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Introduction 
 

Many pole-placing control methods have been used 
before by investigators for the purpose of controlling effec-
tively and significantly enhancing the dynamic stability 
characteristics of large synchronous generators operating in 
practical power systems. Usually, these methods are based 
on "optimal control strategies» [1] or on "algebraic control 
strategies" [2]. In recent years, there has been considerable 
interest in the application of control techniques to design 
excitation controllers for synchronous generators. The exci-
tation controller can be employed to control synchronous 
generators and achieve considerable improvement in sys-
tem dynamic stability [3-5].  

One of the most used techniques for algebraic control 
strategies is the model-reduction approach. The model re-
duction methods may be applied directly to either state-
space model formulations of systems or to transfer function 
model formulations.  A general order - reduction method 
[6], using appropriate dominant pole - selection criteria, 
suitable for application to a high - order linear, time invari-
ant systems to obtain adequate low - order models has been 
applied successfully in the present work. In this paper the 
robust excitation control of a synchronous generator in a 
multimachine power system is applied using the above 
model reduction method. 

This paper is concerned with the systematic evaluation 
of a proposed robust excitation controller which is applied 
to a generator of a multimachine power system. The 
evaluation involves a detailed multimachine power system 
model and the determination of the excitation controller 
model of the controlled synchronous generator. 

The linearized mathematical  model of the multima-
chine  power system contains detailed representation of the 
steam–turbine generators, excitation and speed governor 
systems, transmission networks, power transformers, induc-
tion motors and static loads, in phase coordinate representa-
tion (i.e. in abc phase coordinate system).  The excitation  
controller is arrived at: by  using the developed high-order 
linearized model  of  the  controlled generator in dqo coor-
dinates, which in turn is reduced (using an elegand order 
reduction method [6]) to a low-order model with certain 
retained eigenvalues and measurable state variables. Based 
on the low-order model and the application of a pole-

placing algebraic control method the feedback gains of the 
associated closed-loop system are computed. This is re-
peated for a number of machine P and Q loading combina-
tions which leads to the creation of a computer program file 
called ADAPT, which contains the considered machine 
loading and the computed respective feedback gains of the 
so designed controllers for the reduced-order machine 
model. Finally the created ADAPT file is properly inte-
grated in the abc coordinate linearized model of the con-
trolled generator of the multimachine system for providing 
the desired excitation control.  

The resulting robust excitation controller is evaluated 
in the multimachine power system context by comparing its 
behaviour with the corresponding one of conventional 
AVRs under symmetrical and unsymmetrical faults applied 
to the system model, in order to justify its suitability for use 
in a multimachine power system. 

 
Proposed robust excitation control method [5] 
 

In order to formulate the problem of multimachine 
controller design, using algebraic control theory, a set of 
state variables must be first selected. Then the state equa-
tion for the dynamical open - loop power system model is 
written in the vector - matrix differential equation form  
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where nRx∈ , mRu∈  with nm < , pRy∈  with np < , 
and A, B, C are constant system matrices with appropriate 
dimensions. The system defined by eq. (1) have distinct 
real and/or complex pairs of poles (eigenvalues) 

nλλλ ,, 21  (written in decreasing order of dominance: 
where the damping of some of them may not be satisfac-
tory) and their characteristic polynomial is:   
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 The pole-displacement problem with output - feed-
back is to find an mxp constant gain - feedback matrix 
K of the output - feedback control low  
 [ ] 00 0 uxKuyKu TT +−=+−= , (3) 
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where mRu ∈0 is the new control input vector. 
 Such that the resulting closed - loop system 
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has some of its poles pre-assigned (or approximated to de-

sired values), e.g. p poles p
∩∩∩
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λλλ  being free to be located automati-
cally. 
 The characteristic polynomial of the system of eq. (4) 
is 
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 Assuming that the gain - feedback matrix TK is a 
dyadic product of p and Tq , then the multi - input system 
of eq. (1) is converted to a single - input system ),( bA ,. 
where  

T
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and  
 TT pqK = . (6) 
 
 The task now becomes to find the gain - feedback 
vector Tq of the control low for the obtained single - input 
multiple - output system.  
 The desired state gain feedback vector Tf  is given 
by 
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 The Te is the last row of the inverse controllability 
matrix 1−S   (i.e.

 
0≠S  ), where 
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 For output feedback,  g of the gains of the feedback 
vector are fixed and thus gn −  are free, then the charac-
teristic polynomial of the closed loop system can be ex-
pressed in factored form as follows 
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where )(sQ is the assignable part of the polynomial and 
)(sR  is its residual part. 

 The coefficients of the product polynomial can be 
written as 

 










==









⋅=⋅=

],1[]1[]1[

,]1[]1[]1[
^

tTT

T
TT

T

rQrp

d
DrQrp  (10) 

where 
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 Defining af  as the free gains and bf  as the fixed 
gains, then 
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which, after the mathematical manipulations, gives 
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Based to the above procedure the gain – feedback vec-
tor Tq of eq. (6) given by  

 T
a

T fq = . (15) 

 Now, since T
a

TT pfpqK == , the closed loop system 
of eq. (4) is completely determined. 

A practical problem still remains as how to select the 
values of the elements of vector p . Their choice is very 
much arbitrary and the best guide is intuition and trial and 
error approach. 
 
Case under study  
 

The complete multimachine system under study is 
shown in Fig. 1. The complete data of the system are shown 
in [3].  

 
Fig. 1. Multimachine power system under study 
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Each synchronous generator unit is represented in 

phase coordinates with an 8th-order linearized model [7] 
which includes the 2nd-order swing equation. Its excitation 
control  system is a 5th-order standardized IEEE model [8], 
whereas its steam -turbine is a three-stage type with reheat 
representation and is modelled by a 5th-order linearized 
model (including the speed governing system) [9]. Each 
induction motor of the system drives a pump load and the 
complete dynamic load is represented in phase coordinates 
by an 8th-order linearized model [10]. On the other hand, 
each static load is represented in phase coordinates by a 
3rd-order linearized model [11, 12]. 
 Finally, each power transformer is represented in 
phase coordinates by a 6th-order linearized model [10, 11], 
whereas each transmission line network is represented in 
phase coordinates by a typical π-section model [11-13]. 
 
Simulation results 
 

The overall special digital computer program devel-
oped based on the system configuration of Fig. 1 and the 
pertinent control theory of paragraph 2. 

The excitation controller designed was applied to con-
trol the steam synchronous generator with its classical 
IEEE Type-2 controller (GEN1) of the multimachine power 
system of Fig. 1. The other two generators of the system 
have IEEE Type-2 excitation systems, while the three tur-
bines are controlled with conventional speed governors. For 
purposes of comparison similar results were obtained with 
the GEN1 being controlled only with its 5th-order IEEE 
Type-2 excitation control system, i.e., without the excita-
tion controller. 

The transient performance of the overall  system, was 
obtained through the use of the computer program for the 
above two cases (without and with the excitation controller) 
and for a three-phase symmetrical fault being applied at 
node 2 of Fig. 1 four seconds after the simulation start and 
it last for 150 msec, after which the fault is cleared. The 
respective time responses of the output variables of the 
controlled generator (GEN1), i.e. vt, δ, are shown in Fig. 2.  

 
 
Fig. 2(a). Output time responses (vt) of GEN1 for 3 - Phase fault 
at node 2: 1 – GEN1 with IEEE Type-2 excitation control; 2 – 
GEN1 also with designed excitation controller 

 
Fig. 2(b). Output time responses (δ) of GEN1 for 3- Phase fault at 
node 2: 1– GEN1 with IEEE Type-2 excitation control; 2 – GEN1 
also with designed excitation controller 
 

 
 
Fig. 3(a). Output time responses (vt) of GEN1 for Single-phase 
earthed fault at node 2: 1 – GEN1 with IEEE Type-2 excitation 
control; 2 – GEN1 also with designed excitation controller 
 

These results show clearly that the use of the robust 
excitation controller (designed in the sense of this work) in 
the multimachine power system leads to more stable and 
better damped responses by comparison to the ones without 
the excitation controller. The last observation-conclusion 
may be altered (weakened) to some extent if the parameters 
of the conventional excitation controller are chosen in an 
optimal way.  

Similar results were obtained with the use of the com-
puter program while applying unsymmetrical faults a) Sin-
gle-phase earthed fault, b) Phase- to phase earthed fault and 
c) Phase – to phase short circuit fault, to node 2 of Fig 1, in 
a manner similar to that applied in the three-phase fault 
case, and the time responses of the same output variables 
are shown in Fig. 3, Fig. 4 and Fig. 5 respectively. These 
results also show that the introduction of the excitation con-
troller in the multimachine power system yielded pro-
nounced improvement in the dynamic stability characteris-
tics of the controlled generator (GEN1).  
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Fig. 3(b). Output time responses (δ) of GEN1 for Single-phase 
earthed fault at node 2: 1 – GEN1 with IEEE Type-2 excitation 
control; 2 – GEN1 also with designed excitation controller 
 

 
 
Fig. 4(a). Output time responses (vt) of GEN1 for phase to phase 
earthed fault at node 2: 1 – GEN1 with IEEE Type-2 excitation 
control; 2 – GEN1 also with designed excitation controller 

 
Fig. 4(b). Output time responses (δ) of GEN1 for phase to phase 
earthed fault at node 2: 1 –  GEN1 with IEEE Type-2 excitation 
control; 2 – GEN1 also with designed excitation controller 

 
 
Fig. 5(a). Output time responses (vt) of GEN1 for phase to phase 
short-circuit fault at node 2: 1 – GEN1 with IEEE Type-2 excita-
tion control; 2 –  GEN1 also with designed excitation controller 
 

 
 
Fig. 5(b). Output time responses (δ) of GEN1 for phase to phase 
short-circuit fault at node 2: 1 – GEN1 with IEEE Type-2 excita-
tion control; 2 – GEN1 also with designed excitation controller 
 
Conclusions 
 

The paper presents the design and application of a ro-
bust excitation controller based on a simulated multima-
chine power system. The control strategy is based on a pre-
viously established algebraic control method which is ap-
plied to multimachine power system environment. The de-
signed excitation controller proved its goodness for a wide 
range of load conditions of the controlled generator and 
thus its robustness was established.  

The results obtained were based on a detailed multi-
machine model in phase coordinates containing steam tur-
bine synchronous generator units, excitation and turbine-
governor systems, transmission networks, power trans-
formers, induction motors and static loads. These results 
show that the proposed excitation controller integrates 
smoothly and performs satisfactory in a multimachine 



 24

power system environment under symmetrical and unsym-
metrical fault conditions, operating in parallel with the con-
ventional AVRs of the other units of the power system. 
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