0.00 +jO.OO 
0.00 +jo.oo 
0.00 + jO.00 
0.00 + jO.00 
6.00 + j3.00 
3.60 + j2.40 
3.20 + jl .80 
1 .OO +iO.40 

where 

x =  [XT x: x: x: XTI' 

U = [UT U: UT]' 

.!J= CY: Y:' YTIT 
and A,  B, and C are constant matrices. Since the voltage 
outputs (which are generally a subset of the feedback 
outputs) are to be regulated, these may be explicitly 
written as 

VI = CA41 AU,z A%IT (14) 
If H is defined as a matrix containing those rows of C 
that correspond to the voltage outputs, we obtain the fol- 
lowing relationship: 

U, = Hx (15) 
4 Design of PSS 

To achieve zero steady state error in the voltage outputs, 
we need to introduce an integrator so that 

i ( t )  = -U, = - H x ( t )  (16) 
where e denotes a vector of integrator outputs. Note that, 
by introducing integrator of eqn. 16, the PI control 
scheme shown in Fig. 2 is proposed. 

For the purpose of PSS design, the power system and 
the integrator may be combined to form the following 
combined state and output equations. 
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In the following, we will design PSSs for the system 
under study with the following structures. 

State feedback:  Initially, we design a quadratic cost func- 
tion (eqn. 2) using eqns. 7 for Q and 11 for R. Then an 

Fig. 2 PI-based power system stabiliser 

optimal state feedback stabiliser is designed. This stabil- 
iser will serve as a ‘benchmark’. 

Output ,feedback: An output feedback stabiliser is 
obtained from the state feedback stabiliser, and its per- 
formance is compared with the ‘benchmark’ state feed- 
back stabiliser. 

Decentralised aucpur ; A decentralised output feedback 
stabiliser is obtained from the output feedback stabiliser 
and its performance is compared with the ‘benchmark‘ 
state feedback stabiliser. 

According to the problem formulation above, the task 
is therefore to design a state feedback based PSS, for the 
augmented system described by eqns. 17, of the form: 

where K ,  and K ,  are the proportional and integral parts 
of the PSS, respectively. This design will then be mapped 
info an output feedback based PSS, using the method 
reported in Reference 28. 

4. I State feedback based PSS 
For the power system of eqns. 13, a balanced ordered 
system was obtained. The controllability and observ- 
ability gramian were calculated as 

C = diag (474 790 472 290 29 593 29 008 

24662 19866 7321 ’ . .  4.81 x I O - ’ ’ )  

From this gramian, the state weighting matrix was calcu- 
lated according to eqns. 7. This is given in rounded form 
as 

Qh = diag(1, 1, 16, 16, 19,24,0, . . . ,  0) 

This was then transformed back into the original 
coordinates (space limitations prevent the inclusion of 
this data). The combined state weighting matrix for the 
system (eqn. 17) was then obtained as 

Q = diag (TTQh T ,  Q,) where Q, = 10001, 

The control weighting matrix R was obtained by con- 
sidering each control input by itself, as outlined in 
Section 2. Accordingly, the following was calculated from 
eqn. 1 I. where y is set to 1. 

R = diag ( 1 ,  15.5, 10, 6.3, 8) 
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Having determined the Q and R matrices, a state feed- 
back optimal stabiliser was then obtained, space limi- 
tations preclude its inclusion. The optimum value of the 
performance index was found as 

1 
2 

J,,, , ,  = - t r (P)  = 2046.1 

where P is the optimal solution to the matrix Riccati 
equation. 

4.2 Output feedback based PSS 
The state feedback based PSS was then projected to an 
output feedback based PSS, using the numerically stable 
method in Reference 21. The optimum value of the per- 
formance index was 

1 
2 

JoutPu, = - tr(P,) = 2119.1 

where Po is the suboptimal solution to the matrix Riccati 
equation. 

4.3 Decentralised output feedback based PSS 
Centralised output feedback PSSs require transmission of 
signals among the generating units. This requirement in 
itself does no longer constitute a problem from practical 
and technical viewpoints. This is due to the rapid 
advancement in optical fibre communications and their 
adoption by power utilities. However, if a completely 
decentralised PSS scheme can be found so that no signifi- 
cant deterioration in the system performance is experi- 
enced compared to state or output feedback based 
schemes, then such a scheme would be more advant- 
ageous, in terms of practicality and reliability. In such 
schemes not only is the cost of implementation drastic- 
ally reduced but also the risk of loss of stability due to 
signal transmission failure is minimised. 

For the five machine system under consideration a 
decentralised output feedback PSS can be obtained from 
the benchmark centralised output feedback PSS if all of 
the off diagonal block elements in the output feedback 
matrix are set to zero. If the performance of such a PSS 
does not exhibit significant deterioration, total signal 
communication breakdown among the five generating 
units will not have severe consequences on either stability 
or performance. 

4.4 Decentralised partial output feedback based PSS 
To simulate local feedback signal failure, some elements 
in local diagonal blocks of the decentralised output feed- 
back PSS are set to zero. If the resulting decentralised 
partial output feedback PSS is found to be capable of 
preserving the overall system stability and if no signifi- 
cant performance degradation occurs, the PSS is capable 
of sustaining some local and inter area signal loss. 

5 Simulation results 

In this Section, the oscillatory performance of the sample 
power system of Fig. 1 is investigated. The investigation 
is carried out on the system operating under (i) the 
nominal operating condition and (iij an off-nominal oper- 
ating condition. 

5.1 Nominal operating condition 
Here it is assumed that the sample power system operates 
under the nominal operating condition. PSSs will be 
determined for the following cases. 
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5.7.7 Case 1 (output feedback): In this case, it is 
assumed, that terminal voltage Aut speed A6 and acceler- 
ation A6 signals from the five generating units can be 
measured and shared among all the generating units. 

-0.15 

- 0 . 2 0 -  

tary stabilising signals, are shown in Figs. 3 and 4. It can 
be seen that the introduction of the PI supplementary 
stabilising signal ensures that the voltage reaches its set- 

- I i 
: i  

8 ,  , I  

I ,  8 

Fig. 3 
increase in excitation system setpoint at nominal operating condition 

~ ~~ closed-loop centralised 
~ 

Voltage deviation response of unit ‘genl’ to 0.01 p u  step 

closed-loop with local feedback signals on all units 
closed-loop with local feedback applied only to unit ‘genl‘ 

. . . . . . .  open loop 

x10-3 

-0.25 I 
0 5 10 15 20 

Fig. 5 
in excitation system setpoint at nominal operating condition 
_____ closed-loop centralised 
~~~~ 

. . 

Speed deviation response of unit ‘genl’ t o  0.01 pu step increase 

closed-loop with local feedback signals on all units 
closed-loop with local feedback applied only to unit ‘genl’ 
open loop . . . . . . .  

O 

-2 I 
0 5 10 15 20 

Fig. 4 
increase in excitation system setpoint at nominal operating condition 
~ ~ .~ closed-loop centralised 
~~~~ 

Voltage deviation response of unit ‘gen2’ to 0.01 p u  step 

closed-loop with local feedback signals on all units 
closed-loop with local feedback applied only lo unit ‘genl‘ 

...... open loop 

5.1.2 Case 2 (decentralised output feedback): In this 
case, it is assumed that no transfer of signals among the 
five generating units is required. Rather, each local stabil- 
ising signal,,is generated from local measurements of Aut, 
Ah, and A6 only. This case simulates a situation where 
the power system is operating under an output feedback 
based stabiliser and loss of signals from the remote areas 
is experienced. 

5.7.3 Case 3 (partial local feedback): In this case it is 
assumed that the control signals of all but the unit under- 
going the load change experience a failure. 

For the cases above, a 0.01 per unit step increase is 
applied to the excitation system setpoint associated with 
unit ‘genl’ of the sample power system. The voltage 
responses of unit ‘genl’, with and without the supplemen- 
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Fig. 6 
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~~~~ 

Speed deviation response of unit ‘gen2’ to 0.01 pu step increase 

closed-loop with local feedback signals on all units 
closed-loop with local feedback applied only to unit ‘genl‘ 
open loop . . . . . . .  

point value, with a reduced settling time, but with a 
slightly longer rise time. 

Fig. 3 also illustrates the robustness of the design PSS 
and shows quite clearly that the performance of the 
closed loop system under all the various scenarios posed 
above is quite satisfactory. A measure of degradation in 
the performance is experienced when completely output 
decentralised and partial output decentralised schemes 
are used, but the degradation is too small compared to 
the benefits derived from using such schemes. 

The voltage responses of unit ‘gen2’ to the same per- 
turbation are shown in Fig. 4. Here it is evident that the 
supplementary stabilising signals of all the proposed 
schemes provide marked reductions in interaction, zero 
steady-state error, and significantly shorter settling times. 
The responses of the remaining units have similar charac- 
teristics to that of ‘gen2’ and are not shown due to space 
limitations. 
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Next, the effect of the stabilising signal on the rotor 
speed responses is examined. In Fig. 5 ,  the rotor speed 
deviation of unit ‘genl’ with respect to the same applied 

O 

0 5 10 15 20 
Fig. 7 
in excitation system setpoint at nominal operating condition 
~ closed-loop centralised 
_ _ _ _  closed-loop with local feedback signals on all units 

closcd-loop with local feedback applied only to unit ‘genl’ 

Control signal response of unit ’genl’ to 0.01 pu step increase 

x10-3 
O r  
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Fig. 8 
in excitation system setpoint at nominal operating condition 

~ closed-loop centralised 
_ _ _ _  

Control signal response of unit ‘gen2’ to 0.01 pu step increase 

closed-loop with local feedback signals on all units 
closed-loop with local feedback applied only to unit ‘genl’ 

O O 1 5 i  

0.005 ; 1 
o f  
0 5 10 15 20 

Fig. 9 
iwease  in excitation system setpoint at ofl-nominal operating condition 

~ closed-loop centralised 
. . . . . . . 

500 

Voltage deviation response of unit ‘genl’ to 0.01 pu step 

open Imp 

disturbance as above is shown. Here again, all the three 
cases were tested. Without the stabilising signals, the 
rotor responses exhibit a lightly damped 0.3 (Hz) oscil- 
lation mode. With the stabilising signals, this dominant 

5 10 15 20 
-1 ( V  

0 

Fig. 10 
increase in excitation system setpoint at of-nominal operating condition 
~ closed-loop centraliced 
. . . . . . . 

Voltage deuiation response of unit ‘gen2’ to 0.01 pu step 

open loop 

0 5 10 15 20 
Fig. 11 Speed deviation response of unit ‘genl’ to 0.01 pu step 
increase in excitation system setpoint at ofl-nominal operating condition 

~ closed-loop centralised 
. . . . . . . open loop 

oscillation mode is damped out and the resulting speed 
performances are markedly improved. The responses of 
unit ‘gen2’ to the same perturbation are shown in Fig. 6, 
from which it can again be seen that the troublesome 
low-frequency oscillation mode is satisfactorily dampled 
out with the introduction of the stabilising signal. 

It can be seen from Figs. 3-6 that the introduction of 
the stabilising signals has served to damp out rotor speed 
oscillations while at the same time improving the setpoint 
tracking of the excitation systems (with zero steady-state 
error obtained). It is necessary to examine at what cost 
the above gains in dynamical performance have been 
obtained. 

The responses of the supplementary stabilising signals 
to the same disturbance as above, are shown in Figs. 7 
and 8 for units ‘genl’ and ‘gen2’. It can be seen that the 
maximum value of the supplementary stabilising signals 
required are 0.01 pu for ‘genl’ and 0.005 pu for ‘genY, 
which are both well within the industry standard of +/ 
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-0.10 pu, and would therefore not lead to saturation at 
the excitation system input. Furthermore, the required 
control signals are of sufficiently low bandwidth that 
their implementation would not cause practical diffi- 
culties. 

5.2 Off-nominal operating condition 
Power systems change their operating points as changes 
in loading conditions occur. It is therefore worth explor- 
ing how robust a PSS, designed at nominal operating 
point, is with respect to such changes. In the following we 
assess the robustness property of the PSS designed 
according to the method of this paper. In this regard we 
use the nominal output feedback PSS as a case study. 
The performance of the nominal system will be used as a 
benchmark against which the performances of the system 
under off-nominal operating conditions will be evaluated. 

For this purpose, two off-nominal operating condi- 
tions were chosen, the worst of which is detailed in Table 
3. Figs. 9-12 show the responses of the terminal voltage 

Figs. 13 
genl and 
signals are 

and 14 show the control signal responses for 
gen2, respectively. Here again, the control 
the same as those for the nominal case. This 

O ""i 

o o l o ~  [------- 

Fig. 13 
in excitation system setpoint at off-nominal operating condition 

Control signal response oJunit 'genl' to 0.01 pu step increase 

O O5I 

20 
Fig. 12 Speed deviation response oJ unit 'gen2' to 0.01 pu step 
increase in excitation system setpoint at off-nominal operating condition 

. . . . . . . 

-0 201 
0 5 10 15 

~~~ closed-loop centralised 
open loop 

Table 3: Loadflow data, off-normal condition 

Bus Voltage Power 

1 l .OOi0.00 4.40+j1.40 
2 1 . O O i  -3.32 1.20 +j0.66 
3 1 .OO / 12.01 1.30 + i0.65 - 
4 1 .OO L 14.01 2.30 +)0.91 
5 
6 
7 
8 
9 

10 
11 
1 2  
13 
14 
15 

1 .00~9.29  
1.03 L -2.60 
1 .OO L -7.00 
1 .OO i 7.50 
1.01 i9.56 
1.03i6.35 
1.02i-5.23 
0.951-11.35 

1.01 / -1.47 
0.96i2.07 

1.01 -2.48 

2.90 +)0.38 
0.00 + jO.00 
0.00 + jO.00 
0.00 + jO.00 
0.00 + jO.00 
0.00 + jO.00 
0.00 + jO.00 
6.00 + j3.00 
2.50 + j2.40 
2.20 + j0.80 
1 .OO + j0.40 

and speed, respectively, of genl and gen2 of the sample 
system when operating under the off-normal condition, 
but using the nominal output feedback based stabiliser. It 
is clear from these Figures that the stabiliser is quite 
robust to the changes in the operating condition of the 
system. 
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Fig. 14 
in excitation system setpoint at off-nominal operating condition 

Control signal response oJunir 'gen2' to 0.01 pu step increase 

implies that no extra control effort is required to regulate 
the system in the off-normal case compared to the 
nominal case. 

6 Concluding remarks 

In this paper, a systematic procedure for the design of 
PSSs based on LQR optimal control theory is presented. 
The procedure is superior to previously reported PSS 
design methods based on optimal control theory. The 
superiority stems from the introduction of a new and 
systematic way of choosing the state and control weigh- 
ting matrices of the quadratic cost function. This is 
accomplished by determining quantitative combined con- 
trollability and observability measures for each state and 
control variable of the studied system. These variables 
are then penalised according to these measures. 

The proposed design method has been applied to a 
five-machine interconnected power system, where a sta- 
biliser is designed to damp out the low frequency oscil- 
lation of the system. It is shown that the designed 
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stabiliser improves the power system performance mark- 
edly, without excess demand for control action. It is also 
shown that the PSS is robust to local and remote signal 
failures. This demonstrates the advantage of the pro- 
posed design method. 
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