
 

 Abstract--This paper presents a new approach to deal with 
the problem of robust tuning of PSS in multimachine power sys-
tems with different operating conditions of load, topology and 
generation scheduling. The proposed method is based on the 
formulation of an optimization problem, solved by an evolution-
ary programming algorithm. The effectiveness of the proposed 
approach is demonstrated through modal analysis and nonlinear 
simulations of two test systems, carried out using Matlab and 
PSS/E software package. 
 

Index Terms--Power system small signal stability, PSS, Robust 
tuning, Evolutionary programming algorithms 

I.  INTRODUCTION 
HE power system dimension growth and the increased 
operating constrains (economic, environmental, regula-

tory, technical, etc.) are leading to more tight stability margins 
and to the arise of conditions propitious to low damped oscil-
lations. Such conditions can also be precipitated by contingen-
cies, such as line outages, or high load levels. Hence, even 
systems that have adequate damping in normal operation, can 
often suffer from these problems during abnormal conditions. 
When this happens, additional damping may be required. 

A valuable contribution to increase system damping is 
given by Power System Stabilizers (PSS), if correctly tuned. 
The first methods used to find out the parameters of PSS as-
sumed that such tuning could be made using an approach 
where the generator was connected to an infinite bus. Al-
though interesting and simple, it was early seen that it did not 
respond to the needs of modern large interconnected systems 
and a multimachine model was required to provide adequate 
solutions. However, the solution of the PSS tuning problem 
can be quite complex in multimachine power systems, due to 
the dimensionality problem. 

It is well known that power systems dynamic behavior may 
be quite different at different operating conditions. Conse-
quently, a set of parameters that produces satisfactory damp-
ing for a given operating condition may no longer be the de-
sirable one in a different operating scenario. These facts show 
that search for robust solutions, which are able to produce 
satisfactory results for the all set of different operating condi-
tions, is very much needed. 
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Several techniques have been proposed to deal with this 
problem. An interesting approach exploits the concept of sen-
sitivity, which comprises two steps: the design of the phase 
compensation network and the computation of the gain. In [1] 
it is suggested to minimize the sum of the weighted PSS gain 
increments, after the compensation design. The weighting 
coefficient constitutes a way to bias the solution in favor of 
the most effective stabilizers, based on previous analysis. In 
[2] the concept of sensitivity is introduced in the calculation of 
the PSS gain, giving to the algorithm the ability of selecting 
the most efficient stabilizers. In both cases, the problem is 
formulated and solved as a Linear Programming (LP) prob-
lem. 

However, the use of LP approaches has several limitations 
and is not flexible enough. The use of meta-heuristics pro-
vided a powerful tool to overcome some of the LP limitations. 
In [3]-[5] it is introduced the use of meta-heuristics to solve 
this problem. In this approach, the objective function used 
lead to the maximization of the mode damping, providing si-
multaneously the determination of the compensation networks 
and gains, but having the inconvenience of the need of a pre-
vious selection of the PSS locations. 

The method presented in this paper, is intended to be a new 
tool to assist in PSS tuning, by trying to combine the best fea-
tures of the approaches mentioned above. The problem is for-
mulated as an optimization one, where the objective function 
consists in the minimization of total amount of control actions, 
subject to a set of restrictions. EPSO - Evolutionary Particle 
Swarm Optimization - is used here as optimization motor 
[6],[7], to identify robust solutions in the search space. 

In the following sections, the problem formulation is pre-
sented and some results of its application to the well-known 
Two-Area and New England test systems are described. Fi-
nally, the quality of the results is evaluated with time domain 
nonlinear simulations using the PSS/E software package. 

II.  POWER SYSTEM MODELING 
A linear model of the power system, in a state space form, 

is used in this research [8]. The canonical description given by 
equations (1) was obtained from the analytical linearization of 
differential equations that define the state model. This model 
allows the use of classical approach to analyze the stability 
conditions of the power system, which consists in computing 
the eigenvalues of the state matrix, from which are then calcu-
lated the damping conditions associated to each oscillation 
mode. 
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The generator model to be used depends on the needed de-
tail. When a six order model is adopted, the state variables are 
the speed deviation, rotor angle and d-q flux linkages. If a 
fourth order model is considered, two of the flux variables are 
ignored. The voltage regulator and governors were repre-
sented by typical IEEE models adequate to the requirements. 

In this research, a typical stabilizer with the rotor speed de-
viation as the input signal was considered. The transfer func-
tion is the following: 
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Where K is the PSS gain and Tw is the washout time con-
stant. There are also N lead-lag blocks with time constants T1 
and T2, to provide the necessary phase compensation. 

After setting up a system of equations like (1), the eigen-
values λi = σi ± jωi of the state matrix are calculated. For each 
eigenvalue, damping is defined as: 
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Of course, the oscillation mode does not contain all infor-
mation. The influence of each state variable in system behav-
ior can be assed by analyzing mode-shape (right eigenvector) 
and participation factors. From the eigenvectors, we can cal-
culate the participation factors, which are defined as the prod-
uct of the j-th element of the right vji and left wji eigenvectors, 
corresponding to the i-th oscillation mode [9],[10]: 
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An interesting property of the participation factors is that 
they are dimensionless, what makes them suitable for PSS 
location. If ajj is the generator speed, the participation factor 
can be interpreted as the sensitivity of the oscillation mode to 
the location of an ideal PSS. An ideal PSS introduces a torque 
in phase with the speed deviation [11]. 

III.  PROBLEM FORMULATION 
The purpose of the approach described in this paper is to 

identify a reduced number of PSS to be installed in power 
system generators, and, for each one of these PSS, to deter-
mine the set of parameters that provides a robust solution, 
producing in this way a satisfactory global damping, for all 
less damped oscillation modes and for the all set of considered 
operating conditions. 

The engineering problem consists therefore in the minimi-
zation of the total system control actions. Mathematically, the 
problem can then be formulated as a minimization one, where 
the objective function – OF (X) – consists in the weighted 
sum of the PSS gains, subject to a set of restrictions, (namely 
damping of the oscillation modes should be smaller than a 
given bound and control variables should be within allowable 

physical limits). If necessary, other restrictions, like maximum 
tolerable frequency deviation, can be added to the problem. 
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Where: 
X  - is the solution of the problem (set of control vari-

ables to be used in each PSS to be installed); 
pji  - is the normalized speed participation factor of gen-

erator j-th in oscillation mode i; 
Kj  - is the PSS gain of the j-th generator; 
n  - total number of generators; 
nm  - number of electromechanical oscillation modes; 
nc  - number of system scenarios. 

The control variables (solution of the problem) are, for 
each PSS, the gain K, the number of lead-lag blocks N and the 
time constant values (T = T1 and α = T1 / T2) of each of these 
blocks. Limits are also imposed to the gains of the stabilizers 
and to the time constants in the lead-lag blocks. The washout 
time constant is specified previously to the PSS designs and is 
not adjusted. 

The generators where the gain value of the PSS, deter-
mined with this approach, present a value different from zero 
are the ones selected for PSS installation. 

The factor wji = (1-pji) correspond to the weighting coeffi-
cient. As mentioned in [9],[11], the participation factor pro-
vides a good and simple indication of the best location to in-
stall PSS. The participation factor of generators speed can be 
seen as the mode sensitivity to the installation of an ideal PSS 
using speed as input. To weight properly the gain, the speed 
participation factor of each generator in an oscillation mode 
was divided by the sum of the participations, described by (4). 

To better understand how the participation factor intro-
duces a localization index in the objective function, let us ana-
lyze the result for extreme values of pji. If pji = 1, it is because 
only generator j-th has influence on mode i. This results in wji 
= 0, which means that the PSS gain of j-th generator can take 
any value between its limits, since no other generator can 
damp mode i. On the other hand, if pji = 0, it is because gen-
erator j-th has no influence over mode i. In this way, the gain 
will be minimized with wji = 1. Of course, a real occurrence 
should be between these two extreme cases. 

The system damping is determined calculating the eigen-
values of the state matrix, but only the electromechanical 
modes are considered to identify the problem solution. The 
eigenvalues determination is obtained by using MATLAB QR 
method routines. Therefore, this approach is limited by the 
capabilities of the routine used. 

The solution of this problem can also be oriented just to 
deal with the poorly damped modes of the system. 

By considering an objective function of this kind, it is then 
possible to indicate admissible locations to install PSS and let 



 

the algorithm select the best ones. This is an advantage rela-
tively to other methods, which need a specification regarding 
where PSS are to be installed. By specifying such location, 
one is limiting the search space and eliminating solutions that 
could be more interesting. 

The use of a tool such as the one described here has in-
creased interest is situations where it is difficult to identify a 
“worst case” scenario, to design afterwards the PSS solution. 

IV.  OPTIMIZATION MODULE 
The determination of the solution of this problem is per-

formed here using an Evolutionary Particle Swarm Optimiza-
tion (EPSO) algorithm, inspired in both Evolutionary and in 
Particle Swarm Optimization algorithms, as described in 
[6],[7]. This method provides a very effective meta-heuristics 
searching approach in the solution searching space defined by 
the control variables. 

The EPSO algorithm, recently developed, is quite robust 
and has the advantage of dealing easily either with continuous 
variables, which is the case of most of the variables involved 
in this PSS tuning problem, or with discrete variables (number 
of lead/lag blocks, in this case). 

The solution of the objective function within the EPSO al-
gorithm is obtained by adding a penalty to the objective func-
tion defined by equation (5), such that this penalty is propor-
tional to the square deviation of the violated restrictions (in 
this case the system oscillation modes damping). 

Each particle – a potential problem solution - is composed 
by the control variables of generators where it is possible to 
install PSS.  

The particles are oriented towards the best solutions by 
adding to the present position (solution) a factor, called parti-
cle velocity. As in classical PSO, the velocity is defied as the 
sum of three factors (inertia, memory and cooperation), in this 
case weighted by self-adaptative parameters. This increases 
the robustness of the algorithm [6],[7]. 

The initial particles were selected randomly. In some cases, 
a particle, representing a good solution, may be given to the 
algorithm at the beginning of the searching procedure. This 
increases convergence speed but may also lead to a local op-
timum instead of the global optimum. 

V.  NUMERICAL RESULTS IN TEST SYSTEMS 
Two test systems have been used in this research to demon-

strate the effectiveness of the developed approach. A simple 
two-area test system was used first to get a good view of the 
problem and of the results provided by the approach used. A 
larger system was exploited afterwards to show that good re-
sults could also be obtained independently of the dimension of 
the problem. 

A.  Two-Area System 
A test system widely used for small signal stability studies 

was used here to demonstrate the performance of the used 
approach. This simple two-area system is shown in Fig. 1. 
Network and generator data can be found in [8]. 

 
Fig. 1.  Two-area test system 

 
Synchronous generators are modeled using a six order 

model with magnetic saturation neglected. It was assumed that 
generators are equipped with a typical DC excitation system, 
modeled with an IEEE type 1 AVR model. The governor sys-
tem was not represented. The complete system, without PSS, 
was therefore represented with 36 variables. All active and 
reactive loads are modeled using constant impedances. 

In addition to the operating condition defined in [8], it was 
considered two additional different scenarios. The operating 
conditions studied are characterized by: 

• OC1 – Base case; 
• OC2 – A single line between bus 7 and 8; 
• OC3 – Load decrease of 1000 MW. 

The study of a small number of operating conditions al-
lows, on a first stage, to demonstrate the performance of the 
proposed method while keeping the analysis simple. 

The oscillation modes, for both operating conditions with-
out PSS, are shown in Table I. The structure of the oscillations 
can be identified with a classical participation factor and mode 
shape analysis. For this system, the behavior of the initial os-
cillation modes is well known [8]-[10]. The higher frequency 
modes are associated to local oscillations. In contrast, the 
lower frequency mode is an inter-area mode, since it has a 
significant participation of all generators. The generator with 
greatest participation in inter-area mode is generator 3, which 
makes it the most suitable generator to install a PSS. 

 
TABLE I 

ELECTROMECHANICALL MODES WITHOUT PSS 
 

OC No. Real Imag. Damp. (%) f(Hz) 

1 -0.5604 7.0133 7.96 1.12 

2 -0.5569 6.7901 8.17 1.08 1 

3 -0.0146 3.3532 0.43 0.53 

1 -0.5701 6.9805 8.14 1.11 

2 -0.5706 6.7551 8.42 1.08 2 

3 0.0050 2.5685 -0.20 0.41 

1 -0.6474 6.7335 9.57 1.07 
3 

2 -0.0591 4.1858 1.41 0.67 

 
The approach described before was then used to find out a 

robust solution in terms of PSS and their parameters, such that 
the oscillations damping would increase for values larger than 
10%. The PSS adopted are assumed to have a transfer func-



tion like the one described in (2). The PSS parameters were 
adjusted considering also typical limits, as described in litera-
ture. In the optimization process, the following limits were 
used: K = [0, 10], T = [2, 0.2] and α = [1, 30]. It was also as-
sumed a fixed Tw = 5 s. Table II presents the results obtained 
with this approach. 

The generators where the gain value of the PSS presents a 
value different from zero are the ones selected for PSS instal-
lation. Of course, the solution may not be the optimum one. 
Like any other algorithm based on meta-heuristics, this 
method does not guarantee that the global optimum value is 
found. 

TABLE II 
PSS PARAMETERS WITH PSS TUNED SIMULTANEOUSLY 

 

Generator K N T α 

1 0.26 2 2.00 30 

2 0 Not Used 

3 1.03 2 1.99 18 

4 0 Not Used 

 
In this example, only two generators were selected for PSS 

installation (generator 1 and 3). This corresponds to the expec-
tations, since generator 3 has the highest participation on in-
ter-area mode. It is also necessary to install a PSS on genera-
tor 1 because the effect of generator 3 in the local mode of 
area 1 is not significant. 

With PSS parameters adjusted according to the values 
shown in Table II, the system modes are now the ones pre-
sented in Table III. 

TABLE III 
ELECTROMECHENICAL MODES WITH PSS TUNED SIMULTANEOUSLY 

 

OC No. Real Imag. Damp. (%) f(Hz) 

1 -0.7640 7.4561 10.19 1.19 

2 -0.6887 6.8552 10.00 1.09 1 

3 -0.3320 3.3014 10.01 0.53 

1 -0.7813 7.4269 10.46 1.18 

2 -0.7042 6.8186 10.27 1.09 2 

3 -0.3210 2.3455 13.56 0.37 

1 -0.7808 6.7995 11.41 1.08 
3 

2 -0.9863 4.2044 22.84 0.67 

 
It is obvious that the designed PSS produced now the de-

sired result, and the damping of all electromechanical modes 
increased to values above 10%. Next figure shows the move-
ment of all oscillation modes on the s-plane, which confirm 
that all modes are shifted to the left half plane, (to the left of 
the 10% damping ratio line). It is worth to be mentioned that 
frequency of electromechanical modes does not change sig-
nificantly, that indicates proper phase compensation, near 180 
degrees. 
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Fig. 2.  Pole map of the operating conditions for two-area system 

 
A different approach to solve the proposed problem would 

be tuning the PSS considering one scenario – “worst case” – 
instead of a simultaneous tuning. To identify the “worst case”, 
it is clear that the best guess would be the contingency sce-
nario, because of the higher transfer reactance and the exis-
tence of an instable mode in the initial operating condition. 
However, by analyzing Table III, we may observe that damp-
ing in operating condition 1 is lower, which does not agree 
with the guess. 

To determine if OC2 is the “worst case”, the proposed 
method was applied just to this scenario. Therefore, if the 
guess is correct, it is expected that the solution found produces 
satisfactory results in the other scenario. The PSS parameters 
obtained are presented in Table IV and the resulting modes in 
both scenarios are shown in Table V. 

 
TABLE IV 

PSS PARAMETERS WITH PSS TUNED FOR OC2 ONLY 
 

Generator K N T α 

1 0.22 2 2.00 30 

2 0 Not Used 

3 0.95 2 2.00 30 

4 0 Not Used 

 
TABLE V 

ELECTROMECHENICAL MODES WITH PSS TUNED FOR OC2 ONLY 
 

OC No. Real Imag. Damp. (%) f(Hz) 

1 -1.1993 7.3170 16.18 1.16 

2 -0.6694 6.8459 9.73 1.09 1 

3 -0.2828 3.2133 8.77 0.51 

1 -1.2175 7.2797 16.50 1.16 

2 -0.6840 6.8089 10.00 1.08 2 

3 -0.2315 2.3043 10.00 0.37 

1 -0.7612 6.7898 11.14 1.08 
3 

2 -0.7285 3.8579 18.55 0.61 



 

One can observe that with the adjustments of Table IV the 
damping of modes for OC1 (described in Table V) are bellow-
ing the requirement (over 10% damping). On other side, if we 
perform the PSS adjustment only with scenario 1, the results 
obtained are not significantly different from the ones obtained 
with simultaneous design. 

From these results, it is possible to conclude that the guess 
was wrong: the “worst case” is scenario 1. These results dem-
onstrate that is not always possible to identify the “worst case” 
base on simple rules. When applying PSS there are several 
factors involved other than damping of initial scenario. For 
instance, it has to be considered the influence that a PSS will 
have on damping. This can be done with a careful analysis of 
the speed participation factors for the inter-area mode. For the 
operating conditions considered, we verify that, although nor-
malized participation factor does not change significantly, the 
absolute value (in p.u.) is larger when transmission system is 
weaker. It should not be forgotten that phase compensation 
also varies with operating conditions. 

Although modal analysis is a powerful tool, it should be 
kept in mind that power systems are nonlinear. Therefore, to 
demonstrate the effectiveness of the presented method, and the 
validity of results produced, it was simulated a disturbance in 
the system, with and without the PSS. Fig. 4 and Fig. 5 de-
scribe the oscillation obtained after a disturbance in the sys-
tem, using the PSS/E simulation package, for some of the con-
sidered scenarios. Solid lines describe the system behavior 
before installing PSS and dashed lines describe it after install-
ing these devices. It can be observed from these figures that, 
after installing the PSS with the parameters identified with the 
described approach, the system increased considerably its 
damping. 

Finally, it should be mentioned that the EPSO performance 
was essential to the success of the proposed approach. As 
mentioned, the problem of PSS robust tuning is complex, and 
requires heavy computation. 

B.  New England System 

In this part of the study, the 10 machines 39 bus power sys-
tem, known as New England Test System, is used to demon-
strate the effectiveness of the proposed method in larger sys-
tems. The one-line diagram is shown on Fig. 6. and details of 
system data can be found in [12]. Generator 1 represents an 
equivalent of a large system. Electrical generators are repre-
sented here with a fourth order model. Excitation system was 
represented with an IEEE type 1 AVR model. The governor 
system was represented considering typical models. This re-
sults in a state matrix with a dimension of 94x94. All active 
and reactive loads are represented with a constant impedance 
model. 

Five operating conditions were considered: 
• OC1 – Base case; 
• OC2 – Lines 3-18 and 25-26 out of service; 
• OC3 – Lines 17-16 and 4-14 out of service; 
• OC4 – Line 6-11 out of service; 
 

 
Fig. 3.  Response of generator 3 speed deviation to a three-phase fault 

in bus 7 (10ms duration) for two-area system OC1 
 

 
Fig. 4.  Response of generator 3 speed deviation to a three-phase fault 

in bus 7 (10ms duration) for two-area system OC2 
 

 
Fig. 5.  Response of generator 3 speed deviation to a three-phase fault 

in bus 7 (10ms duration) for two-area system OC3 
 



 

• OC5 – 15% Load increase; 
• OC6 – 30% Load decrease. 

Without PSS the system exhibits low damped modes. The 
lower frequencies correspond to inter-area modes character-
ized by oscillations between groups of generators. 

 

 
Fig. 6.  New England test system 

 
In this situation the selection of the “worst-case” scenario 

becomes even more difficult, due to the large dimension of the 
system. In the OC5 operating point the load of the system is 
larger, on the other hand, in the cases where lines were con-
sidered to be out of service, the transfer reactances are larger. 
Probably scenario OC6 would be the less problematic situa-
tion. 

For this system, the following limits were used in the opti-
mization process: K = [0, 100], T = [2, 0.2] and α = [1, 30]. It 
was also assumed a fixed Tw = 5 s. 

The solution found corresponds to the installation of PSS in 
all the generators where this possibility was admitted by the 
approach. The PSS parameters obtained are presented in Table 
VI. The oscillation modes, for the 6 scenarios, obtained with-
out and with the PSS, adjusted with the parameters obtained, 
are presented in next figure. 
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Fig. 7.  Pole map of the operating conditions for New England system 

It can be verified that after the installation of the PSS the 
oscillation modes are now well damped and with a damping 
generally large than 10%. However, in a very few cases it was 
not possible to obtain the specified damping conditions, al-
though the obtained values were very near the project targets. 

The frequency deviations in some modes are considerable 
high, as it can be observed from the imaginary values of the 
pole map presented in figures 7. In fact it was not considered 
any restriction regarding this kind of deviation in the initial 
problem formulation. However, if such a restriction would be 
included it would be expected a reduction in the obtained 
damping. This results from the difficulty in introducing the 
necessary phase compensation.  

 
TABLE VI 

PSS PARAMETERS FOR NEW ENGLAND SYSTEM 
 

Generator K N T α 

2 10.42 2 1.02 29 

3 6.65 2 0.20 20 

4 24.61 2 0.52 30 

5 0 Not Used 

6 12.35 2 0.92 30 

7 60.10 2 0.20 20 

8 35.76 2 0.53 30 

9 6.78 2 0.49 30 

10 67.84 2 0.79 28 

 
In order to validate and evaluate the quality of the results 

obtained, time domain simulations were also performed here. 
For that purpose a short-circuit was simulated in bus 28 with a 
duration of 100 ms. In Figures 8, 9 and 10 selected results are 
shown. As it can be observed the generator speeds become 
rapidly damped after the installation of the PSS tuned with the 
parameters determined used the described approach. 

VI.  CONCLUSIONS 

The approach described here to identify the location of the 
installation of PSS and to produce their tuning, shown to be 
well succeeded in producing robust solutions to assure well 
damping characteristics in several operating conditions. 

The adoption of EPSO, to deal with this optimization prob-
lem, also revealed excellent performance that contributed for 
the success of the described approach. 

The results obtained lead to: 
1. selection of a reduced number of generators 

where PSS should be installed;  
2. considerable increase in damping of the electro-

mechanical oscillations for all the scenarios con-
sidered. 

The approach described in this paper can be considered as 
a new tool for the identification of good solutions in the 
search space. 



 

The adoption of such an approach to identify the parame-
ters of PSS requires, however, a careful analysis of the ob-
tained results in order to identify possible implementation dif-
ficulties. 
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Fig. 8.  Response of generator 9 speed deviation to a three-phase fault  

in bus 28 (100ms duration) for New England system OC1 
 

 
Fig. 9.  Response of generator 9 speed deviation to a three-phase fault  

in bus 28 (100ms duration) for New England system OC4 
 

 
Fig. 10.  Response of generator 9 speed deviation to a three-phase 

fault in bus 28 (100ms duration) New England system OC5 
 




