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Abstract:  This paper presents a decentralized H∞ controller design approach for power systems. Initially a 
centralized H∞ robust controller, which guarantees the robust stability of the overall system against 
unstructured and norm bounded uncertainties, is designed. The problem of designing decentralized controller 
is then reformulated as an embedded parameter continuation problem that homotopically deforms from the 
centralized to the decentralized controller as the continuation parameter varies monotonically. Moreover, the 
paper proposes an algorithm to solve such problem using two-stage iterative matrix inequality optimization 
approach to determine the decentralized controller. The approach is flexible enough to allow designing a 
reduced-order controller for each subsystem with the same robustness condition of the centralized controller. 
The approach is demonstrated by designing PSSs for a test system. Copyright © 2006 IFAC 
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1. INTRODUCTION 
 
The deregulation of the electricity markets has led to 
increasing uncertainties concerning the power flow 
within the network. This is further compounded by 
the physical expansion of interconnected networks 
such as those in Europe, which makes more difficult 
the prediction of system responses to disturbances 
and severe loading conditions. Furthermore, the ever 
– increasing utilization of wind energy is also 
expected to have a significant impact on the load 
flows as well as the dynamic behaviour of the 
system. These further have created new challenges in 
guaranteeing end-to-end reliability of electricity 
service. Traditional control principles applied to local 
components do not take into account the continually 
changing of the dynamic structure of the network. 
Specifically, secure operations of current power 
systems heavily rely on the controller schemes that 
placed in the system to manage disturbances and/or 
_________________ 
 
* Corresponding author. 
E-mail address: erlich@uni-duisburg.de  
University of Duisburg-Essen, Institute of Electrical Power 
Engineering and Automation, 47057 Duisburg, Germany. 

prevent disastrous cascading. These controllers 
systems are usually static, in the sense that they do 
not adapt to changing network configurations and 
operating conditions. Additionally, the design and 
parameter settings of the control schemes do not take 
into account the very system dynamic behaviours. 
Consequently, these and other similar developments 
prompted both power and control engineers to use 
new controller design techniques and more accurate 
model descriptions for the power system with the 
objective of providing reliable electricity services.  
Thus, to meet modern power systems requirements, 
controllers have to guarantee robustness over a wide 
range of system operating conditions and this further 
highlights the fact that robustness is one of the major 
issues in power system controllers design. 
 
Recently, a number of efforts have been made to 
extend the application of robust control techniques to 
power systems, such as L∞ optimization (Vittal, et 
al., 1995; Venkataraman, et al., 1995), H∞- 
optimization (Chen and Malik, 1995; Klein, et al., 
1995), structured singular value (SSV or μ) 
technique (Djukanovic, et al., 1998, 1999) and linear 
matrix inequalities (LMIs) technique (Siljak, et al., 
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2002; Siljak, et al., 2004). Interesting robust 
decentralized controller schemes that are based on 
the concept of connectively stabilizing a large-scale 
nonlinear interconnected system for turbine/governor 
control and exciter control using the LMIs 
optimization (Boyd, et al., 1994) have been 
presented in (Siljak, et al., 2002) and (Siljak, et al., 
2004), respectively. However, the designed local 
state feedback controllers need the corresponding 
state information of the subsystems, which may be 
either impossible or simply impractical to obtain 
measurements of the full information for all 
individual subsystems. Specially, the result presented 
in (Djukanovic, et al., 1999) uses the sequential μ - 
synthesis technique where the design procedure is 
carried-out successively for each local input-output 
pairs in the system. Though the individual controllers 
are sequentially designed to guarantee the robust 
stability and performance of the whole system, the 
reliability of the decentralized controller depends on 
the order in which the design procedures for these 
individual controllers are carried-out. Moreover, a 
failure in the lower-loop may well affect the 
stability/performance of the whole system. It is also 
clear from the nature of the problem that the order of 
the controller increases for each sequentially 
designed local controller. Another attempt is also 
made to apply a linear parameter varying (LPV) 
technique for designing decentralized power system 
stabilizers for large power system (Qiu, et al., 2004). 
The resulting controllers, however, are typically high 
order - at least as high as the system since the 
technique relies on H∞ - optimization; and besides 
the problem formulation attempts to solve an infinite-
dimensional LMI type optimization where the latter 
problem is computationally very demanding. 
Furthermore, the approach did not consider the entire 
interconnection model of the power system in the 
design formulation. 
 
This paper focuses on the extension of matrix 
inequalities based H∞ optimization approach to 
problems of practical interest in power systems. The 
design problem considered is the natural extension of 
the reduced-order decentralized H∞ dynamic output 
controller synthesis for power systems. In the design, 
the decentralized H∞ dynamic output feedback 
controller problem is first reformulated as an 
embedded parameter continuation problem that 
homotopically deforms from the initially full-order 
designed centralized H∞ controller to the desired 
decentralized controller as the continuation 
parameter monotonically varies. Moreover, the paper 
proposes an algorithm to solve such optimization 
problems using two-stage iterative matrix inequality 
optimization method to determine the robust 
decentralized H∞ controller. The paper also addresses 
the possibility of extending the approach to design 
reduced-order decentralized controllers that have 
practical benefits since high-order controllers when 

implemented in real-time configurations usually 
create undesirable effects such as time delays. 
 
The approach has a number of practical relevance 
among which the following are singled out: i) 
designing reduced-order decentralized controllers 
can be incorporated in the approach by explicitly 
stating the order of each controller in the specified 
structure and, ii) multi-objective optimization 
technique can easily be incorporated in the design by 
minimizing the H∞ norms of the multiple transfer 
functions between different input/output channels. 
Moreover, the paper also presents a general approach 
that can be used for designing a combination of any 
order robust PSSs for power systems. The 
application of this approach to a multi-machine 
power system allows a coordinated tuning of 
controllers that incorporate robustness to changes in 
the operating conditions as well as model 
uncertainties in the system. 
 
The outline of the paper is as follows. In Section 2, 
the robust decentralized H∞ controller design 
problem is formulated as a matrix inequality problem 
using parameterized continuation method. The 
associated computational problem and the extension 
of the approach to design reduced-order 
decentralized controllers are also discussed in this 
section. The application of the approach to design 
robust decentralized PSSs and simulation results 
together with performance indices are given in 
Section 3. Finally, in Section 4, a brief conclusion 
about the paper is given. 
 

2.   OUTLINE OF THE PROBLEM 
 
2.1 System model and problem formulation 
 
Consider the general structure of the ith-generator 
together with the PSS block in a multimachine power 
system shown in Fig. 1. The input of the ith-
controller is connected to the output of the washout 
stage filter, which prevents the controller from acting 
on the system during steady state. Let the structure of 
this ith-washout stage be given by:  

i
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After augmenting the washout stage in the system, 
the ith-subsystem, within the framework of H∞ 
design, is described by the following state space 
equation: 
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where in
i t ℜ∈)(x  is the state variable, im

i t ℜ∈)(u  is the 
control input, iq

i t ℜ∈)(y  is the measurement signal, 
ip

i t ℜ∈)(z  is the regulated variables, and ir
i t ℜ∈)(w  is 

exogenous signal for the ith-subsystem. Moreover, 
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assume that there is no unstable fixed mode (Wang 
and Davidson, 1973) with respect to 

},,,{diag 21 yNyyy CCCC K= , NNij ×][A  and 
},,,diag{ 222212 NBBBB K= . 

 
Consider the following decentralized output 
feedback controller for the system given in (2): 

)()()(

)()()(

ttt

ttt

iicicici

iicicicic

yDxCu

yBxAx

+=

+=&
     (3) 

where cin
ic t ℜ∈)(x  is the state of the ith-local 

controller, icn  is a specified dimension, and 
Niicicicic ,,2,1,,,, L=DCBA  are constant matrices to 

be determined during the actual design step. In this 
paper, the design procedure deals with nonzero icD , 
however, it can be set to zero, i.e., 0D =ic , so that the 
ith-local  is strictly proper controller. 
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Fig. 1. General structure of the ith-generator together 
with the PSS in the multimachine power system. 
 
After augmenting the decentralized controller (3) in 
the system, the state space equation for ith-extended 
subsystem will have the following form 
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where TT
ic

T
ii ttt )]()([)(~ xxx =  is the augmented state 

variable for the ith-subsystem and  
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Moreover, the overall extended system equation for 
the system can be rewritten in one state-space 
equation form as 
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where  
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Hence, the overall extended system can be rewritten 
in a compact form as follows: 
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Consider the following design approach where the 
controller strategy in (3) internally stabilizes the 
closed-loop of the transfer function )(sTzw  from w  to 
z  and moreover satisfies a certain prescribed 
disturbance attenuation level 0>γ , i.e., γ<

∞
)(sTzw .  

 
In the following, the design procedure assumes that 
the system in (2) is stabilizable with the same 
prescribed disturbance attenuation level γ  via a 
centralized H∞ controller of dimension equal to or 
greater than  ∑ =

=
N

i icc nn
1

:  in which each controller 
input iu  is determined by the corresponding 
measured outputs Njj ≤≤1,y . The significance of 
this assumption lies on the fact that the decentralized 
controllers cannot achieve better performances than 
that of centralized controllers. In this paper, the 
centralized H∞ controller is used for the initial 
boundary value in the two-stage iterative matrix 
inequality optimization method.  
  
2.2  Decentralized H∞ output feedback controller 

design using parameterized continuation method 
 
Designing a decentralized H∞ output feedback 
controller for the system is equivalent to that of 
finding the matrix DK  that satisfies an H∞ norm 
bound condition on the closed-loop transfer function 

clclclcl ssT DBAICzw +−= )()(  from disturbance w  to 
measured output z , i.e. γ<

∞
)(sTzw  (for a given 

scalar constant 0>γ ). Moreover, the transfer 
functions )(sTzw  must be stable (Gahinet & Apkarian, 
1994). The following proposition is instrumental in 
establishing the existence of decentralized control 
strategy (3) for the system (2).  
 
Proposition. The system (2) is stabilizable with the 
disturbance attenuation level 0>γ  via a decentralized 
controller (3) composed of N  icn - dimensional local 
controllers if there exist a matrix DK  and a positive-
definite matrix P

~  that satisfy the following matrix 
inequality: 
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The condition stated in the above proposition seems 
to be the same as that of the centralized H∞ control 
case (Gahinet & Apkarian, 1994). However, due to 
the specified structure on the controller (i.e., 
designing controllers with “block diagonal”) makes 
the problem an NP-hard nonconvex optimization 
problem. To compute the optimal solution of this 
problem, the design problem is reformulated as an 
embedded parameter continuation problem that 
deforms from the centralized controller to the 
decentralized one as the design parameter varies 
monotonically (Richter & Decarlo, 1983). The 
parameterized family of the problem in (7) is given 
as follows: 
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is a constant matrix of the same size as DK  and 
composed of the coefficient matrices FA , FB , FC  
and FD of an cn - dimensional centralized H∞ for the 
disturbance attenuation level γ . The centralized 
controller  FK   can be obtained via the existing 
method (e.g., Gahinet & Apkarian, 1994). Thus, the 
term DF KK λλ +− )1(  in (8) defines a homotopy 
interpolating centralized H∞ controller and a desired 
decentralized H∞ controller. Thus, the problem of 
finding a solution of (8) can be embedded in the 
family of problems as: 
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Therefore, the algorithm based on parameter 
continuation method for finding the robust 
decentralized output feedback controller has the 
following two-stage iterative matrix inequalities 
optimization. 
Algorithm: A Matrix Inequality Based 
Parameterized Continuation Method.  
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Remark 1: If the problem in Step-1 of the above 
Algorithm fails to be feasible, then the step-length 
should be changed in order to compute DkK  that 
satisfies 0PKΦ p),

~
,(

~
1 kkDk λ−  for the remaining interval. 

The above two-stage iterative matrix inequality 
optimization method involves: i) computing a 
continuous family of decentralized feedback DkK  
starting from 0K =0D  at 0=λ , i.e., an LMI problem 
for each iteration in Step-1, and ii) computing the 
positive definite matrix kP

~  in Step-2. This two-stage 
iterative algorithm can be conveniently implemented 
with the available Semidefinite Optimization (SDO) 
solvers such as MATLAB LMI Toolbox (Gahinet, et 
al., 1995). 
 
2.3 Designing a reduced-order decentralized 

controller. 
 
The algorithm proposed in the previous section can 
only be applied when the dimension of the 
decentralized H∞ controller is equal to the order of 
the plant, i.e., nnc = . However, it is possible to 
compute directly a reduced-order decentralized 
controller, i.e., nnc <  by augmenting the matrix DK  
as 
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where the notation ∗ , ∗∗  are any submatrices, and 
DÂ , DB̂ , DĈ , DD̂  are the reduced-order 

decentralized controller matrices. Note that the n - 
dimensional controller defined by DK̂  of (13) is 
equivalent to the cn - dimensional decentralized 
controller described by state-space representation of 
( DÂ , DB̂ , DĈ , DD̂ ) if the controller and observable 
parts are extracted. Next, define the matrix function 

),
~

,ˆ(
~

λPKΦ D  (which is similar to (8)) as 
 0PKKΦPKΦ p)

~
,ˆ)1((:),

~
,ˆ(

~
DFD λλλ +−=   (14) 

Then, one can apply the algorithm proposed in the 
previous section with FK  of n -dimensional 
centralized H∞ controller. In this case, at 0=λ  set the 
matrix DK̂  to zero except ),( 22 - block )( cnn −−I  and 

proceed with computing 
kDK̂  for each kλ . If the 

algorithm succeeds, then the matrices ( DÂ , DB̂ , DĈ , 

DD̂ ) extracted from the obtained DK̂  at 1=λ , 
comprise the desired decentralized H∞ controller. 
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Remark 2: The approach outlined in the previous 
section considers the problem of designing 
decentralized controllers for the full-order system. It 
is also possible first to reduce the order of the system 
by applying a model reduction technique, and then 
designing a decentralized controller for the system. 
 

3.  SIMULATION RESULTS 
 
The robust decentralized controllers design approach 
presented in the previous section is now applied to a 
four machine test system for designing robust PSS. 
This system, which is shown in Fig. 2, has been 
specifically designed to study the fundamental 
behaviour of large interconnected power systems 
including inter-area oscillations in power systems 
(Klein, et al., 1991). The system has four generators 
and each generator is equipped with IEEE standard 
exciter and governor controllers. The parameters for 
the standard exciter and governor controllers used in 
the simulation were taken from (Kundur, 1994). 
Moreover, the generators for these simulations are all 
represented by their fifth-order models with rated 
voltage of 15.75 kV. To demonstrate the applicability 
of the proposed approach second order PSSs are 
designed, although it is possible to extend the method 
to any order and/or combinations of PSS blocks in 
the design procedure without any difficulty. After 
including the washout filter in the system, the design 
problem is reformulated as an embedded parameter 
continuation problem that deforms from the designed 
centralized H∞ controller to the decentralized one as 
the design parameter varies to its range space. The 
design procedure has been carried out for the base 
loading condition of Mvar]150QMW,1600[P L1L1 ==  and 

Mvar]120QMW,2400[P L2L2 == . The speed of each 
generator, the output of the PSS together with the 
terminal voltage error signal, which are the input to 
the regulator of the exciter, are used as regulated 
signals within the framework of the design. 
Moreover, the output of the washout block, i.e., 
measured output signal, is used as an input signal for 
the PSS in the system. 
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PL1, QL1 PL2, QL2 
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110 km 
25 km 10 km 

110 km 

Area - A Area - B 

Load - 2 
PL2 = 2400 MW 
QL2 = 120 Mvar 

Load - 1 
PL1 = 1600 MW 
QL1 = 150 Mvar  

Fig. 2. One-line diagram of the test system. 
 

A three-phase fault with different fault durations was 
applied at different fault locations and operating 
conditions to verify the performance of the proposed 
robust PSSs. For a short circuit of 150 ms duration at 
node F in Area-A, the transient responses of 
generator G2 with and without the PSS in the system 
are shown in Fig. 3. This generator which is the most 
disturbed generator in the system due to its relative 
nearness to the fault location shows a good damping 

behaviour after the PSS included in the system. The 
robust decentralized PSSs designed through this 
approach are also given in Table 1. 
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Fig. 3. The transient responses of Generator G2 to a 

short circuit at node F. 
 

Table 1. The robust decentralized power system 
stabilizers for the system with 256=M  

Generator Gi The Corresponding PSS 

1 
431.29724.14

122.20294.8
2

2

++
++

ss
ss  

2 
344.22050.37
010.21610.19

2

2

++
++

ss
ss  

3 
862.17611.37
120.22704.17

2

2

++
++

ss
ss  

4 
832.11070.10

508.6211.6
2

2

++
++

ss
ss  

To further assess the effectiveness of the proposed 
approach regarding robustness, the transient 
performance indices were computed for different 
loading conditions at node 1 ]Q,[P L1L1  and node 2 

]Q,[P L2L2  while keeping constant total load in the 
system. These transient performance indices, which 
are used to investigate the behaviour of the system 
during any fault and/or sudden load changes, are then 
normalized to the transient performance indices of 
the base operating condition for which the designed 
procedure has been carried out. Specifically, these 
normalizations are computed according to the 
following formula: 

 
BLC

DLC
N I

I
I =         (15) 

where DLCI  is the transient performance index for 
different loading condition, BLCI  is the transient 
performance index for base loading condition for 
which the design has been carried out. Moreover, the 
transient performance indices for generator powers 

iGP , generator terminal voltages itV  and excitation 
voltages ifdE  following a short circuit of 150 ms 
duration at node F in Area-A are computed using the 
following equations. 
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The normalized transient performance indices for 
different loading conditions are shown in Fig. 4. It 
can be seen from Fig 4 that the indices for )( fdN EI , 
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)( GN PI  and )( tN VI  are either near unity or less than 
unity for a wide operating conditions. This clearly 
indicates that the transient responses of the 
generators for different operating conditions are well 
damped and the system behaviour exhibits 
robustness for all loading conditions. 
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Fig. 4. Plot of the normalized transient performance 
indices. 

Remark 3: The value of the normalized transient 
performance index ).(NI  gives a qualitative measure 
of the dynamic behaviour of the system during any 
fault and/or sudden load changes. A value much 
greater than unity means that the system behaves 
poorly as compared to the base operating condition. 
 

4. CONCLUSION 
 
A framework for robust PSS design that takes into 
account model uncertainties and changes in the 
operating conditions has been presented. The 
applicability of the approach has been demonstrated 
through design example in a four-machine test 
system. The design problem is first reformulated as 
an embedded parameter continuation problem that 
homotopically deforms from the centralized H∞ 
controller to the decentralized one as the continuation 
parameter varies monotonically. The corresponding 
optimization problem is solved using two-stage 
matrix inequality optimization method. The 
possibility of extending to design a reduced-order 
decentralized controller has also been addressed 
properly. The latter which has additional practical 
benefits since high-order controllers when 
implemented in real-time configurations may create 
undesirable effects such as time delays. Moreover the 
approach is flexible enough to allow the inclusion of 
additional design parameters such as the order of the 
controller and for each input/output channel in the 
system. An additional benefit of this approach is that 
all the controllers are linear and use minimum local 
feedback information. 
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