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ABSTRACT: 
 

In order to make the electricity supply more reliable and with the development of 

electricity trading, electric power systems have been steadily growing these last decades. The 

interconnection of formerly isolated networks has resulted in very large and complex power 

systems. The drawback of this evolution is that these very large systems are now more 

vulnerable to stability issues like inter-area oscillations where one area oscillates against one 

or many others. These instabilities may be particularly dangerous if they lead to a blackout 

(North America, 2003) which is why stability analysis has to be performed so as to prevent 

these phenomena. The modal analysis, which is a frequency domain approach, is a very 

powerful tool to characterize the small signal stability of a power system and will be the one 

presented in this report.  

This report is the result of a master thesis project performed in September 2014 to 

February 2015 at the Network Studies Department of the Power System & Transmission 

Engineering Department of the EDF group. Over the years, EDF has developed a 

considerable experience in the diagnostic of inter-area oscillations and the tuning of power 

system stabilizers by taking repeating actions in electrical networks worldwide. The main task 

of this report is to formalize this expertise and widen the services offer of the Network Studies 

Department. Indeed as explained above the development of large electrical networks has 

increased the need for dynamic stability studies with particular attention to inter-area 

oscillations. The work done during this project was then organized to guarantee the durability 

of this expertise and can be divided into two parts: the first one deals with the theory behind 

modal analysis and how it can be applied to power systems to diagnose eventual stability 

issues regarding inter-area oscillations; and a second part which tries to give a method to 

follow to neutralize the impact of an eventual diagnosed inter-area oscillation. Then, of 

course, a case study based on an actual network has been used to illustrate most of the theory 

and finally, last but not least in the engineering scope, a sensitivity analysis has been 

performed. It is actually very important to know which parameters have to be known 

precisely and which one can be estimated with standard values because in such a study the 

time required for the data collection can be unreasonably long.  

It appears from this project that the modal analysis, with its frequency domain 

approach, is a very convenient tool to characterize the dynamic evolution of a power system 

around its operating point. It allows to clearly identify the role of each group and to gather 

groups with the same behavior easily. However, the method used to eliminate the effect of 

any undesired inter-area oscillation is not easy to implement on an actual power system as a 

many things have to be taken into consideration if one want to avoid unwanted side effects 

and it necessitates important precision in the data.      
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Nomenclature: 
 

𝑨  state matrix 

𝑩  input matrix 

𝑪  output matrix 

CTG  combustion turbine generator 

CS  industrial complex in the South  

𝑫  feed-forward matrix 

𝐷(𝑠)  denominator function 

𝑓  frequency 

𝑓3𝑑𝐵   cut-off frequency 

𝑓𝑟  rejection frequency 

𝐺𝑑𝐵  transfer function gain in dB 

𝐻  inertia 

Hz  Hertz 

𝐻𝑖𝑗(𝑠)  transfer function between input I and output j 

HYXGY  generator n°Y of the Xth HY site 

𝐾𝑃𝑆𝑆  PSS gain 

kV kilo Volt 

MVA mega Volt Ampere 

MW  mega Watt 

𝑁(𝑠)  numerator function 

𝑛𝑓  number of lead-lag filters 

𝑷  participation matrix 

𝑃𝑎  accelerating power 

𝑃𝑒  electric power 

PIDL proportional-integrator-derivative corrector in series with a lag bloc 

PIL proportional-integrator corrector in series with a lag bloc 

𝑃𝑚  mechanical power 

Pn  nominal active power 

pp  percentage point 

Ra   stator resistance 

𝑟𝑙  residue associated to eigenvalue l 

𝑅𝑇(𝑠)   ramp tracking transfer function 

Sn  nominal apparent power 

STG  steam turbine generator 

𝑇𝑑  ramp tracking denominator time constant 

𝑇𝑒  electro-mechanical torque 

THXGY generator n°Y of the Xth TH site 

𝑇𝑚  mechanical torque 

𝑇𝑛  ramp tracking numerator time constant 
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𝑇𝑤  washout time constant 

𝑇1   lead-lad time constant 1 

𝑇2  lead-lad time constant 2 

T'do  direct transient open circuit time constant 

T'qo  quadrature transient open circuit time constant 

T''do  direct sub-transient open circuit time constant 

T''qo  quadrature sub-transient open circuit time constant 

𝑈  bus magnitude voltage 

𝑽 = [𝒗𝟏, … , 𝒗𝒏]  right transfer matrix 

𝑉𝑟𝑒𝑓  excitation control system reference voltage 

𝑣𝑃𝑆𝑆  PSS output signal 

𝑾 = [
𝒘𝟏

𝑻

…
𝒘𝒏

𝑻
]  left transfer matrix 

Xd  direct synchronous reactance 

Xl  stator leakage inductance 

Xq quadrature Synchronous reactance 

X'd  direct Transient reactance 

X'q quadrature Transient reactance 

X''d direct Sub-transient reactance 

X''q quadrature Sub-transient reactance 

𝛿  generator internal angle 

𝜁  damping ratio 

𝜃  bus voltage angle 

𝜆𝑖 = 𝜎𝑖 ± 𝑗𝜔𝑖  eigenvalue 

𝜦  diagonalized state matrix 

𝜑𝑚  maximum phase shift of a lead-lag filter 

𝜑  phase 

𝜓𝐷  direct axis flux 

𝜓𝑄  quadrature axis flux 

𝜔  pulsation 

𝜔  generator speed 
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INTRODUCTION: 
 

 

This report is the result of a master thesis project performed at the Network Studies 

Department (DER) of the Power System & Transmission Engineering Department (CIST) of 

the EDF group. EDF-CIST is EDF’s electricity transmission centre of expertise and among 

others activities it provides worldwide consultancy services to other electricity supply 

authorities, government institutions, major project sponsors and developers. Recently the 

interest of these clients towards dynamic stability studies has increased mainly because of the 

appearance of inter-area oscillations that have become more and more common in very large 

power systems. My principal task during this internship at the DER was then to write a 

technical reference document based on former studies conducted by the EDF group that can 

be used as a basis for further dynamic stability studies linked to inter-area oscillations. 

  As explained in [3] and [4] inter-area oscillations correspond to electro-mechanical 

oscillations between two parts of an electric power system. They are usually observed in large 

power systems connected by weak tie lines but they can affect smaller systems too as soon as 

two generating areas are interconnected by a comparatively weak line. These oscillations have 

frequencies in the range 0.2 to 2.0 Hz and appear when generators on one side of the 

connection line start oscillating against generators of the other side, resulting in periodic 

electric power transfer along this line (plus side effects on the rest of the system). In well 

damped systems these oscillations will be absorbed within a few seconds but in other cases 

they may lead to instability. 

Modal analysis is the referring mathematical tool used to study the small signal 

stability of a power system and then inter-area oscillations. The objective of this report is to 

give all the key elements necessary to understand the theory behind modal analysis and its 

results. It outlines a general technical solution (based on these results) used to attenuate inter-

area oscillations and how it can be applied to a specific case. It also tries to investigate which 

are the dominating parameters of a network that have to be known precisely in order to make 

a good diagnostic of any eventual inter-area oscillation.  

This report is organized as follows: in a first part the modal analysis theory is 

presented along with the residue method which explains how the modal analysis results can 

be applied to the tuning of a power system stabilizer (PSS) to damp inter-area oscillations. In 

a second part the whole process taking place in the tuning of a PSS is described but only 

certain types of PSS are considered as the purpose is to present a methodology, not to be 

exhaustive. Then in a third part a case study is used to illustrate all the theory and to get 

familiar with how to read into the results obtained. Finally in a fourth part some sensitivity 

analyses are done on the case study to have an idea of how important some parameters may 

be on the modal analysis results.   
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1-MODAL ANALYSIS IN ELECTRIC POWER 

SYSTEMS: 

 

1.1-Inter-area oscillations:  

 Inter-area oscillations correspond to electro-mechanical oscillations between two parts 

of an electric power system [3], [4] & [20]. They are usually observed in large power systems 

connected by weak tie lines but they can affect smaller systems too as soon as two generating 

areas are interconnected by a comparatively weak line. These oscillations have frequencies in 

the range 0.2 to 2.0 Hz and appear when generators on one side of the connection line start 

oscillating against generators of the other side, resulting in periodic electric power transfer 

along this line (plus side effects on the rest of the system). In well damped systems these 

oscillations will be absorbed within a few seconds, in other cases they can lead to instability.  

 The stability study of a power system around its equilibrium point before any 

disturbances can provide much information regarding these oscillations: how many inter-area 

modes the system has and what are their frequency and damping. Besides that, in the case of 

insufficiently or negatively damped modes it helps improving these modes. This theory is 

known as modal analysis and deals with small-signal stability applied to linearized system 

models. 

1.2-Modal Analysis:   

Most of the theory presented in this section comes from [1], [2] & [19]. 

An electrical network consists of an interconnection of different electrical elements. 

Based on some assumptions all the dynamical components of this network (generators, 

dynamic loads, regulators …) can be described by differential equations: this constitutes a 

first set of equations represented by 𝑓 in (1-1). Then, based on Kirchhoff’s law, another set of 

algebraic (free of derivatives) equations is formed corresponding to 𝑔 in (1-1). Finally, all 

electric power system can be described by one set of differential algebraic equations like the 

one in (1-1). 

�̇� = 𝑓(𝒙, 𝒚, 𝒖) 

𝟎𝒎 = 𝑔(𝒙, 𝒚, 𝒖) 
(1-1) 

In (1-1), 𝒙 ∈ ℝ𝑛×1 and is referred to as the state vector. Its 𝑛 components 𝑥𝑖 are the state 

variables of the system (all the differential variables). The rotor angles 𝛿𝑖, rotor speed 𝜔𝑖 and 

other variables of the generators and regulators are state variables. An example of state vector 

is: 
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𝒙 = [𝛿𝑔𝑒𝑛1, … , 𝛿𝑔𝑒𝑛𝑁𝐺𝐸𝑁 , 𝜔𝑔𝑒𝑛1, … , 𝜔𝑔𝑒𝑛𝑁𝐺𝐸𝑁 , 𝜓𝑓𝑔𝑒𝑛1, … , 𝜓𝐷𝑔𝑒𝑛1, … , 𝜓𝑄𝑔𝑒𝑛1, … , … ]
𝑇
.  

The number of state variables 𝑛 depends on the model used for the representation of the 

generators (classic, simplified, complete), on the number and the type of regulations 

associated to each generator and broadly speaking on all the dynamical elements of the 

system. When regarding the study of inter-area oscillations, the most involved variables are 

the internal angles 𝛿𝑖 and the rotor speeds 𝜔𝑖 of the generators. 

The vector 𝒚 ∈ ℝ𝑚×1 and contains the algebraic variables of the system: all the bus voltage 

magnitudes 𝑈𝑖 and angles 𝜃𝑖 and other algebraic variables defined in the devices. 

𝒚 = [𝑈𝑏𝑢𝑠1, … , 𝑈𝑏𝑢𝑠𝑁𝐵𝑈𝑆, 𝜃𝑏𝑢𝑠1, … , 𝜃𝑏𝑢𝑠𝑁𝐵𝑈𝑆]
𝑇 

𝒖 ∈ ℝ𝑟×1 and contains the system inputs: the control variables of the regulators. 

1.2.1-From differential algebraic equations to state-space representation: 

The state-space representation corresponds to the linearized model of a power system 

defined by (1-1) around one of its equilibrium points. This new model provides information 

regarding the behavior of the system when submitted to small disturbances and is then widely 

used in the study of inter-area oscillations. 

Let (𝒙𝟎, 𝒚𝟎, 𝒖𝟎) be an equilibrium point of the system (given by load flow calculations): 

�̇�𝟎 = 𝑓(𝒙𝟎, 𝒚𝟎, 𝒖𝟎) = 𝟎𝒏 

                    𝟎𝒎 = 𝑔(𝒙𝟎, 𝒚𝟎, 𝒖𝟎) 
(1-2) 

Using the first order Taylor approximation around (𝒙𝟎, 𝒚𝟎, 𝒖𝟎) leads to: 

�̇� =  𝑓(𝒙𝟎, 𝒚𝟎, 𝒖𝟎) + 
𝜕𝑓

𝜕𝒙
(𝒙𝟎, 𝒚𝟎, 𝒖𝟎). (𝒙 − 𝒙𝟎) +

𝜕𝑓

𝜕𝒚
(𝒙𝟎, 𝒚𝟎, 𝒖𝟎). (𝒚 − 𝒚𝟎)

+
𝜕𝑓

𝜕𝒖
(𝒙𝟎, 𝒚𝟎, 𝒖𝟎). (𝒖 − 𝒖𝟎) 

𝟎𝒎 =  
𝜕𝑔

𝜕𝒙
(𝒙𝟎, 𝒚𝟎, 𝒖𝟎). (𝒙 − 𝒙𝟎) +

𝜕𝑔

𝜕𝒚
(𝒙𝟎, 𝒚𝟎, 𝒖𝟎). (𝒚 − 𝒚𝟎)

+
𝜕𝑔

𝜕𝒖
(𝒙𝟎, 𝒚𝟎, 𝒖𝟎). (𝒖 − 𝒖𝟎) 

    (1-3) 



  
Page 4 

 
  

To simplify these expressions some notations are introduced: 

∆𝒙 = 𝒙 − 𝒙𝟎 

∆𝒚 = 𝒚 − 𝒚𝟎 

∆𝒖 = 𝒖 − 𝒖𝟎 

𝒇𝒙 =
𝜕𝑓

𝜕𝒙
(𝒙𝟎, 𝒚𝟎, 𝒖𝟎)  ∈ ℝ𝑛×𝑛 

𝒇𝒚 =
𝜕𝑓

𝜕𝒚
(𝒙𝟎, 𝒚𝟎, 𝒖𝟎)  ∈ ℝ𝑛×𝑚 

 𝒇𝒖 =
𝜕𝑓

𝜕𝒖
(𝒙𝟎, 𝒚𝟎, 𝒖𝟎)  ∈ ℝ𝑛×𝑟 

𝒈𝒙 =
𝜕𝑔

𝜕𝒙
(𝒙𝟎, 𝒚𝟎, 𝒖𝟎)  ∈ ℝ𝑚×𝑛 

𝒈𝒚 =
𝜕𝑔

𝜕𝒚
(𝒙𝟎, 𝒚𝟎, 𝒖𝟎)  ∈ ℝ𝑚×𝑚 

      𝒈𝒖 =
𝜕𝑔

𝜕𝒖
(𝒙𝟎, 𝒚𝟎, 𝒖𝟎)  ∈ ℝ𝑚×𝑟 

(1-4) 

And the linearized system is now: 

∆�̇� = 𝒇𝒙∆𝒙 + 𝒇𝒚∆𝒚 + 𝒇𝒖∆𝒖 

𝟎𝒎 = 𝒈𝒙∆𝒙 + 𝒈𝒚∆𝒚 + 𝒈𝒖∆𝒖 
(1-5) 

It’s a common assumption to consider 𝑔𝑦 as being non-singular and then (1-5) can be 

rewritten as follows: 

∆𝒚 =  −𝒈𝒚
−𝟏(𝒈𝒙∆𝒙 + 𝒈𝒖∆𝒖)  → ∆�̇� = (𝒇𝒙 − 𝒇𝒚𝒈𝒚

−𝟏𝒈𝒙)∆𝒙 + (𝒇𝒖 − 𝒇𝒚𝒈𝒚
−𝟏𝒈𝒖)∆𝒖 (1-6) 

And finally: 

∆�̇� = 𝑨∆𝒙 + 𝑩∆𝒖 

𝑨 = 𝒇𝒙 − 𝒇𝒚𝒈𝒚
−𝟏𝒈𝒙 

𝑩 = 𝒇𝒖 − 𝒇𝒚𝒈𝒚
−𝟏𝒈𝒖 

      (1-7) 

In equation (1-7), 𝑨 ∈ ℝ𝑛×𝑛 is termed as the state matrix of the system, and 𝑩 ∈ ℝ𝑛×𝑟 is the 

input matrix. Let’s now introduce the output function h which is of interest when one wants to 

observe some output variables 𝒛 ∈ ℝ𝑝×1 of the system. 

 𝒛 = ℎ(𝒙, 𝒚, 𝒖)                  (1-8) 

Differentiating (1-8) in the same way as it has been done previously and using the same 

notation gives:  

𝜟𝒛 = 𝒉𝒙∆𝒙 + 𝒉𝒚∆𝒚 + 𝒉𝒖∆𝒖               (1-9) 

And substituting ∆𝒚 in this expression leads to: 

𝜟𝒛 = 𝑪∆𝒙 + 𝑫∆𝒖 

𝑪 = 𝒉𝒙 − 𝒉𝒚𝒈𝒚
−𝟏𝒈𝒙 

𝑫 = 𝒉𝒖 − 𝒉𝒚𝒈𝒚
−𝟏𝒈𝒖 

 (1-10) 

𝑪 ∈ ℝ𝑝×𝑛 is the output matrix of the system and 𝑫 ∈ ℝ𝑝×𝑚 is the feed-forward matrix. 

Finally, a multi-machine power system can be represented by the following linear time-

invariant system known as state space representation: 
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∆�̇� = 𝑨∆𝒙 + 𝑩∆𝒖 

∆𝒛 = 𝑪∆𝒙 + 𝑫∆𝒖 
               (1-11) 

Generally, the output variables that will be considered won’t be directly linked to the input of 

the system otherwise it would be easy to impact on them directly by changing the 

corresponding value of the input which isn’t the case in the regulators. The representation is 

then: 

                     ∆�̇� = 𝑨∆𝒙 + 𝑩∆𝒖 

                     ∆𝒛 = 𝑪∆𝒙 
               (1-12) 

1.2.2-Eigenvalues and eigenvectors:  

In the state space representation, 𝑨 is specific to the system for a given equilibrium 

point whereas 𝑩, 𝑪 and 𝑫 depend both on the equilibrium point and the chosen inputs and 

outputs. The system around a chosen equilibrium point is then characterized by its state 

matrix 𝑨 and more precisely by the eigenvalues 𝜆𝑖, 𝑖 = 1. . 𝑛 of 𝑨 which correspond to the 

modes of the system. These eigenvalues are calculated as being the solutions of (1-13): 

𝑑𝑒𝑡(𝑨 − 𝜆𝑰𝒏) = 0 (1-13) 

In (1-13), 𝑰𝒏 ∈ ℝ𝑛×𝑛 is the identity matrix. 𝑨 is real so its eigenvalues will be either real or 

complex conjugates (in this case, both conjugates represent the same mode). For each 

eigenvalue 𝜆𝑖, any non-zero vector 𝒗𝒊 ∈ ℂ𝑛×1satisfying (1-14) is called a right eigenvector of  

𝑨 associated to the eigenvalue 𝜆𝑖.  

𝑨𝒗𝒊 = 𝜆𝑖𝒗𝒊, 𝑖 = 1. . 𝑛 (1-14) 

Similarly, any non-zero vector 𝒘𝒊
𝑻  ∈ ℂ𝑛×1 solution of (1-15) is called a left eigenvector of 𝑨 

associated to the eigenvalue 𝜆𝑖. 

𝒘𝒊
𝑻𝑨 = 𝜆𝑖𝒘𝒊

𝑻, 𝑖 = 1. . 𝑛 (1-15) 

The modal matrices (or transformation matrices) 𝑽and 𝑾 ∈ ℂ𝑛×𝑛, corresponding respectively 

to the matrix of the right and left eigenvector are then introduced. 

𝑽 = [𝒗𝟏, … , 𝒗𝒏] 𝑾 = [
𝒘𝟏

𝑻

…
𝒘𝒏

𝑻
]         (1-16) 

According to (1-14) and (1-15), 𝑽and 𝑾 respect the following equations1: 

𝑨𝑽 = 𝜦𝑽 

𝑾𝑨 = 𝜦𝑾 
(1-17) 

                                                           
1 𝑨𝑽 = 𝑨[𝒗𝟏, … , 𝒗𝒏]=[𝑨𝒗𝟏, … , 𝑨𝒗𝒏] = [𝝀𝟏𝒗𝟏, … , 𝝀𝒏𝒗𝒏] = 𝜦𝑽 
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𝜦 = 𝒅𝒊𝒂𝒈(𝜆𝑖) ∈ ℂ𝑛×𝑛 

It can be shown that 𝑽and 𝑾 are orthogonal [1]. Besides, for each eigenvector 𝒗𝒊 or 𝒘𝒊
𝑻 the 

vectors 𝑘𝒗𝒊 and (𝑘𝒘𝒊)
𝑇 are also eigenvectors. So the eigenvectors of 𝑽and 𝑾 can be chosen 

normalized. Then: 

𝑽𝑾 = 𝑰𝒏 or  𝑽−𝟏 = 𝑾 (1-18) 

And from (1-17) and (1-18): 

𝑾𝑨𝑽 = 𝜦 (1-19) 

1.2.3-The normal form: 

Using the transformation matrix 𝑽, the state-space representation in (1-11) can be 

rewritten in a new base where the modes are decoupled. Let’s first introduce the new state 

vector 𝝃 ∈ ℂ𝑛×1 which is the transformation of ∆𝒙 in a new base: 

∆𝒙 = 𝑽𝝃 (1-20) 

Replacing it in (11) leads to: 

𝑽�̇� = 𝑨𝑽𝝃 + 𝑩∆𝒖 

∆𝒛 = 𝑪𝑽𝝃 + 𝑫∆𝒖  
(1-21) 

And finally, using (17),(18) or (19) we have: 

�̇� = 𝜦𝝃 + 𝑾𝑩∆𝒖 

∆𝒛 = 𝑪𝑽𝝃 + 𝑫∆𝒖 
(1-22) 

The free motion equation (∆𝒖 = 𝟎) for this representation is: 

�̇� = 𝜦𝝃 ↔ �̇�𝑖 = 𝜆𝑖𝜉𝑖, 𝑖 = 1. . 𝑛 (1-23) 

So each transformed state variable 𝜉𝑖 is directly associated to one (and only one) mode of the 

system.  

1.2.4-Eigenvalues and stability: 

From (1-22) the stability of the power system around the chosen equilibrium point can 

be linked to its eigenvalues. Indeed: 

∀𝑖 = 1. . 𝑛, �̇�𝑖 = 𝜆𝑖𝜉𝑖 + (𝑾𝑩)𝑖∆𝒖  (1-24) 

With(𝑾𝑩)𝒊: the ith line of 𝑾𝑩. 

The general solution of (1-24) is: 
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𝜉𝑖(𝑡) = 𝑒𝜆𝑖(𝑡−𝑡0)𝜉𝑖(𝑡0) + ∫ 𝑒𝜆𝑖(𝑡−𝜏)(𝑾𝑩)𝑖∆𝒖(𝜏)𝑑𝜏
𝑡

𝑡0

                       (1-25) 

And the nature of each mode depends on its associated eigenvalue. 

𝑀𝑜𝑑𝑒: 𝜆𝑖 = 𝜎𝑖 ± 𝑗𝜔𝑖  

𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦: 𝑓𝑖 =
𝜔𝑖

2𝜋
 

𝐷𝑎𝑚𝑝𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜: 𝜁𝑖 = −
𝜎𝑖

|𝜆𝑖|
= −

𝜎𝑖

√𝜎𝑖² + 𝜔𝑖²
 

        (1-26) 

A real eigenvalue corresponds to a non-oscillatory mode whereas a complex one 

corresponds to an oscillatory mode. The frequency of the oscillations is calculated from the 

imaginary part 𝜔𝑖 of the eigenvalue and the stability of the mode (oscillatory or not) is given 

by the sign of the real part of the eigenvalue 𝜎𝑖. A necessary condition to insure the stability 

of the ith mode (i.e. the convergence of 𝜉𝑖(𝑡)) is  𝜎𝑖 < 0. To measure the damping of the 

oscillations of a stable mode, the time constant of amplitude decay 1/|𝜎𝑖|  could be used. It 

corresponds to the time when the amplitude of the oscillations has decayed to 37% of its 

initial value.2 However, one prefers to use the damping ratio defined in (1-26) to measure this 

damping. This definition is actually similar to the damping ratio of a damped harmonic 

oscillator3 and it determines the rate of decay of the amplitude of the oscillations associated to 

a mode when excited (for example by a disturbance). This damping has to be positive to 

insure the stability of the system (the oscillations associated to this mode will be damped). 

However poor-damped modes (𝜁 < 5%) remain a weakness of power systems because they 

lengthen the time required by the system to get back to its steady state and if other 

disturbances happen during this time there is a higher risk that they can cause breakdown. 

1.2.5-Right eigenvectors - Mode shape: 

The matrix of the right eigenvectors 𝑽 gives what is called the modes shape. Each 

mode shape (𝒗𝒋) specifies the relative activity of the different state variables when a specific 

mode is excited. Indeed, from (1-20) the variation of each state variable ∆𝑥𝑖 as a function of 

the excitation of the modes is given by: 

∆𝑥𝑖 = ∑ 𝑣𝑖𝑗𝜉𝑗

𝑗=𝑛

𝑗=1

 (1-27) 

With 𝒗𝒊𝒋: the ith element of 𝒗𝒋, associated to the jth mode. 

                                                           
2 Taking 𝑡0 = 0 in (1-25) and considering free motion, for 𝑡 =

1

|𝜎𝑖|
 : 

 𝜉𝑖(𝑡) = 𝜉𝑖(0). exp((𝜎𝑖 + 𝑗𝜔𝑖)
1

|𝜎𝑖|
) and |𝜉𝑖(𝑡)| = exp(−1) . |𝜉𝑖(0)| = 0.37. |𝜉𝑖(0)| 

3 Equation of a damped harmonic oscillator: �̈� + 2𝛼𝜔0�̇� + 𝜔0
2𝑥 = 0, with 𝛼 the damping ratio and 𝜔0the 

undamped angular frequency. The associated mode is 𝜆 = −𝛼𝜔0 ± 𝑗𝜔0√1 − 𝛼2 = 𝜎 ± 𝑗𝜔. Replacing 𝜎 and 𝜔 
in the definition of 𝜁 gives the equality 𝜁 = 𝛼. 
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The coefficient 𝑣𝑖𝑗 gives information about how the state variable 𝑥𝑖 will be impacted by the 

excitation of the jth mode (represented by 𝜉𝑗). The higher |𝑣𝑖𝑗| is, the more impacted the state 

variable is by the excitation of the mode and on the contrary, if this module is negligible, the 

state variable won’t be affected much by the excitation of this mode. The global variation ∆𝑥𝑖 

of the state variable 𝑥𝑖 is the sum of all the variations caused by each of the modes. 

Regarding 𝛼𝑖𝑗 =  arg(𝑣𝑖𝑗) it gives information about the “direction” of the variation caused 

by the excitation of the mode: it can be used to gather generators with the same behavior 

within a same group [3], [17] and identify the type of oscillations: local, inter-machine or 

inter-area. For example, in the case of a mode 𝑗0, if the coefficients |𝑣𝑖𝑗0| associated to the 

rotor speed of the generators of one area A are prevailing over the coefficients of the other 

state variables and if the angles 𝛼𝑖𝑗0 are close to each other then these generators can be 

grouped together. Then, if another group can be formed in another area B with angles 𝛼𝑖𝑗0 out 

of phase by 180° compared to the angles of the first group then this mode 𝑗0 is an inter-area 

mode. 

1.2.6-Left eigenvectors and participation factors: 

The mode shape is useful to know through which state variables a mode will be easily 

seen: it introduces the concept of observability. But when it comes to increasing the stability 

of a power system, one wants to work on the modes of the system. It’s then important to know 

which state variables will have the most impact on the modes. This can be measured with the 

coefficients of 𝑊. Indeed, we have the following relations: 

∆𝒙 = 𝑽𝝃 ↔ 𝝃 = 𝑾∆𝒙 

𝜉𝑖 = ∑ 𝑤𝑖𝑗∆𝑥𝑗

𝑗=𝑛

𝑗=1

 
(1-28) 

With 𝒘𝒊𝒋: the jth element of 𝒘𝒊
𝑻. 

According to (1-28), for a given mode i the state variables 𝑥𝑗 that will have the most 

significant impact on are those whom associated coefficient 𝑤𝑖𝑗 is high. These state variables 

should be used if one wants to act on this mode (change its damping for example). 

The participation factors can now be introduced: they are used to determine which state 

variables (and so which generators) are the most involved in a mode. They take into 

consideration both the observability of a mode in a state variable (mode shape) and the ability 

of this state variable to act on this mode (as said above). They are the coefficients of the 

participation matrix 𝑷 ∈ ℂ𝑛×𝑛. 
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𝑷 = (𝑝𝑖𝑗)  𝑤𝑖𝑡ℎ  𝑝𝑖𝑗 = 𝑤𝑗𝑖𝑣𝑖𝑗
4 (1-29) 

The module |𝑝𝑖𝑗| is a measure of the link between the state variable 𝑥𝑖 and the eigenvalue 𝜆𝑗. 

For example, if  𝜆𝑗 corresponds to a local mode of a generator situated in area A then the 

participation factor of the rotor speed of a generator located in area B 𝑝𝜔𝑔𝑒𝑛𝐵,𝑗 will be 

insignificant.  

If one wants to increase the stability of a power system by enhancing the damping of a critical 

mode, the participation factor can be used as an indicator to choose which state variable (and 

so generator) a regulation should be added on. If  𝜆𝑗  represents this mode, the most involved 

state variable 𝑥𝑖  is defined such as ∀𝑘 ≠ 𝑖, |𝑝𝑘𝑗| ≤ |𝑝𝑖𝑗|. However this doesn’t give directly 

the generator where the regulation should be added: this information needs to be completed as 

explained in the next sections. 

1.2.7-Eigen properties and transfer function: 

The state-space representation gives a complete representation of a system around its 

equilibrium point: the time evolution of all its state variables and the chosen outputs are 

completely defined from the inputs and the starting point. In a transfer function, only the 

relation between one input and one output is of interest and only the modes impacting this 

relation may be considered. Every transfer function can be calculated directly from the state-

space representation. If we assume that the outputs don’t depend directly on the inputs (𝑫 =

𝟎𝒑×𝒓) then (1-21) becomes: 

�̇� = 𝜦𝝃 + 𝑾𝑩∆𝒖 

∆𝒛 = 𝑪𝑽𝝃 
(1-30) 

Taking Laplace transformation gives: 

(𝑠𝑰𝒏 − 𝜦)𝝃 = 𝑾𝑩∆𝒖 ↔  𝝃 = (𝑠𝑰𝒏 − 𝜦)−1𝑾𝑩∆𝒖  for  𝑠 ≠ 𝜆𝑖, 𝑖 = 1. . 𝑛 

And finally: 

∆𝒛 = 𝑪𝑽(𝑠𝑰𝒏 − 𝜦)−𝟏𝑾𝑩∆𝒖 (1-31) 

The transfer matrix of the system is defined by: 

                                                           
4 As 𝑽and 𝑾 are normalized and orthogonal, 𝑷 verifies the following relations: 

|𝑝𝑖𝑗| = |𝑤𝑗𝑖𝑣𝑖𝑗| ≤ 1 

∑𝑝𝑖𝑗 = ∑𝑝𝑖𝑗 = 1

𝑛

𝑖=1

𝑛

𝑗=1
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𝑯(𝒔) =
∆𝒛

∆𝒖
=  𝑪𝑽(𝑠𝑰𝒏 − 𝜦)−𝟏𝑾𝑩,∈ ℂ𝑝×𝑟                             (1-32) 

And the total variation of the output 𝑧𝑖 is the sum of the contribution of each input: 

∆𝑧𝑖 = ∑𝐻𝑖𝑗(𝑠)

𝑟

𝑗=1

∆𝑢𝑗  

𝐻𝑖𝑗(𝑠) = 𝑪𝒊𝑽(𝑠𝑰𝒏 − 𝜦)−𝟏𝑾𝑩𝒋 

(1-33) 

With 𝑪𝒊 being the ith line of 𝑪 and 𝑩𝒋 the jth column of 𝑩. 

On the other hand, the transfer function 𝐻𝑖𝑗(𝑠) between the jth input and the ith output shows 

the following relation: 

𝐻𝑖𝑗(𝑠) = ∑
𝑟𝑙

𝑠 − 𝜆𝑙

𝑛

𝑙=1

 with 𝑟𝑙 = 𝑪𝒊𝒗𝒍𝒘𝒍
𝑻𝑩𝒋 (1-34) 

This relation can be found by rewriting 𝑽(𝑠𝑰𝒏 − 𝜦)−𝟏𝑾 : 

𝑽(𝑠𝑰𝒏 − 𝜦)−𝟏𝑾 = [𝒗𝟏 …𝒗𝒏]𝒅𝒊𝒂𝒈 (
1

𝑠 − 𝜆𝑖
) [

𝒘𝟏
𝑻

⋮
𝒘𝒏

𝑻
] = [𝒗𝟏 …𝒗𝒏]

[
 
 
 
 

1

𝑠 − 𝜆1
𝒘1

𝑻

⋮
1

𝑠 − 𝜆𝑛
𝒘𝒏

𝑻

]
 
 
 
 

 

= ∑
1

𝑠 − 𝜆𝑖
𝒗𝒊𝒘𝒊

𝑻

𝑛

𝑖=1

 

(1-35) 

In (1-34), 𝑟𝑙 is termed as the residue of 𝐻𝑖𝑗(𝑠) associated to the eigenvalue  𝜆𝑙 and it is easily 

calculated from the matrices of the state-space representation. From this multiple inputs and 

outputs point of view, the system can now be represented by a sum of transfer functions 

(figure 1.1) whose poles are the eigenvalues of the system. The modes with the highest 

residues will be the dominant ones for each transfer function.  
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.  

Figure 1.1: Bloc diagram representation of equation (1-34). 

 

1.2.8-The residue method: 

In this section inspired from [4] it will be shown how a feedback function of gain 

𝑘 can change the eigenvalues of the system in the case of a single input and single output 

system. This is used to increase the damping of a critical mode by moving the real part of this 

mode to the left.  

We now consider the following system (figure 1.2) with 𝐻(𝑠) being the transfer function 

between the single input and the single output. 

                           

Figure 1.2: Feedback transfer function of gain k added to a single input/output system. 

First 𝐻(𝑠) has to be expressed in its factorized form: 

𝐻(𝑠) =
𝑁(𝑠)

𝐷(𝑠)
 (1-36) 

From equation (1-34) with one input and one output: 
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𝐻(𝑠) = ∑
𝑟𝑙

𝑠 − 𝜆𝑙

𝑛

𝑙=1

= ∑[
𝑟𝑙

𝑠 − 𝜆𝑙
∏

𝑠 − 𝜆𝑖

𝑠 − 𝜆𝑖

𝑛

𝑖=1
𝑖≠𝑙

]

𝑛

𝑙=1

 

𝐻(𝑠) =

∑ 𝑟𝑙 ∏ (𝑠 − 𝜆𝑖)
𝑛
𝑖=1
𝑖≠𝑙

𝑛
𝑙=1

∏ (𝑠 − 𝜆𝑗)
𝑛
𝑗=1

 

         (1-37) 

So the roots of 𝐷(𝑠) (poles of 𝐻(𝑠)) are the eigenvalues 𝜆𝑖 of the system (as stated 

previously). 

The transfer function of the closed-loop system 𝑇(𝑠) is: 

𝑇(𝑠) =
∆𝑧

∆𝑢
=

𝐻(𝑠)

1 + 𝑘𝐻(𝑠)
=

𝑁(𝑠)

𝐷(𝑠) + 𝑘𝑁(𝑠)
 (1-38) 

Of particularly interest are the poles of  𝑇(𝑠). For 𝑘 = 0, they are the eigenvalues 

𝜆𝑖, 𝑖 = 1. . 𝑛 of the system. Let’s introduce 𝜆𝑖(𝑘) the poles of 𝑇(𝑠)5 for 𝑘 ≠ 0: 

𝐷(𝜆𝑖(𝑘)) + 𝑘𝑁(𝜆𝑖(𝑘)) = 0 

𝜆𝑖(0) = 𝜆𝑖 
(1-39) 

Differentiating (1-39) around 𝑘 = 0 leads to: 

𝜆𝑖(𝛿𝑘) = 𝜆𝑖 + 𝛿𝜆𝑖 

𝐷(𝜆𝑖 + 𝛿𝜆𝑖) + 𝛿𝑘𝑁(𝜆𝑖 + 𝛿𝜆𝑖) = 0 

𝐷(𝜆𝑖) +
𝜕𝐷

𝜕𝑠
(𝜆𝑖)𝛿𝜆𝑖 + 𝛿𝑘𝑁(𝜆𝑖) +

𝜕𝑁

𝜕𝑠
(𝜆𝑖)𝛿𝑘𝛿𝜆𝑖 = 0 

              (1-40) 

In (40), 𝐷(𝜆𝑖) = 0 and the term in 𝛿𝑘𝛿𝜆𝑖 can be neglected. After simplification: 

𝛿𝜆𝑖

𝛿𝑘
=

𝜕𝜆𝑖

𝜕𝑘
= −

𝑁(𝜆𝑖)

𝜕𝐷
𝜕𝑠

(𝜆𝑖)
      (1-41) 

The aim is now to link 
𝜕𝜆𝑖

𝜕𝑘
 to the residue 𝑟𝑖. 

𝐷(𝑠) = ∏(𝑠 − 𝜆𝑘)

𝑛

𝑘=1

 →  
𝜕𝐷

𝜕𝑠
= ∑ ∏(𝑠 − 𝜆𝑗)

𝑗≠𝑘

𝑛

𝑘=1

                            (1-42) 

And for each 𝑖, 𝑖 = 1. . 𝑛: 

𝜕𝐷

𝜕𝑠
= ∏(𝑠 − 𝜆𝑗)

𝑗≠𝑖

+ ∑ ∏(𝑠 − 𝜆𝑗)

𝑗≠𝑘

𝑛

𝑘=1
𝑘≠𝑖

      (1-43) 

                                                           
5 𝜆𝑖(𝑘) is the value of 𝑠 for which 𝐷(𝑠) + 𝑘𝑁(𝑠) = 0. For 𝑘 = 0,  𝐷(𝑠) = 0 ↔ 𝑠 = 𝜆𝑖  
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The next relations are valid for 𝑠 close to 𝜆𝑖: 

𝜕𝐷

𝜕𝑠
(𝑠) ≈ ∏(𝑠 − 𝜆𝑗)

𝑗≠𝑖

                     (1-44) 

𝐻(𝑠) =
𝑁(𝑠)

(𝑠 − 𝜆𝑖)∏ (𝑠 − 𝜆𝑗)𝑗≠𝑖

→ (𝑠 − 𝜆𝑖)𝐻(𝑠) ≈
𝑁(𝜆𝑖)

𝜕𝐷
𝜕𝑠

(𝜆𝑖)
            (1-45) 

Plus, from (1-34), in the neighborhood of 𝜆𝑖: 

(𝑠 − 𝜆𝑖)𝐻(𝑠) = 𝑟𝑖 + (𝑠 − 𝜆𝑖)∑
𝑟𝑗

𝑠 − 𝜆𝑗

𝑛

𝑗=1
𝑗≠𝑖

= 𝑟𝑖 + 𝑜(𝑠 − 𝜆𝑖) ≈ 𝑟𝑖 (1-46) 

Combining (1-46), (1-45) and (1-41) results in: 

𝜕𝜆𝑖

𝜕𝑘
= −

𝑁(𝜆𝑖)

𝜕𝐷
𝜕𝑠

(𝜆𝑖)
≈ −𝑟𝑖      (1-47) 

This means that the higher the residue associated to an eigenvalue 𝜆𝑖 is, the more this 

eigenvalue will be moved in the complex plan by a feedback transfer function of gain 𝑘. In 

other words, to efficiently move an eigenvalue of a power system (associated to a critical 

mode) one should look at the transfer function of the system with the highest residue 

associated to this eigenvalue. A good start is to look at the transfer functions between the state 

variables with a high participation factor (regarding the critical mode in question) and the 

input values of their regulators (if any). 

1.2.9-Tuning of a PSS with the residue method: 

A PSS is an acronym for Power System Stabilizer. It’s the name of the feedback 

transfer functions used in the AVRs6 of the generators to stabilize the system. The input signal 

used to calculate 𝐻(𝑠) is the reference voltage of the regulator and the output signal can be 

the rotor speed of the generator, the electric power at the output of the generator or eventually 

the accelerating power (𝑃𝑎 = 𝑃𝑚 − 𝑃𝑒). These output variables aren’t randomly chosen: they 

are chosen because they are associated to high participation factors when analyzing the 

electro-mechanical modes. The specific composition of a PSS won’t be detailed here as this is 

the subject of the second part of this report. A PSS is added to the system as follows (figure 

1.3): 

                                                           
6 Automatic Voltage Regulator 
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             Figure 1.3: Bloc diagram representation of a single input/output system using a PSS. 

The general form for the transfer function 𝑇𝑃𝑆𝑆 is: 

𝑇𝑃𝑆𝑆 = 𝐾𝑃𝑆𝑆|𝐻𝑃𝑆𝑆|𝑒
𝑗𝑎𝑟𝑔(𝐻𝑃𝑆𝑆) (1-48) 

According to (1-47) and (1-48), if the feedback transfer function is only a gain of relatively 

small value, then the displacement of the eigenvalue is opposite to the direction of the residue 

associated as shown in figure 1.4.  

𝜕𝜆𝑖

𝜕𝑘
= −𝑟𝑖 → ∆𝜆𝑖 = −𝑟𝑖𝑘 (1-49) 

                  

Figure 1.4: Eigenvalue displacement due to a feedback transfer function of gain k.  

Taking the whole transfer function of the PSS into consideration changes (1-49) to: 

∆𝜆𝑖 = −𝑟𝑖𝐾𝑃𝑆𝑆𝐻𝑃𝑆𝑆 

∆𝜆𝑖 = −𝐾𝑃𝑆𝑆|𝑟𝑖||𝐻𝑃𝑆𝑆|𝑒
𝑗(arg(𝑟𝑖)+arg(𝐻𝑃𝑆𝑆)) 

(1-50) 

Usually, one wants to increase the damping of a mode without changing its frequency too 

much because the PSS is tuned for a specific mode and so for a specific frequency. One way 

to proceed is then to change the direction of the displacement (originally 𝑎𝑟𝑔(𝑟𝑖) + 180°) by 

choosing 𝑎𝑟𝑔(𝐻𝑃𝑆𝑆) properly in order to make this eigenvalue move along the real axis 

toward the negative side (illustrated in figure 1.5): 



  Page 
15 

 
  

arg(𝑟𝑖) + arg(𝐻𝑃𝑆𝑆) = 0 ↔ arg(𝐻𝑃𝑆𝑆) = −arg(𝑟𝑖)                      (1-51) 

                        

Figure 1.5: Eigenvalue displacement with a well tuned PSS. 

Once the displacement of 𝜆𝑖 is in the desired direction, the new objective is to get the desired 

damping 𝜁𝑖,𝑑𝑒𝑠 for this mode. 

𝜁𝑖,𝑑𝑒𝑠 = −
𝜎𝑖,𝑑𝑒𝑠

√𝜎𝑖,𝑑𝑒𝑠² + 𝜔𝑖²

↔ 𝜎𝑖,𝑑𝑒𝑠 = −
𝜁𝑖,𝑑𝑒𝑠𝜔𝑖

√1 − 𝜁𝑖,𝑑𝑒𝑠
2

 
                   (1-52) 

 

And for small values of 𝐾𝑃𝑆𝑆|𝐻𝑃𝑆𝑆| we have: 

|𝛥𝜆𝑖| = |𝜎𝑖 − 𝜎𝑖,𝑑𝑒𝑠| = 𝐾𝑃𝑆𝑆|𝐻𝑃𝑆𝑆||𝑟𝑖| 

𝐾𝑃𝑆𝑆|𝐻𝑃𝑆𝑆| =
|𝛥𝜆𝑖|

|𝑟𝑖|
 

(1-53) 

To simplify, the phase of a PSS (which comes from a lead-lag filter) is calculated so that the 

movement of the chosen critical mode is in the desired direction and its gain is set up to have 

the desired damping. But in reality the design of a PSS is a little more complex and some 

other considerations appear. For example a wash-out filter (high-pass) is added to eliminate 

any steady-state deviation of the input signal. One other thing to consider is the impact of the 

PSS on the other modes of the system: if the residue of another critical mode has a significant 

value then the tuning of the PSS can worsen the damping of this mode. It’s then interesting to 

see if it’s possible to increase the damping of several modes at the same time or on the 

contrary if a positive impact on one mode necessarily implies a negative impact on another. 

Some of these issues will be discussed in part 2 and 3 of this report. 
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2-Power System Stabilizers (PSSs): 
 

2.1-Introduction: 

 A power system stabilizer is a device usually added in the excitation system of a 

generator to improve the small signal stability of the overall power system. Indeed the 

excitation control system, while improving transient stability, doesn’t aim to improve the 

damping of electromechanical oscillations [2], [16]. The aim of a PSS is to compensate for 

the potentially poor initial damping of the power system. To do so, it has to produce a 

component of electrical torque on the group where it is set up in phase with its rotor speed 

deviations ∆𝜔 [1]. This can be understood looking at (2-1), the dynamic equation for rotor 

speed. 

�̇� =
1

2𝐻
(𝑇𝑚 − 𝑇𝑒) (2-1) 

In (2-1), 𝐻 is the generator inertia constant, 𝑇𝑚 the mechanical torque and 𝑇𝑒 the 

electro-mechanical torque. If the PSS produces a signal leading to an additional electrical 

torque in phase with ∆𝜔 then (2-1) can be rewritten in (2-2): 

�̇� =
1

2𝐻
(𝑇𝑚 − (𝑇𝑒 + 𝑇𝑒 ,𝑃𝑆𝑆 )) 

�̇� =
1

2𝐻
(𝑇𝑚 − 𝑇𝑒 − 𝑘∆𝜔) 

(2-2) 

In this simplified model, if the rotor speed increases the resulting accelerating torque 

will decrease and so will the rotor speed (and vice versa). If there is no rotor speed deviation 

(∆𝜔 = 0), the action of the PSS is null. In this approach, the tuning of the PSS is done so that 

for a given input signal, the injection of the PSS output signal 𝑣𝑃𝑆𝑆 in the excitation control 

system results in an electrical torque component in phase opposition with ∆𝜔: the tuning is 

done so that the phase shift of the PSS compensates the phase lag of the excitation control7 

[5]. This method gives better consistency in the tuning of a PSS for a wide range of operating 

points. However, since it does not take into consideration the effect of interactions caused by 

other machines, it is not the best method to use to damp an inter-area mode for a selection of a 

few operating points [10]. The residue method presented in 1.8 and 1.9 will be used instead. 

2.2-Theory, design and tuning of a PSS with the residue method: 

 As explained in 1.7, in the residue method the entire power system is represented by 

one transfer function8 between a chosen input and a chosen output. The input will generally 

                                                           
7 The bode diagram of the transfer function between Vref and Te is required. 
8 This transfer function is calculated from the state-space representation which contains the complete 
representation of the system around the chosen equilibrium point. 
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be the reference value of the excitation control system 𝑉𝑟𝑒𝑓 of the generator where the PSS 

will be implemented but it can be any other reference value. This reference value will be then 

altered by the PSS output signal 𝑣𝑃𝑆𝑆. Considering the output signal of the transfer function, 

which corresponds to the input signal of the PSS, it (the input signal of the PSS) has to be 

chosen carefully as it will significantly impact the efficiency of the PSS. This will be 

discussed in 2.4. First, the basic structure of a PSS is presented.  

2.2.1-Basic structure of a PSS: 

   

Figure 2.1: Bloc representation of a basic PSS 

To understand the impact of the different parameters, the bode diagrams of this PSS 

for different values of 𝑇1, 𝑇2 = 𝛼𝑇1 and 𝑛𝑓 are presented in figure 2.2 below (𝐾𝑃𝑆𝑆 = 1). 

 

Figure 2.2: Bode diagrams (module and phase) of different lead-lag filters 

From figure 2.2, some global behaviors of the lead-lag filters can already be seen: 

 The phase shift is positive if 𝑇1 > 𝑇2 (𝛼 < 1) and negative if 𝑇1 < 𝑇2 (𝛼 > 1). 

 The maximum phase shift 𝜑𝑚 depends both on the number of lead-lag filters 𝑛𝑓 and 

on the ratio  𝑇1 𝑇2⁄ = 1 𝛼⁄  : the closer to 1, the smaller the phase shift. 
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 A positive phase shift implies a gain rising in high frequencies which can be harmful 

if noise is amplified.9 

These results are derived in appendix A.  

The number of lead-lag filters 𝑛𝑓 depends on the amount of phase shift required. Figure 2.3 

gives the value of the maximum phase shift 𝜑𝑚 in function of the ratio 𝛼 = 𝑇2 𝑇1⁄  for 𝑛𝑓 =

{1,2}10. This value is reached for: 

𝜔 = 𝜔𝑚 =
1

√𝑇1𝑇2
=

1

𝑇1√𝛼
. (2-3) 

 

Figure 2.3: Maximum possible phase shift in function of α with 1 or 2 lead-lag filters 

However, even for small values of phase shift that could be reached with only one 

lead-lag filter it can be interesting to use two because the high frequency gain is slightly lower 

as shown in figure 2.4. 

                                                           
9 Still, it is better to have a small positive phase shift than a larger negative one as it allows to have values of 𝛼 
closer to 1. Indeed, a large negative phase shift implies a high value of the PSS gain leading to a saturation of 
the PSS output signal.  

10 𝜑𝑚 = 𝜑(𝜔𝑚) = 𝑛𝑓 (arctan (√
𝑇1

𝑇2
 ) − arctan (√

𝑇2

𝑇1
)), see annexe A1 for more information. 
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Figure 2.4: Comparison of a 1 bloc and a 2 blocs lead-lag filters providing the same amount of maximum 

phase shift (50°) 

The choice of the parameters of the lead-lag filters depends then on the amount of 

required phase shift (→ 𝑛𝑓 , 𝛼) and on the frequency at which this phase shift should be 

brought (→ 𝑇1, 𝑇2 = 𝛼𝑇1). Usually, these constraints come from the frequency of the mode to 

damp and the desired phase-shift to provide11 to obtain the right direction for the eigenvalue 

displacement. For example, if one wants to bring a phase shift of 40° at a frequency of 1Hz 

with a limited impact on the gain in high frequencies then a way to proceed is as follows: 

from figure 2.3, a good value of 𝛼 with 𝑛𝑓 = 2 is 𝛼 = 0.49112. Then from equation (2-3) we 

have: 

𝑇1 =
1

𝜔𝑚√𝛼
=

1

2𝜋√0.491
= 0.227𝑠 

 
(2-4) 

                         𝑇2 = 𝛼𝑇1 = 0.111𝑠 

 

Finally, to have the desired damping, the gain can be estimated from equation (1-53), 

yet the best choice remains to determine if by test [12].  

                                                           
11 Given by the phase of the residue (equation 1-51) in the residue-method approach. 
12 The closest value of 𝛼 to 1 allowing a 40° phase shift.  
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2.2.2-Washout filter and limiter:  

The structure of the PSS is changed as follow: 

 

Figure 2.5: Bloc diagram of a single input PSS containing a gain, a washout, nf lead-lags and a limiter 

(PSS1A, [6]) 

The washout filter is a high pass filter used to eliminate the impact of any steady state 

changes (like a modification of the mechanical power) on the PSS output signal [6], [5] and 

[2]. Since the frequency range of the modes of concern is roughly between 0.2 and 10Hz 

(electromechanical modes), any signal whose frequency is below 0.2Hz should be reduced. 

The bode diagram of the washout filter for different values of 𝑇𝑤 is given in figure 2.6.  

 

Figure 2.6: Comparison of the bode diagrams of different washout filters 

Typical values of 𝑇𝑤 belong to the interval [1𝑠; 30𝑠] corresponding to a frequency 

range 𝑓𝑤,3𝑑𝐵 ∈ [0.005𝐻𝑧; 0.16𝐻𝑧]13. The higher 𝑇𝑤, the smaller the impact on the phase is 

for the frequencies above 0.2Hz but on the other hand the smaller the cut-off frequency is, 

meaning some low-changing signals won’t be attenuated. When tuning PSSs, it is preferable 

in the beginning to separate the impact of the different blocs and as a best practice it is 

                                                           
13 𝑓𝑤,3𝑑𝐵  corresponds to the cut-off frequency at 3dB, see annex A2 for more information.  
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recommended to choose 𝑇𝑤 ∈ [3𝑠; 10𝑠]. Then, if the situation implies to use the washout 

filter to bring some phase lead at higher frequencies or on the contrary to avoid any side-

effect, then more extreme values of 𝑇𝑤 can be used.  

The limiter is used to control the impact of the output signal of the PSS [7]. The wider 

the range of action allowed, the more efficient the PSS is. However the impact of a PSS on 

transient stability is generally negative and it may be necessary to limit its action in order to 

maintain a satisfactory level of transient stability. Plus, it avoids excessive voltage changes at 

the terminal of the generator.  

2.2.3-Low-pass filters, rejection filters: 

Depending on the type of PSS used, low-pass or rejection filters may be necessary to 

attenuate torsional oscillations or eventually any other parasitic signal in the input of the PSS 

[5]. If the frequency to eliminate is far enough from the local and inter-area modes, then a 

low-pass filter can be used; but if it is not the case then a rejection filter will have to be used.  

The general form of the transfer function of a low-pass filter is shown in equation (2-

5). Different values of the parameters 𝑎 and 𝑏 give different shape to the gain and phase shift 

of the filter as it can be seen in figure 2.7. The dilemma when choosing these parameters is to 

have sufficient attenuation of the modes from a certain frequency (≥ 10𝐻𝑧 for torsional 

modes) without having too much phase-shift at lower frequencies (inter-area and local 

modes). No specific theory will be investigated here as it is not the main subject and the 

parameters can be chosen through successive trials. 

𝐻𝑙𝑜𝑤−𝑝𝑎𝑠𝑠 =
1

1 + 𝑎𝑠 + 𝑏𝑠2
 (2-5) 

 

 

Figure 2.7: Comparison of the bode diagrams of different low-pass filters 
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 If the mode to attenuate has a frequency too close to the local modes then a rejection 

filter has to be used. Equation (2.6) gives the transfer function of one type of rejection filter. 

No specific theory will be presented here neither as this is not the main subject of this report 

but figure 2.8 shows the bode diagram of a few rejection filters. 

𝐻𝑟𝑒𝑗𝑒𝑐𝑡𝑖𝑜𝑛 =
1 + (𝜏1𝑠)

2

1 + 2𝛼𝑠 + (𝜏2𝑠)2
 (2-6) 

 

Figure 2.8: Comparison of the bode diagrams of different rejection filters 

From figure 2.8 we can see that the value of the rejected frequency 𝑓𝑟 is linked to 𝜏1
14 

and the value of 𝛼 influences the sharpness of the rejection. Once again, using a rejection 

filter will induce a phase-shift that should be considered when tuning the lead-lag filters.  

 

2.2.4-Choice of the input signal [5], [7], [8], [9]&[15]: 

 Different signals can be used as inputs for the PSSs leading to different forms of PSSs. 

Among these signals, the most commonly used are shaft speed, electrical power, terminal 

frequency and the integral of accelerating power.  

 The shaft speed (∆𝜔 𝑃𝑆𝑆) is an interesting signal when using PSSs to damp 

electromechanical modes (local, inter-area). Although it has been used successfully on 

hydraulic units, complications appeared with thermal units because of their torsional 

oscillations. Indeed, with this input signal, stabilizers can cause instability of the torsional 

modes (the first torsional mode may have a frequency around 10Hz).  Low-pass or rejection 

filters (also known as torsional filters) have to be used to attenuate the torsional components 

                                                           
14 According to the relation τ1 =

1

fr
. 
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in the PSS output signal. Unfortunately, as said previously in 2.3, they introduce a phase-lag 

at lower frequencies that has to be taken into account during the tuning and they also 

introduce a stabilizer gain limitation due to the destabilization of the exciter mode. The 

𝛥𝑃𝜔 stabilizer is a better alternative.  

 The advantage of using terminal frequency over shaft speed is that it is more sensitive 

to inter-area modes allowing then to reach a greater damping for them. However this signal 

has the same limitations concerning the torsional modes and contains also power system noise 

due to industrial loads.  

 Using the electric power as input signal (∆𝑃𝑒 𝑃𝑆𝑆) has 2 benefits: 

 It is easily measurable 

 It presents a low level of torsional interactions.  

But it has two drawbacks:  

 It can produce pure damping at only one frequency and thus it can’t be used 

on units affected by both inter-area and local oscillations. 

  Mechanical power changes will produce an un-wanted output signal.  

 The integral of accelerating power type PSS (𝛥𝑃𝜔 PSS) has been developed to 

overcome the limitations due to the torsional interactions. This type of PSS has two inputs: 

the rotor speed 𝜔 and the electrical power 𝑃𝑒. These 2 signals are used to synthesize a new 

one corresponding to the integral of accelerating power which is actually an equivalent rotor 

speed signal ∆𝜔𝑒�̃� without torsional frequencies. The construction of this equivalent signal 

[5], [8] comes from the equation (2-1) where torque is replaced by power15. 

𝛥�̇� =
1

2𝐻
(∆𝑃𝑚 − ∆𝑃𝑒) ↔ ∆𝑃𝑚 = 2𝐻∆�̇� + ∆𝑃𝑒 (2-7) 

This step is necessary because mechanical power is difficult to measure whereas the 

rotor speed and the electrical power are not. However, rapid changes in electrical power will 

lead to rapid changes of mechanical power which is not representative of the reality. That’s 

why a “ramp tracking” filter 𝑅𝑇(𝑠)  (multi-pole low pass filter) is applied which must fulfill 

the following requirements: attenuate high frequencies16 and allow low-frequency variations 

in mechanical power (true for any low pass filter) and produce a zero steady-state output 

signal of the PSS for a ramp variation in electrical power (specific to a ramp tracking). The 

obtained signal is then an equivalent mechanical power ∆𝑃�̃�. 

∆𝑃�̃�(𝑠) = 𝑅𝑇(𝑠)(2𝐻𝑠∆𝜔 + ∆𝑃𝑒) (2-8) 

Subtracting ∆𝑃𝑒 in equation (2-8) gives: 

                                                           
15 In a per-unit system and at rated speed torque and power are similar.  
16 Thus no additional torsional filters will be necessary. 
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∆𝑃�̃�(𝑠) − ∆𝑃𝑒 = −∆𝑃𝑒 + 𝑅𝑇(𝑠)(2𝐻𝑠∆𝜔 + ∆𝑃𝑒) (2-9) 

 

And after integration: 

1

2𝐻
∫(∆𝑃�̃�(𝑠) − ∆𝑃𝑒)𝑑𝑡 = −

∆𝑃𝑒

2𝐻𝑠
+ 𝑅𝑇(𝑠) (𝛥𝜔 +

𝛥𝑃𝑒

2𝐻𝑠
) (2-10) 

This signal corresponds to a synthesized rotor speed signal ∆𝜔𝑒�̃�: 

∆𝜔𝑒�̃� = −
∆𝑃𝑒

2𝐻𝑠
+ 𝑅𝑇(𝑠) (𝛥𝜔 +

𝛥𝑃𝑒

2𝐻𝑠
) (2-11) 

 𝑅𝑇(𝑠) being a low-pass filter, ∆𝜔𝑒�̃� has the characteristics of 𝛥𝜔 at lower frequencies 

and the characteristics of ∫𝛥𝑃𝑒  at higher frequencies. It has a low level of torsional 

interactions with no use of torsional filter (function assured by the ramp tracking filter). This 

signal will then be used as input for the phase compensation filters. Figure 2.9 shows the bloc 

diagram representation of equation (2-11). 

 

Figure 2.9: Construction of the equivalent signal used in the ΔPω PSS (integral of accelerating power PSS) 
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2.2.5-PSS2A: 

 

Figure 2.10: Bloc representation of a PSS2A [8] 

Figure 2.10 corresponds to the association of figure 2.9 with a classical model of PSS 

where the washout filters have been displaced in amount to be applied directly to the 

measured signals. The number of washout filters to use depends on the situation but it’s better 

to keep the symmetry between the two inputs (𝑛1 = 𝑛2, same value for the washout time 

constants 𝑇𝑤) if the tuning of the lead-lag filters and gain is done from results obtained with 

the residues of the ∆𝜔/𝑉𝑟𝑒𝑓 transfer function. The tuning of the lead-lag and washout filters is 

similar to the case with only one input. Concerning the ramp tracking filter, it has to respect 

the condition 𝑇𝑛 = 𝑀𝑇𝑑. Thus, the steady-state output signal of the PSS due to electrical 

power ramp variations is null17 (which is a necessary requirement for a ramp tracking filter). 

The value of 𝑇𝑑 defines the bandwidth of the low-pass filter: it is chosen from a compromise 

between the frequency of the first torsional mode and the phase lag induced at lower 

frequencies (negative side effect as it impacts the phase shift of the signal). The bode 

diagrams of different ramp tracking filters are given in figure 2.11 below. 

 

                                                           
17 See annexe A3 for demonstration. 
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Figure 2.11: Comparison of the bode diagrams of different ramp tracking filters 

 It appears from figure 2.11 that the parameters N and M have a significant impact on 

both the rate of decay of the gain and the phase shift and to have an interesting attenuation at 

a certain frequency a negative phase shift is unavoidable too. The value of 𝑇𝑑 allows to chose 

the bandwidth of the ramp tracking filter. Typical values of these parameters are 𝑀 = {4,5},

𝑁 = {1,2} and 𝑇𝑑 ∈ [0.02; 0.1] [8], [13]. 
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3-Case Study: 

 

3.1-Introduction: 

This part of the report corresponds to a case study where the theory presented in the 

two previous chapters will be apply to an electrical network to improve the damping of a 

critical inter-area mode. It’s the electrical network of an island (cf. figure 3.1) with geography 

suitable for the development of inter-area oscillations. Indeed this island is stretching from 

South-East to North-West with important production and consumption in the North and in the 

South (see table 3.2 and figure 3.1). Table 3.1 gives some basic information of this network. 

For the calculations and simulations two software have been used: EUROSTAG for the 

network representation (static and dynamic) and the linearization and SMAS3 to run the 

modal analysis from the files obtained with the linearization. 

Of course, a previous step to modal analysis is to have a proper network representation 

(simulation model). This requires information on the lines, the loads, the generators and their 

regulations, transformers and so on.18 The more information, the better the representation and 

the modal analysis results will be. The level of accuracy required for the simulation model to 

obtain valid results will be investigated in section four of this report in order to have an idea 

to what extent the precision of the input data may impact the results of modal analysis.  

                                                           
18 Such information won’t be given in the report as it has to stay confidential. For the same reason the details 
of the different production plans won’t be given neither.  
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Figure 3.1: Illustration of the electrical network of the case study’s island with the installed nominal 

power capacities at each site (table 3.1). 

 

Table 3.1: Basic characteristics of the case study’s electrical network 

Busses Lines Transformers Loads 
Compensation 

banks 

83 47 44 25 3 
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Table 3.2: Approximate localization and general data of the groups of the case study 

Site Group 
Turbine 

technology 

Inertia 

(MWs/MVA) 

Sn 
MVA 

Pn19 
MW 

Voltage 
Regulator 

TH1 

(North) 

TH1G1 Fossil-fired 2.96 50.9 43.3 RT_TH1 

TH1G2 Fossil-fired 2.96 50.9 43.3 RT_TH1 

TH1G3 Fossil-fired 2.96 50.9 43.3 RT_TH1 

TH1G4 Fossil-fired 2.96 50.9 43.3 RT_TH1 

HY2 

(Center) 

HY2G1 Hydroelectric 7.71 4.9 4 RT_HY2 

HY2G2 Hydroelectric 7.71 4.9 4 RT_HY2 

TH3 

(South) 

TH3G1 Fossil-fired 1.32 18 14.1 RT_TH3_1 

TH3G2 Fossil-fired 1.32 18 14 RT_TH3_1 

TH3G3 Fossil-fired 1.32 18 14.7 RT_TH3_2 

TH3G4 Fossil-fired 1.32 18 14.7 RT_TH3_2 

TH2 

(North) 

TH2G1 Fossil-fired 0.89 64.8 50 RT_TH2 

TH2G2 Fossil-fired 0.89 64.8 50 RT_TH2 

TH4 

(North) 

TH4G1 Fossil-fired 0.86 15.1 15 RT_TH4 

TH4G2 Fossil-fired 0.86 15.1 15 RT_TH4 

HY1 

(North) 

HY1G1 Hydroelectric 2.64 19 17 RT_HY1 

HY1G2 Hydroelectric 2.64 19 17 RT_HY1 

HY1G3 Hydroelectric 2.64 19 17 RT_HY1 

HY1G4 Hydroelectric 2.64 19 17 RT_HY1 

CS 

(South) 

STG1 Fossil-fired 2.88 171.1 136.8 RT_STG 

STG2 Fossil-fired 2.88 171.1 136.8 RT_STG 

CTG1 Fossil-fired 1.49 70 58 RT_CTG 

CTG2 Fossil-fired 1.49 70 58 RT_CTG 

 

3.2-Modal Analysis and Inter-area oscillations: 

3.2.1-Definition of the operating points: 

In order to execute modal analysis, one must first choose the equilibrium point around 

which the system will be linearized. This is a very important step because the information 

given by modal analysis will be relevant for this point only. If there is only one operating 

point for the system then the choice is clear; unfortunately this will most likely not be the 

case. The way to proceed is then to run modal analysis for a selection of operating points. 

These points aren’t chosen randomly but should correspond either to the most likely operating 

                                                           
19 This column corresponds to the turbine nominal power but the alternator nominal power (𝑃𝑛,𝑎𝑙𝑡) is the same 

except for HY1G3 & HY1G4 where 𝑃𝑛,𝑎𝑙𝑡 = 16𝑀𝑊 and not 17𝑀𝑊. 
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points of the system or eventually to a certain selection of dangerous configurations specified 

by the client. As the tuning of the PSSs will be done trying to take all these points into 

consideration, the complexity of this tuning will be linked to the number of points.   

Our case study concerns the risk of inter-area oscillations following the connection of 

a complex in the South of the island (CS) to the main electrical network. 4 operating points 

are considered here representative of more than 99% of the situations. They are defined in 

table 3.3 by the crossing of two production plans of the main network: “high load” and “low 

load” and two production plans of CS: 1STG+2CTGs or 2STGs.  

Table 3.3: Definition of the 4 operating points of the case study: crossing of the 2 production 

plans of the main network with the 2 production plans of CS 

 2STGs 1STG&2CTGs 

High Load Operating point 1 (OP1) Operating point 2 (OP2) 

Low Load Operating point 3 (OP3) Operating point 4 (OP4) 

 

The procedure to follow is the same for each operating point so we will only detail it 

for one, but the results from the 4 of them will be used to tune the PSSs. We consider now the 

case with 2 STGs operating at CS and “High Load” for the main network (OP1). 

Linearization is done directly with EUROSTAG and the eigenanalysis computation with 

SMAS3.  

3.2.2-Identification of the critical electromechanical modes: 

Only the electromechanical modes are of interest here as inter-area modes are 

electromechanical. They are presented in table 3.4. Modes number 18, 29 and 36 are of 

interest because they have a damping lower than 10% and a frequency between 0.2 and 2Hz 

(suitable for inter-area modes). They correspond to low damped modes and more specifically 

mode n°36 is critical as its damping is close to 0. The studied operating point (OP1) has then 

1 critical electromechanical mode (n°36) and two low-damped mode (n°18 & n°29). Looking 

at the mode shape will be useful to characterize these modes.  
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Table 3.4: Electromechanical modes of the operating point 1 given by SMAS3 

Mode N° Real part  
Imaginary 

part 

Damping  

(%) 

Frequency 

(Hz) 

GEN. WITH 

GREATEST 

PARTICIP. 

7 -8.0502 20.8858 35.96 3.3241 33 TH4G1 ROT 

9 -7.6418 19.8649 35.9 3.1616 34 TH4G2 ROT 

11 -2.105 16.2637 12.84 2.5884 47 TH3G1 ROT 

12 -2.1231 16.2365 12.97 2.5841 45 TH3G3 ROT 

13 -2.1944 16.1977 13.42 2.5779 46 TH3G2 ROT 

14 -1.3628 12.6098 10.74 2.0069 44 TH3G4 ROT 

15 -1.5756 11.9294 13.09 1.8986 22 HY1G2 ROT 

16 -1.5756 11.9292 13.09 1.8986 22 HY1G2 ROT 

17 -1.5756 11.9291 13.09 1.8986 23 HY1G3 ROT 

18 -0.7125 11.0155 6.45 1.7532 72 STG1 ROT 

19 -1.8193 10.7034 16.76 1.7035 31 TH2G2 ROT 

23 -5.4352 10.1355 47.26 1.6131 31 TH2G2 ROT 

26 -1.5267 8.5901 17.5 1.3672 17 TH1G1 ROT 

27 -1.5267 8.5901 17.5 1.3672 20 TH1G4 ROT 

28 -1.5189 8.5681 17.46 1.3637 18 TH1G2 ROT 

29 -0.5467 8.2497 6.61 1.313 24 HY1G4 ROT 

34 -0.6643 5.3465 12.33 0.8509 41 HY2G1 ROT 

35 -0.5301 5.1371 10.26 0.8176 41 HY2G1 ROT 

36 -0.0034 4.5966 0.07 0.7316 72 STG1 ROT 

46 -0.2205 0.483 41.53 0.0769 73 STG2 ROT 

  

3.2.3-Mode shape: 

The information concerning the mode shape is contained in the right eigenvectors. 

There are three modes of interest (the ones with the lowest damping) and their mode shape are 

given in table 3.5, 3.6 and 3.7 below.  

Table 3.5: Operating point 1, mode shape n°18 (results obtained with SMAS3) 

Bus n° 
Generator 

Name 
Magnitude Phase 

73 STG2 1 0° 

72 STG1 0.999 180° 

 

 From table 3.5 we know that mode n°18 is a local mode and not an inter-area mode 

because there are only 2 dominating groups oscillating against each other (180° phase shift) 

and these two groups are at the same location (industrial complex CS). 
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Table 3 6: Operating point 1, mode shape n°29 

Bus n° 
Generator 

Name 
Magnitude Phase 

23 HY1G3 1 0 

24 HY1G4 1 0 

21 HY1G1 0.999 -0.1 

22 HY1G2 0.999 -0.1 

31 TH2G2 0.366 -21.1 

30 TH2G1 0.366 -21.1 

34 TH4G2 0.298 -11.9 

33 TH4G1 0.296 -11.7 

42 HY2G2 0.105 -165.4 

41 HY2G1 0.105 -165.4 

20 TH1G4 0.435 -179.3 

19 TH1G3 0.435 -179.3 

17 TH1G1 0.435 -179.3 

18 TH1G2 0.44 179.4 

 

 Looking at the magnitude and phase given in table 3.6, mode n°29 is an inter-

area mode because it involves a lot of generators allocated in different areas. Regrouping 

them according to their phase, the generators of the site TH1 are principally oscillating 

against the generators of HY1, TH2 and TH4. It’s then an inter-area mode mostly between the 

generators of the South (the generators of HY2 have a lower magnitude).    
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Table 3.7: Operating point 1, mode shape n°36 

Bus n° 
Generator 

Name 
Magnitude Phase 

72 STG1 1 0° 

73 STG2 0.999 0° 

42 HY2G2 0.439 143.1° 

41 HY2G1 0.439 143.1° 

33 TH4G1 0.676 179.9° 

34 TH4G2 0.677 179.8° 

22 HY1G2 0.766 -175.2° 

21 HY1G1 0.766 -175.2° 

24 HY1G4 0.767 -175.2° 

23 HY1G3 0.767 -175.2° 

31 TH2G2 0.792 169.1° 

30 TH2G1 0.792 169.1° 

20 TH1G4 0.989 176.7° 

19 TH1G3 0.989 176.7° 

17 TH1G1 0.989 176.7° 

18 TH1G2 0.991 176.7° 

 

From table 3.7, mode n°36 is also an inter-area mode characterized by the two 

generators STG1&STG2 of the CS complex (South) principally oscillating against the 

generators of TH1 but also against the other generators of the North (TH2, HY1).  It may be 

interesting now to have a look at the participation factors of this mode (because it’s a critical 

one) to identify the most involved generators. 

3.2.4-Participation factor, (pre) selection of the location of the PSSs:  

 As it has been said in 1.2.6, the participation factors give a measure of the link 

between a state variable and an eigenvalue. Thus it allows to identify which are the most 

involved state variables and so generators in a mode. It’s among these generators that we 

should look into to find the ones where to install PSSs. Total participation of the different 

generators for mode n°36 are presented in table 3.8 below20. 

                                                           
20 Generators with a relative total participation lower than 5% are not represented. 
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Table 3.8: Operating point 1, total participation of the different groups for mode n°36 

Bus n° 
Generator 

Name 
Absolute Magnitude 

Relative Magnitude 

(%) 

72 STG1 2.56E-01 100 

73 STG2 2.56E-01 99.92666 

18 TH1G2 8.86E-02 34.63469 

20 TH1G4 8.82E-02 34.48216 

19 TH1G3 8.82E-02 34.48216 

17 TH1G1 8.82E-02 34.48216 

30 HY1G3 2.24E-02 8.7694 

31 HY1G4 2.24E-02 8.7694 

23 HY1G1 2.24E-02 8.76902 

24 HY1G2 2.24E-02 8.76902 

21 TH2G2 2.03E-02 7.91876 

22 TH2G1 2.03E-02 7.91871 

 

The participations presented here correspond to the total participation of each group in 

the 36th mode, i.e. the sum of the participation factors of all their state variables. STG1 & 

STG2 are the most involved generators and are therefore excellent candidates to install PSSs 

on. Then, even if their participation is three times lower, the TH1 generators still have a 

participation good enough to be considered. When implementing PSSs, variation in speed (of 

the considered unit) is commonly used as input signal and looking at the specific participation 

factor of this state variable may be as relevant as looking at the total participation of the unit. 

SMAS3 can give this information too (table 3.9). 

Table 3.9: Operating point 1, participation of the differential variables of STG1 in mode n°36 

DELTA 1.23E-01 5.03E-03 

OMEGA 1.29E-01 3.97E-03 1.30E-01 1.8 

PSID1 1.87E-03 -2.75E-04 1.89E-03 -8.4 

PSID2 5.90E-04 -7.25E-04 9.35E-04 -50.8 

PSIQ1 1.48E-03 1.36E-03 2.01E-03 42.7 

PSIQ2 -1.10E-03 2.57E-04 1.13E-03 166.9 

GOV1 0.00E+00 0.00E+00 0.00E+00 0 

GOV2 0.00E+00 0.00E+00 0.00E+00 0 

GOV3 0.00E+00 0.00E+00 0.00E+00 0 

EXC1 2.88E-06 1.95E-05 1.97E-05 81.6 

EXC2 3.09E-05 6.56E-05 7.25E-05 64.8 

EXC3 9.11E-20 4.67E-19 4.76E-19 79 

EXC4 -3.25E-05 -7.97E-05 8.61E-05 -112.2 
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It appears from table 3.9 below that the variables with highest participation factor are 

the ones linked to the shaft of the group: δ and ω. This is normal because mode n°36 is an 

electromechanical mode. The speed variable has the highest participation factor, that’s why it 

is an interesting input signal for PSSs (in addition to its role in small signal stability). The 

variables GOVx and STAx correspond to the differential variables of the governor and the 

voltage regulators and the variables EXCxx correspond to the flux dynamics used in the 

simulation model of the generator. We can see that all these other variables have a negligible 

participation in the electromechanical mode. 

Figure 3.2 shows the compass diagram representation of the critical inter-area mode 

based on information from tables 3.7 (phase) and 3.8 (relative participation). 

 
 

Figure 3.2: OP1, total relative participations and mode shape information of the critical inter-area mode 

(n°36) with additional information on the geographical localization.   

Combining the information from the mode shape and the participation factors gives a 

broad understanding of the system (for the chosen operating point). In our case there is one 

critical inter-area mode between the STGs of the industrial complex in the South and the 

different generators installed in the North, with the STGs being the most involved. There is 

another low-damped (6.61%) inter-area modes in the South and a local mode between STG1 

and STG2 which is low-damped too (6.43%). Because of their participation factor in the inter-

area mode, the STGs are good candidate to install PSSs aiming to damp it. However, as these 

generators are associated to a low-damped local mode also, the tuning of the PSSs has to be 

done taking this local mode into consideration in order not to worsen it. An analysis of the 

generator residues is now necessary to go any further. 
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3.2.5-Generator residues – location of the PSSs: 

 Whereas participation factors only give a global understanding of how involved the 

different groups in a mode are, the residues give a quantification of the potential eigenvalue 

displacement when using PSSs. Yet it is important to look at the participation factors because 

they allow a pre-selection of the groups to consider for the residue analysis. 

To determine which generators will have the most impact on the displacement of a specific 

eigenvalue (the one associated to the inter-area mode for example), one must first look at a 

chosen transfer function residues associated to this eigenvalue for the different generators. A 

selection of input/output signals is available in SMAS3 for the transfer function. However, to 

use them, these signals have to be defined in EUROSTAG first accordingly to the convention 

of the Eurostag-SMAS3 connection. Here the chosen transfer function (which is calculated 

for each selected generator) is the one between the reference voltage of the excitation system 

of a generator and its rotor speed angle. Table 3.10 gives the residues associated to mode n°36 

for this transfer function and the pre-selected generators.  

Table 3.10: Generators with ∆𝛚/𝐕𝐫𝐞𝐟 residues greater than 0%, mode n°36, OP1 

NBUS NAME ABS MAG (PU) REL MAG (%) PHASE 

73 STG2 2.09E-02 100 142.3° 

72 STG1 2.07E-02 99.09894 142° 

20 TH1G4 8.96E-03 42.90926 135.7° 

19 TH1G3 8.96E-03 42.90524 135.7° 

17 TH1G1 8.96E-03 42.90524 135.7° 

18 TH1G2 8.96E-03 42.90524 135.7° 

 

 Table 3.10 confirms that STG1 and STG2 are the most suitable generators to install 

PSSs on to damp the inter-area mode (highest residues). But we know these generators are 

also implicated in a low-damped local mode and the installation of a PSS to damp the inter-

area mode may have a side effect on this mode21. To control this side effect the residues 

associated to the local mode are required and given in table 3.11. 

Table 3.11: Generators with ∆𝛚/𝐕𝐫𝐞𝐟 residues greater than 0%, mode n°18, OP1 

NBUS NAME ABS MAG (PU) REL MAG (%) PHASE  

72 STG1 6.22E-02 100 83° 

73 STG2 6.21E-02 99.8 83° 

  

The important information in table 3.11 is the value of the local mode’s residue which 

is higher (3 times) than the inter-area mode’s residue. This means that the eigenvalue 

displacement linked to this local mode induced by a PSS will be greater than the one linked to 

                                                           
21 As far as possible PSSs should be tuned to damp both local and inter-area modes. 
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the inter-area mode22. The direction of this displacement must then be chosen such as it 

doesn’t worsen the damping of the local mode: the angle of this displacement should be 

within the range [90°; 270°]23 which corresponds to a phase shift in the range [7°; 187°]24. 

The inter-area mode n°29 should not be forgotten neither as it has a low damping. 

However from table 3.6 this mode doesn’t seem to involve generators in the South and a 

closer look at the participations has confirmed it. Besides, the residues magnitude of this 

mode for STG1&STG2 is around 4.4E-04 which is completely negligible compared to the 

residues magnitude of two other considered modes. 

According to the results of the study of operating point 1, STGs are the best candidate 

to install PSSs if one wants to damp the inter-area mode in this configuration. However, all 

the operating points (4 in our case study) need to be considered for the tuning of the PSSs to 

be sure that a positive impact in one configuration won’t be linked to a negative impact in 

another. Below are the residues associated to the inter-area and local modes of the STGs for 

the ∆𝜔/𝑉𝑟𝑒𝑓 transfer function depending on the operating points.  

Table 3.12: Operating point 1, STG1&STG2 residues of the ∆𝛚/𝐕𝐫𝐞𝐟 transfer function, local 

and inter-area modes 

  
NAME ABS MAG (PU) PHASE 

Inter-area mode 

𝑓 = 0.73𝐻𝑧, 𝜁 = 0.32% 

STG2 2.09E-02 142.3° 

STG1 2.07E-02 142° 

Local mode STG1/STG2 

𝑓 = 1.75𝐻𝑧, 𝜁 = 6.43% 

STG1 6.22E-02 83° 

STG2 6.21E-02 83° 

 

Table 3.13: Operating point 2, STG1 residues of the ∆ω/Vref transfer function, local and 

inter-area modes 

  
NAME ABS MAG (PU) PHASE 

Inter-area mode 

𝑓 = 0.79𝐻𝑧, 𝜁 = 1.69% 
STG1 3.86E-02 127.1° 

Local mode 

STG1/CTG1&CTG2 

𝑓 = 2.39𝐻𝑧, 𝜁 = 8.19% 

STG1 3.56E-02 79.7° 

 

                                                           
22 Assuming the gain of the PSS at the frequency of the inter-area mode (0.73Hz) being close to the one at the 
frequency of the local mode (1.75Hz).  
23 Desired displacement direction after action of the PSS. 
24 A positive feedback transfer function is considered here and not a negative one as in the theoretical parts 
1.2.8 and 1.2.9. 
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Table 3.14: Operating point 3, STG1&STG2 residues of the ∆𝛚/𝐕𝐫𝐞𝐟 transfer function, local 

and inter-area modes 

  
NAME ABS MAG (PU) PHASE 

Inter-area mode 

𝑓 = 0.81𝐻𝑧, 𝜁 = 2.82% 

STG1 1.71E-02 137° 

STG2 1.66E-02 136.1° 

Local mode STG1/STG2 

𝑓 = 1.75𝐻𝑧, 𝜁 = 6.43% 

STG1 6.36E-02 83 ° 

STG2 6.17E-02 83° 

 

Table 3.15: Operating point 4, STG1 residues of the ∆𝛚/𝐕𝐫𝐞𝐟 transfer function, local and 

inter-area modes 

  
NAME ABS MAG (PU) PHASE 

Inter-area mode 

𝑓 = 0.86𝐻𝑧, 𝜁 = 3.69% 
STG1 3.19E-02 120.7° 

Local mode STG1/STG2 

 𝑓 = 2.38𝐻𝑧, 𝜁 = 8.56% 
STG1 3.98E-02 75.2° 

3.2.6-Analysis of the residues – tuning of a PSS1A: 

The following PSS will be used, with ∆𝜔 as input signal. 

 

Figure 3.3: Bloc representation of a PSS1A 

The first thing to do is to look at the phase of the different residues in the previous 

tables (3.12, 3.13, 3.14 and 3.15) because it gives the direction of the displacement of the 

associated eigenvalues. A simple approach can be to calculate, for one generator, the average 

phase of the inter-area and local modes in the different operating points: 

𝜑𝑎𝑣𝑔,𝑖𝑛𝑡𝑒𝑟−𝑎𝑟𝑒𝑎 =
142 + 127 + 137 + 120.7

4
= 131.7°   𝑓 ≈ [0.7; 0.9] 𝐻𝑧 

𝜑𝑎𝑣𝑔,𝑙𝑜𝑐𝑎𝑙1 =
83 + 83

2
= 83°  𝑓 ≈ 1.75𝐻𝑧 

𝜑𝑎𝑣𝑔,𝑙𝑜𝑐𝑎𝑙2 =
79.7 + 75.2

2
= 77.45°  𝑓 ≈ 2.38𝐻𝑧 

(3.1) 

 It’s important to regroup the modes with their frequency because it will then be used 

to obtain a pattern for calibrating the lead-lag filters.  



  Page 
39 

 
  

To damp the inter-area mode we can either push the phase to 180° and use a positive 

PSS gain25 or bring it back to 0° and use a negative gain. The best solution here is to push it to 

180° because the phase-shift is lower: about 50° phase lead instead of 130° phase lag. 

The local modes have to be considered too. In order to not worsen their damping, a 

necessary condition26 is (with a 10° margin of safety): 

𝜑𝑟𝑒𝑠𝑖𝑑𝑢𝑒 + 𝜑𝑙𝑒𝑎𝑑−𝑙𝑎𝑔 ≥ 90° + 10° = 100° (3.2) 

Finally an approximate phase pattern for the design of the lead-lag filters is obtained: 

Table 3.16: Approximate phase pattern of the lead-lag filters 

Frequency (Hz) 0.7-0.9 1.75 2.38 

Phase compensation ≈ 50° ≥ 15° ≥ 20° 

 

Important notice: this phase pattern has been estimated from the average phase of the 

inter-area mode but this is not the only solution. Another relevant choice would have been to 

compute a weighted sum of the phases according to their dampings. Thus a phase 

compensation closer to 40° could have been taken for the inter-are mode, leading to a greater 

increase of the damping of the worst scenario (operating point 1) to the detriment of operating 

points 2 and 4.  

Moreover, this phase pattern may have to be updated to compensate the phase shift 

induced by the other filters used in the PSS (washout, rejection or low-pass filters).  

In our case there is only 1 other: the washout filter. Taking a washout time constant 

𝑇𝑤 = 10𝑠  brings a negligible phase-shift (0 < 𝜑𝑤𝑎𝑠ℎ𝑜𝑢𝑡 < 5°) for 𝑓 > 0.3 𝐻𝑧 (cf. figure 

2.6) so there won’t be too much interference in our frequency range of interest (0.7 < 𝑓 <

2.4𝐻𝑧). 

The tuning of the lead-lag filters can then be done from table 3.14. As it has been said 

in 2.2.1 figure 2.4, to minimize the impact of the positive gain in high frequencies 2 lead-lag 

blocs will be used (𝑛𝑓 = 2) and the value of 𝛼 = 𝑇2/𝑇1 is chosen, in a first time, so that it 

gives a maximum phase shift of 25° (per bloc): from figure 2.3, 𝛼 = 0.405 and from equation 

2-3: 

𝑇1 =
1

2𝜋𝑓𝑚√𝛼
=

1

2𝜋 ∗ 0.8 ∗ √0.405
= 0.313𝑠 

𝑇2 = 𝛼𝑇1 = 0.405 ∗ 0.313 = 0.127𝑠 

(3.3) 

                                                           
25 Because a positive feedback transfer function is considered. 
26 This condition depends on the sign of the PSS gain. It has to be changed if a negative gain is used instead of a 
positive one. 
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The bode diagram with 𝑇𝑤 = 10 𝑠, 𝑇1 = 0.313 𝑠, 𝑇2 = 0.127 𝑠 and 𝑛𝑓 = 2 is given in 

figure 3.4. It can be seen from it that the necessary condition required for the local modes 

(1.75𝐻𝑧 & 2.38𝐻𝑧) is respected: 𝜑𝑃𝑆𝑆 > 25° for both of them.  

The value of the gain is usually set up from trial and error, but an order of magnitude 

can be estimated from the worst case (High Load, 2 STGs). Applying equations (1-52) and (1-

53) with a desired damping ratio 𝜁𝑑𝑒𝑠 = 10% gives: 

𝜆𝑖𝑛𝑡𝑒𝑟−𝑎𝑟𝑒𝑎
27 = −0.0034 + 𝑗4.5966 →  𝜎𝑑𝑒𝑠 = −

𝜁𝑑𝑒𝑠 ∗ 𝜔𝑖𝑛𝑡𝑒𝑟−𝑎𝑟𝑒𝑎

√1 − 𝜁𝑑𝑒𝑠
2

= −
0.1 ∗ 4.5966

√1 − 0.12
= −0.462 

|∆𝜆𝑖𝑛𝑡𝑒𝑟−𝑎𝑟𝑒𝑎| = |𝜆𝑖𝑛𝑡𝑒𝑟−𝑎𝑟𝑒𝑎 − 𝜆𝑑𝑒𝑠| = |𝜎𝑖𝑛𝑒𝑟−𝑎𝑟𝑒𝑎 − 𝜎𝑑𝑒𝑠|

= |−0.0034 + 0.462| = 0.459 

  (3.4) 

 

 

 

Figure 3.4: Bode diagram of a washout in series with 2 lead-lag filters 

And from figure 3.4: 

|𝐻𝑃𝑆𝑆(𝑓 = 0.73𝐻𝑧)|𝑑𝐵 ≈ 7𝑑𝐵 → |𝐻𝑃𝑆𝑆(𝑓 = 0.73𝐻𝑧)| ≈ 10
7
20 = 2.4 

(3.5) 

An estimation of the gain is then: 

                                                           
27 From table 3.4 
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𝐾𝑃𝑆𝑆 =
1

|𝐻𝑃𝑆𝑆|

|∆𝜆𝑖𝑛𝑡𝑒𝑟−𝑎𝑟𝑒𝑎|

|𝑟𝑖𝑛𝑡𝑒𝑟−𝑎𝑟𝑒𝑎|
=

1

2.4
∗

0.459

0.0215
= 8.9 (3.6) 

Finally the limiter thresholds have to be chosen and usual values are: 

𝑉𝑙𝑖𝑚,ℎ𝑖𝑔ℎ = 0.1pu 

𝑉𝑙𝑖𝑚,𝑙𝑜𝑤 = −0.1pu  
(3.7) 

Table 3.17: PSS parameter’s value for a desired damping of 10% in operating point 1 

𝑇𝑤 𝑇1 𝑇2 𝑛𝑓 𝐾𝑃𝑆𝑆 𝑉𝑙𝑖𝑚,ℎ𝑖𝑔ℎ 𝑉𝑙𝑖𝑚,𝑙𝑜𝑤 𝜁𝑑𝑒𝑠 (OP1) 

10 0.313 0.127 2 9 0.1 -0.1 10% 

 

Table 3.17 summarizes the parameters of the PSS1A used to increase the damping of 

the inter-area mode. Depending on the operating point 1 or 2 PSSs could be installed (1 per 

STG). Results are presented in table 3.18 below. 

Table 3.18: Comparison of the modes of interest of the 4 operating points for different cases: 

no PSS (initial), 1 PSS (STG1) and 2 PSSs (STG1&STG2) 

Operating 
 point 

Mode 
No PSS PSS1A at STG1 PSS1A at STG1&STG2 

Freq (Hz) Damp (%) Freq (Hz) Damp (%) Freq (Hz) Damp(%) 

1 
inter-area 0.73 0.32 0.71 9.33 0.65 15.87 

local (STG1vsSTG2) 1.75 6.43 2.2 13 2.5 11.26 

2 
inter-area 0.79 2.08 0.82 9.46 - -  

local (STG1vsCTG1&CTG2) 2.39 8.19 2.67 9.41  - -  

3 
inter-area 0.8 3.7 0.79 10.8 0.7328 16.53 

local (STG1vsSTG2) 1.75 6.43 2.18 13.6 2.4981 11.25 

4 
inter-area 0.85 4.45 0.89 12.9  - -  

local (STG1vsCTG1&CTG2) 2.37 8.04 2.7 9.13  - -  

 

From table 3.18 we can see the positive impact following the implementation of the 

PSS at STG1: both the damping of the inter-area and local modes have been increased. The 

value of 9.33% in the operating point 1 is a little lower than the 10% expected but this is most 

likely due to the direction of the displacement (142° + 50° = 192° > 180°) and the linear 

approximation which is maybe not entirely respected with a gain value 𝐾𝑃𝑆𝑆 = 9. In operating 

points 1 and 3, if 2 PSSs are installed (one at each STG) the damping of the inter-area modes 

is increased but the damping of the local modes is worse than in the case with only 1 PSS. 

This may be because the same tuning of PSS has been used on STG2 than the one used on 

STG1 whereas putting a PSS on one unit may change the phase of the residues associated to 

the other one. Another analysis of the residues and a new tuning would have probably given 

better results.  
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3.5-Conclusion: 

Performing modal analysis on a power system is very useful to study its small signal 

stability but it requires a complete definition of the system first and a selection of the 

operating points for which the study should be done. Then, if some operating points present 

critical modes (local and inter-area modes have been studied here) the analysis of the residues 

may allow to find a location where PSSs should be installed and a guideline to tune them. One 

important thing to think about when using PSSs to damp a mode is to be aware of their impact 

on the rest of the system, whether it be with regards to other modes or with transient 

stability28. And if two PSSs have to be used, it’s better to tune them successively, taking the 

first one in consideration when tuning the second. 

 

  

                                                           
28 The impact of the gain of a PSS on the transient stability of the system has not been investigated in this 
report. 
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4-Sensitivity Analyses: 

4.1-Introduction: 

 The entire definition of a power system requires a lot of information and collecting 

data may be very time-consuming. Besides of that the precision is not always guaranteed. 

That’s why a sensitivity analysis is interesting as it can give a picture as to which certain 

parameters affect the most the results of a modal analysis. An exhaustive approach is not 

required as some data are always known with sufficient precision (the characteristics of the 

lines for example). For this reason, the different studies will only be focused on certain types 

of data that may be difficult to know. 

Reference [11] shows that the frequency of the electromechanical modes is very linked 

to the topology of the network (lines, transformers, generators) and to the inertia of the 

groups. On the other hand, their damping is more related to the dynamic components of the 

network: regulators and dynamic load models.  

Five studies are presented below and all of them have been conducted on the operating 

point n°1 of the case study network used (cf. chapter 3).  Four of them are concentrating on 

one specific subject each whereas the remaining one investigates how far the network can be 

simplified while still providing good qualitative information on the inter-area modes. The aim 

is to eventually use these results on future cases and being able to tell if the amount of data 

provided is sufficient or not to make a reliable diagnostic of critical inter-area modes.    
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4.2-Global impact of the speed governors: 

In this study the purpose is to measure the influence of the speed governors on the 

electromechanical modes of the system and to verify the assessment in [11] stating that 

usually speed governors only have a little impact on them. Figure 4.1 shows the distribution 

of the electromechanical modes (cf appendix B.1) in the complex plan for the initial case and 

the case where all the speed governors have been removed from the generators. Then tables 

4.1 and 4.2 offer a comparison of the participation & mode shape and the generator residues 

(not exhaustive) for the critical inter-area mode. 

 

Figure 4.1: Distribution of the electromechanical modes with and without speed governors 
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Table 4.1 : Relative total participation of the groups and mode shape information for the 

critical inter-area mode – with and without speed governor. 

 
Initial Without speed governor 

NAME MAG PHAS MAG PHAS 

TH1G2 34.6 0 36.6 0 

TH1G3 34.5 0 36.4 0 

TH1G1 34.5 0 36.4 0 

TH1G4 34.5 0 36.4 0 

HY1G3 8.8 8.3 5.5 1.3 

HY1G4 8.8 8.3 5.5 1.3 

HY1G1 8.8 8.4 5.5 1.3 

HY1G2 8.8 8.4 5.5 1.3 

TH2G2 7.9 1.8 8 1.9 

TH2G1 7.9 1.8 8 1.9 

TH4G2 1.2 1 1.2 0 

TH4G1 1.2 1 1.2 0 

HY2G1 1.7 -39.3 1.4 -27.9 

HY2G2 1.7 -39.3 1.4 -27.9 

STG2 99.9 -175.8 99.9 -179.8 

STG1 100 -175.8 100 -179.8 

 

Table 4.2: Comparison of the ∆𝛚/𝐕𝐫𝐞𝐟 residues for the critical inter-area mode – with and 

without speed governor. 

 
Initial sans RV 

NAME ABS MAG (PU) REL MAG (%) PHAS ABS MAG (PU) REL MAG (%) PHAS 

STG2 2.09E-02 100 142.3° 2.10E-02 100 139° 

STG1 2.07E-02 99.09894 142° 2.09E-02 99.75426 139° 

TH1G2 8.96E-03 42.90926 135.7° 9.85E-03 47.00825 141.7° 

TH1G4 8.96E-03 42.90524 135.7° 9.84E-03 46.99142 141.7° 

TH1G3 8.96E-03 42.90524 135.7° 9.84E-03 46.99142 141.7° 

TH1G1 8.96E-03 42.90524 135.7° 9.84E-03 46.99142 141.7° 

 

It appears from figure 4.1 that the speed governors do have an impact on the modes 

which is quantifiable by looking at the last two columns29 of appendix C.1. For most of the 

electromechanical modes the impact on the frequency is insignificant (< 0.05𝐻𝑧) and for the 

rest of them it is small (≈ 0.1𝐻𝑧).  

The damping is more affected though and is globally worsen. The absolute variation in 

damping is less than 1 percentage point (pp) for more than half of the modes but it is above 2 

pp (reaches 2.59 pp for the worst case) for many modes. However for the inter-area modes 

and for the modes with low damping the variation is small.  

According to tables 4.1 and 4.2, for the critical inter-area mode, the distribution of the 

relative total participations, the mode shapes and the residues are close to the initial case.  

                                                           
29 Damp Var. and Freq Var. : they give the variation in damping and frequency compared to the initial case. 
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Conclusion:  
 

Speed governors can be omitted when studying inter-area oscillations, even for the 

tuning of an eventual PSS. 
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4.3-Global impact of the voltage regulators: 

The aim of this study is to measure the impact of the voltage regulators on the 

electromechanical modes of the system in order to characterize the deviation induced by using 

simplified regulators or no regulator at all. The electromechanical modes of the reference case 

(which corresponds to the detailed models for the regulators) are compared to the 

electromechanical modes of the case with simplified models for these regulators and to the 

case with no voltage regulator at all. As a matter of fact there is often room for improvement 

regarding the data precision in the models of the regulators as collecting these data can be 

very time consuming or even impossible. 

Modal analysis is usually applied to study an operating point of a system and so it is 

possible to make the assumption that all the regulators are functioning in their non-saturated 

domain. The model shown in appendix B.9 corresponding to a regulator with a proportional-

integrator-derivative corrector in series with a lag bloc was used as a generic simplified 

model. The numerical values of the parameters were determined for each type of regulator 

according to a procedure of identification which aims to reproduce what could be done in 

actual commissioning tests. The derivative coefficient was null for all the regulators except 

for the one equipping TH2G1 and TH2G2. 

 

Figure 4.2: Distribution of the electromechanical modes in function of the voltage regulators
30 

                                                           
30 PIDL stands for proportional-integrator-derivative corrector in series with a lag bloc and PIL stands for 
proportional-integrator corrector in series with a lag bloc (null derivative coefficient). 
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Table 4.3: Relative total participation of the groups and mode shape information for the 

critical inter-area mode, depending on the voltage regulators models. 

Group 

Detailed 

regulators 

Simplified PIDL/PIL 

regulators 
No voltage regulator 

Part.in % Phase Part.in % Phase Part.in % Phase 

TH1G2 34.4 0° 33.8 0° 34.6 0° 

TH1G3 34.3 0° 33.7 0° 34.4 0° 

TH1G1 34.3 0° 33.7 0° 34.4 0° 

TH1G4 34.3 0° 33.7 0° 34.4 0° 

HY1G3 8.7 8.3° 8.8 9.3° 9.8 9.5° 

HY1G4 8.7 8.3° 8.8 9.3° 9.8 9.5° 

HY1G1 8.7 8.4° 8.8 9.4° 9.8 9.5° 

HY1G2 8.7 8.4° 8.8 9.4° 9.8 9.5° 

TH2G2 7.9 1.8° 7.5 2.3° 5.8 2.8° 

TH2G1 7.9 1.8° 7.5 2.3° 5.8 2.8° 

TH4G2 1.2 1° 1.2 1.5° 1.2 3° 

TH4G1 1.2 1.1° 1.2 1.5° 1.2 3° 

HY2G1 1.6 -39.9° 1.8 -37.2° 2.6 -31.3° 

HY2G2 1.6 -39.9° 1.8 -37.2° 2.6 -31.3° 

STG2 99.8 -175.8° 99.8 -175.7° 99.8 -175.1° 

STG1 100 -175.8° 100 -175.7° 100 -175.1° 

 

Figure 4.2 shows the distribution of the electromechanical modes with the detailed 

regulators, the simplified models and no voltage regulator at all (cf. appendix B.2). Table 4.3 

contains the information about the participation of the groups and the mode shape (critical 

inter-area mode only). Some comments are necessary to understand the evolution of certain 

modes: 

 The 2 points in the upper left corner correspond to one local mode between the 

groups of TH4 and TH2 and one local (inter-plant) mode between TH4G1 & 

TH4G2. The 2 associated (red) points with no regulators are in the middle of 

the upper part of the figure. The displacement is important for these modes 

because the regulators of the TH4 groups were equipped with a PSS.  

 

 The blue and black points isolated in the middle of the picture correspond to 

the local mode between TH2G1 & TH2G2. The distance between these two 

points shows that the simplified model used isn’t fully satisfactory. Actually 

this is the only model were a PIDL has been used for the simplified voltage 

regulator (PIL has been used for the others) and maybe another model with no 

derivative coefficient would give a better result. Plus the associated point with 

no regulator is quite far too as it is the one in the very top of the figure. The 

explanation also lies in the fact that this regulator was equipped with a PSS.  
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Some general behaviors can be drawn up. According to appendix C.2, simplified 

models of regulators are good enough for small signal stability studies31. Indeed, except for 

the local mode between TH2G1 & TH2G2, the frequency deviation is below 0.1Hz for all the 

other modes and the damping deviation is below 1 pp.   

 Globally, voltage regulators have a positive impact on the damping of the 

electromechanical modes whether or not they are equipped with a PSS; but the variation of 

damping is higher ( > 10% ) in the case with a PSS. Regarding the frequency, it seems that if 

the voltage regulator has no PSS then the frequency deviation is negligible (≈ 0.11𝐻𝑧 for the 

worst case) but if it has one, this deviation can be higher  (it depends on the way the PSS has 

been tuned). 

An efficient evaluation of the critical inter-area mode of a power system seems then 

possible to achieve with only limited information on the regulators that are not equipped with 

a PSS but the estimated damping risks would be a little bit more critical than its actual value 

(around 3 pp). A characterization (participation and mode shape) of these modes seems also 

feasible when considering table 4.3 which compares, for the critical inter-area mode, the total 

relative participation of the groups and the mode shape information in function of the models 

used for the voltage regulators. Numerical values are not exactly the same but the general 

conclusions about which are the most involved generators and which are the different areas 

oscillating against each other’s remain. 

However, even if there is some flexibility in the identification and characterization of 

the inter-area modes regarding the voltage regulators models this is probably not the case for 

the residues32 associated to these modes. Indeed, the phase of these residues is very linked to 

the model of the regulators. So if one wants to consider the tuning of a PSS to damp an inter-

area mode it is still important to have a voltage regulator model as precise as possible at least 

for the group where the PSS should be installed33.  

Conclusion: 

Simplified models of voltage regulators (PIL, PIDL) can be used to evaluate the risks 

of inter-area oscillations and getting a characterization of these modes (participations, mode 

shapes). However, taking corrective actions (using the residue method) requires the complete 

and precise models of the voltage regulators. 

 

  

                                                           
31 Of course transient stability studies require the complete model of the regulators as the different limiters 
and protections may be activated.  
32 The transfer function considered here is still the same: 𝐻 = 𝜔𝑔𝑒𝑛/𝑉𝑟𝑒𝑓,𝑔𝑒𝑛 
33 But it has to be kept in mind that the regulators of the other groups may influence the phase of this residue.  
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4.4-Global impact of the generator parameters: 

In this study the global impact of the generators parameters on the electromechanical 

modes is investigated with the purpose to see to what extent these modes are affected by these 

parameters. It is assumed that only the nature of the technology is known: fossil-fired or 

hydroelectric. The average value of the standard parameters given in [1] and shown in table 

4.4 has been used for the comparison. The technology of each group is given in table 4.8 of 

the part 4.6 below. Figure 4.3 shows the distribution of the electromechanical modes for the 

actual values of the generators parameters and the average standard values. 

Table 4.4: Generators standard parameters values [1] in function of the technology.   

Parameters 

Technology 

Hydroelectric Fossil-fired 

Standard 
values 

Average 
value 

Standard 
values 

Average 
value 

stator resistance Ra 0.002-0.02 0,011 0.0015-0.005 0,00325 

Stator leakage inductance Xl 0.1-0.2 0,15 0.1-0.2 0,15 

Synchronous reactance 
Xd 0.6-1.5 1,05 1.0-2.3 1,65 

Xq 0.4-1.0 0,7 1.0-2.3 1,65 

Transient reactance 
X'd 0.2-0.5 0,35 0.15-0.4 0,275 

X'q - - 0.3-1.0 0,65 

Sub-transient reactance 
X''d 0.15-0.35 0,25 0.12-0.25 0,185 

X''q 0.2-0.45 0,325 0.12-0.25 0,185 

Transient open circuit time 
constant 

T'do 1.5-9.0 s 5,25 3.0-10.0 s 6,5 

T'qo - - 0.5-2.0 s 1,25 

Sub-transient open circuit 
time constant 

T''do 0.01-0.05 s 0,03 0.02-0.05 s 0,035 

T''qo 0.01-0.09 s 0,05 0.02-0.05 s 0,035 
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Figure 4.3: Distribution of the electromechanical modes as a function of the generators parameters
34

 

It appears from this figure and from appendix C.3 that the frequencies of the 

electromechanical modes are only slightly depending on the generators parameters. The 

frequency deviation is below 0.5Hz for all the modes but the inter-area modes are almost not 

impacted: the deviations stay below 0.05Hz.  

On the other hand generators parameters do have a significant impact on the damping 

and standard values give a lower damping than expected: a few percentage points lower at 

least for almost all the modes and 10 pp, 20 pp for the worst cases. 

Conclusion:  

Generators parameters are important when looking for critical inter-area modes in a 

power system because their strong impact on the dampings of the mode may bring false 

alarms.    

                                                           
34 PIDL stands for proportional-integrator-derivative corrector in series with a lag bloc and PIL stands for 
proportional-integrator corrector in series with a lag bloc (null derivative coefficient). 
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4.5-Agglomeration study: 

 This study aims to assess how far the network used for the previous studies can be 

simplified while still providing good qualitative information on the inter-area modes.  

4.5.1-Simplification 1 and 1 bis:  

The first simplification step consists in regrouping the generators of a same plant 

(same location) with the same characteristics (parameters & regulators) and replaced them by 

1 equivalent generator with the same parameters and regulators35 except for the apparent and 

active nominal powers. Table 4.5 details this simplification.   

Table 4.5: Generators characteristics and associated equivalent group.   

Site Group 
Sn  

MVA 

Pn36  

MW 

Voltage 

Regulator 

Equivalent 

Group 
Sn MVA Pn MW 

TH1 

TH1G1 50.9 43.3 RT_TH1 

TH1_AG1 203.7 173.2 
TH1G2 50.9 43.3 RT_TH1 

TH1G3 50.9 43.3 RT_TH1 

TH1G4 50.9 43.3 RT_TH1 

HY2 
HY2G1 4.9 4 RT_HY2 

HY2_AG1 9.8 8 
HY2G2 4.9 4 RT_HY2 

TH3 

TH3G1 18 14.1 RT_TH3_1 
TH3_AG1 36 28.1 

TH3G2 18 14 RT_TH3_1 

TH3G3 18 14.7 RT_TH3_2 
TH3_AG2 36 29.4 

TH3G4 18 14.7 RT_TH3_2 

TH2 
TH2G1 64.8 50 RT_TH2 

TH2_AG1 129.6 100 
TH2G2 64.8 50 RT_TH2 

TH4 
TH4G1 15.1 15 RT_TH4 

TH2_AG1 30.1 30 
TH4G2 15.1 15 RT_TH4 

HY1 

HY1G1 19 17 RT_HY1 

HY1_AG1 76 68 
HY1G2 19 17 RT_HY1 

HY1G3 19 17 RT_HY1 

HY1G4 19 17 RT_HY1 

CS 
STG1 171.1 136.8 RT_STG 

STG_AG1 342.2 273.8 
STG2 171.1 136.8 RT_STG 

                                                           
35 The speed governors are not listed in table 4.5 because in this case study 2 generators with the same voltage 
regulator also have the same speed governor. 
36 This column corresponds to the turbine nominal power but the alternator nominal power (𝑃𝑛,𝑎𝑙𝑡) is the same 

except for HY1G3 & HY1G4 where 𝑃𝑛,𝑎𝑙𝑡 = 16𝑀𝑊 and not 17𝑀𝑊. 
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Then in simplification 1 bis only 1 equivalent generator per plant is kept, neglecting 

the potential differences between the different units of a same plant. The choice of the voltage 

regulator (and speed governor) is arbitrary and the detail of this simplification is given in 

table 4.6. The evolution of the electromechanical modes is shown in figure 4.4 and 

appendices B.4 and B.5 give the exact values of these modes. 

Table 4.6: Simplification 1 bis modifications. 

Simplification 1 Simplification 1 bis 

Equivalent 

Group 

Sn  

MVA 

Pn  

MW 

Voltage 

Regulator 

Equivalent 

Group 

Sn 

MVA 

Pn  

MW 

Voltage 

Regulator 

TH3_AG1 36 28.1 RT_TH3_1 
TH3_AG1&2 72 57.5 RT_TH3_1 

TH3_AG2 36 29.4 RT_TH3_2 

 

 
Figure 4.4: Distribution of the electromechanical modes for the initial case, simplification 1 and 1 bis 

From figure 4.4 and appendices C.4 & C.5 it appears that many electromechanical 

modes have disappeared (isolated blue points) following simplification 1 and 1 bis. These 

were all the local intra-plant modes37. The remaining modes after simplification 1 bis are 

inter-area or inter-plant modes.  

Almost all of them are exactly at the same location (in figure 4.4) as in the initial case: 

from appendices C.4 and C.5 the damping deviation stays below 0.3 pp (for all the remaining 

modes) and the frequency deviation is below 0.01Hz except for one mode. This mode (the 

only isolated red cross on the figure) has been displaced due to simplification 1 bis where 2 

groups of generators with same characteristics but different voltage regulators and speed 

governors have been represented by 1 equivalent. 

 

 

                                                           
37 An analysis of the mode shape of each of them has been conducted to reach this conclusion. 
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Conclusion: 

 

Aggregating the different units of a plant still allows identification of the risks of 

critical inter-area modes, as long as the generators at a same plant have similar characteristics 

and regulators.  

4.5.2-Simplification 2:  

 In this simplification, two “electrically close” plants have been replaced by 1 

equivalent generator. These two plants were connected to the main voltage level of the 

network (150kV) at the same substation (33kV/150kV). The parameters and the voltage 

regulator of the equivalent generator have been arbitrary taken from the generator with the 

highest apparent power and the other characteristics are detailed in table 4.7. Then some 

simplifications of the loads have been done too: loads located in a same area and connected to 

a same voltage level have been regrouped in one equivalent load with the dynamic 

characteristics of the dominating one. Results are shown in figure 4.5.  

Table 4.7: Simplification 2’s modifications. 

Simplification 1 bis Simplification 2 

Equivalent 

Group 

Sn  

MVA 

Pn  

MW 

Voltage 

Regulator 

Inertia 

 

Equivalent 

Group 

Sn 

MVA 

Pn  

MW 

Voltage 

Regulator 

Inertia 

 

TH2_AG1 129.6 100 RT_TH2 0.89 
TH2&TH4_

AG 
159.7 130 RT_TH2 0.88138 

TH4_AG1 30.1 30 RT_TH4 0.86 

  

                                                           
38  Equivalent inertia : 

0.89∗129.6+0.86∗30.1

129.6+30.1
= 0.881 
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Figure 4.5: Comparison of some of the electromechanical modes for the initial case, simplification 1 bis 

and 2 

 In figure 4.5 some of the electromechanical modes of the initial case are represented to 

see their evolution with the simplifications. The isolated blue point corresponds to the 

disappearance of the local mode between {TH3G1&G2} & {TH3G3&G4} due to 

simplification 1 bis. Then with simplification 2 we can see that the inter-plant mode (in the 

upper left of the figure) between TH2 and TH4 disappears too.  

Frequency and damping deviations are below 0.1Hz and 1 pp (similar to 

simplification 1 bis). 

 

Conclusion: 
 

Having one equivalent generator per area and voltage level (as long as this level is 

below the main voltage level) does not affect the results of the study. The loads can also be 

represented by only 1 equivalent for each area and voltage level with the dynamic behavior of 

the dominating one. 

 

4.5.3-Complementary results:  

 Other simplifications have been performed on this network but won’t be presented in 

detail here as they were really specific to this case study. However some results may still be 

interesting for further considerations:  

 Parallel transformers can be replaced by an equivalent one with little impact on the 

inter-area modes. According to appendix B7 the frequency and damping deviations 

after this modification compared to simplification 2 are below 0.02𝐻𝑧 and 0.3 pp.  

 

 If intermediate voltage levels with important loads exist between the generation plants 

and the connection to the main network they have to be represented as they have a 

large impact on the modes. 
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4.6-Global impact of the inertia: 

 This last study is about the global impact of inertia on the electromechanical modes of 

the system even if it’s already known in [11] that it will change their frequencies. Table 4.8 

summarizes the changes applied to the generators for this study and figure 4.6 shows the 

distribution of the electromechanical modes (cf appendix B.8) for the different cases.  

Table 4.8: Details of the variations of the groups’ inertia; values are given in MWs/MVA. 

Site Group 
Turbine 

technology 

Initial 

Inertia 

90% of the 

Inertia 

75% of the 

Inertia 

50% of the 

Inertia 

TH1 

TH1G1 Fossil-fired 2.96 2.664 2.22 1.48 

TH1G2 Fossil-fired 2.96 2.664 2.22 1.48 

TH1G3 Fossil-fired 2.96 2.664 2.22 1.48 

TH1G4 Fossil-fired 2.96 2.664 2.22 1.48 

HY2 
HY2G1 Hydroelectric 7.71 6.939 5.7825 3.855 

HY2G2 Hydroelectric 7.71 6.939 5.7825 3.855 

TH3 

TH3G1 Fossil-fired 1.32 1.188 0.99 0.66 

TH3G2 Fossil-fired 1.32 1.188 0.99 0.66 

TH3G3 Fossil-fired 1.32 1.188 0.99 0.66 

TH3G4 Fossil-fired 1.32 1.188 0.99 0.66 

TH2 
TH2G1 Fossil-fired 0.89 0.801 0.6675 0.445 

TH2G2 Fossil-fired 0.89 0.801 0.6675 0.445 

TH4 
TH4G1 Fossil-fired 0.86 0.774 0.645 0.43 

TH4G2 Fossil-fired 0.86 0.774 0.645 0.43 

HY1 

HY1G1 Hydroelectric 2.64 2.376 1.98 1.32 

HY1G2 Hydroelectric 2.64 2.376 1.98 1.32 

HY1G3 Hydroelectric 2.64 2.376 1.98 1.32 

HY1G4 Hydroelectric 2.64 2.376 1.98 1.32 

CS 
STG1 Fossil-fired 2.88 2.592 2.16 1.44 

STG2 Fossil-fired 2.88 2.592 2.16 1.44 
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Figure 4.6: Distribution of the electromechanical modes in function of the inertia 

 

Table 4.9: Relative total participation of the groups and mode shape information in function 

of the inertia for the critical inter-area mode. 

Group 

Initial 

Inertia 

90% of the 

Inertia 
75% of the Inertia 50% of the Inertia 

Part.in % Phase Part.in % Phase Part.in % Phase Part.in % Phase 

TH1G2 34.4 0° 34 0° 33.2 0° 31.5 0° 

TH1G3 34.3 0° 33.8 0° 33.1 0° 31.4 0° 

TH1G1 34.3 0° 33.8 0° 33.1 0° 31.4 0° 

TH1G4 34.3 0° 33.8 0° 33.1 0° 31.4 0° 

HY1G3 8.7 8.3° 8.8 8.4° 8.8 8.5° 8.9 8.3° 

HY1G4 8.7 8.3° 8.8 8.4° 8.8 8.5° 8.9 8.3° 

HY1G1 8.7 8.4° 8.8 8.5° 8.8 8.6° 8.9 8.4° 

HY1G2 8.7 8.4° 8.8 8.5° 8.8 8.6° 8.9 8.4° 

TH2G2 7.9 1.8° 7.8 1.8° 7.8 1.9° 7.6 2.3° 

TH2G1 7.9 1.8° 7.8 1.8° 7.8 1.9° 7.6 2.3° 

TH4G2 1.2 1° 1.2 1.3° 1.2 1.7° 1.1 2.7° 

TH4G1 1.2 1.1° 1.2 1.3° 1.2 1.8° 1.1 2.7° 

HY2G1 1.6 -39.9° 1.5 -39.6° 1.3 -38.4° 1.1 -35.2° 

HY2G2 1.6 -39.9° 1.5 -39.6° 1.3 -38.4° 1.1 -35.2° 

STG2 99.8 -175.8° 99.8 -175.6° 99.8 -175.3° 99.8 -174.8° 

STG1 100 -175.8° 100 -175.6° 100 -175.3° 100 -174.8° 
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From figure 4.1 it’s clear that the frequency (𝑓 = 𝜔/2𝜋) of the electromechanical 

modes increases as the global inertia of the system decreases39. The damping of the modes 

increases too.  

Numerical values of appendix C.8 show that a small modification on the inertia (case 

90% of the initial inertia) has already an impact on the frequency and the damping of the 

modes but the deviations are acceptable: around 0.1Hz frequency deviation for most of the 

modes and 0.23Hz for the worst case; below 1 pp for the damping deviation except for some 

local modes where this deviation reaches 2.5 pp. However higher modifications of the inertia 

give results far from the actual values. 

Concerning the mode shape and the total participation of the groups for the critical 

inter-area mode, they do not vary as shown in table 4.2. This would probably not be the case 

if the inertia of the total system had not been changed homogeneously. 

Conclusion:  

The frequency of the electromechanical modes is strongly linked to the inertia of the groups. 

This data requires then a good accuracy (±10%).  

                                                           
39This is in agreement with the equation giving the swing frequency of a classical generator connected to an 
infinite bus. 
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4.7-Conclusions: 

Some general behaviors appear from these studies among which certain may be 

particularly interesting in an engineering scope. First of all the impact of the speed governors 

on the electromechanical modes is small and even smaller for inter-area modes. They can be 

omitted or eventually replaced by standard models in a study aiming at both identifying 

critical inter-area modes and tuning a PSS. Voltage regulators are more sensitive and precise 

models are required if one wants to tune a PSS with the residue method. Yet, if the objective 

is only to identify the electromechanical modes (damping, frequency, participation and mode 

shape) of a power system then simplified models (PIL, PIDL) are sufficient. Generator 

parameters are important as they strongly impact the damping of the electromechanical modes 

and their inertia is also important regarding the frequency of the modes.  

For very large power systems, agglomerations of generators or plants respecting 

certain conditions of connection to the main voltage level network are possible when 

analyzing inter-area modes. This allows a simplification of the electrical network by taking 

out intra-plant and local inter-plant modes without significantly impacting the remaining 

inter-area modes.  
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CLOSURE: 
 

This project was motivated by the increasing worldwide demand of the transmission 

system operators, organizations or governments for expertize concerning electrical networks 

small signal stability studies. As a matter of fact these studies allow to find solutions against 

inter-area oscillations which are a more and more common issue in today’s large power 

systems. The objective of this report is to formalize the considerable experience developed by 

EDF by its repeating actions worldwide over the years and to widen the services offer of the 

EDF group in general and more specifically of the EDF-CIST Network Studies Department. 

 

In this report the application of modal analysis to inter-area oscillations study has been 

investigated. The first chapter explains the key elements of the theory behind modal analysis 

such as the state-space representation of a power system, its eigenvalues, the mode shapes and 

the participation factors. The residue method which allows to increase the damping of a 

selection of electromechanical modes by tuning PSSs using results from modal analysis is 

also approached.   

Then the second chapter focus on the power system stabilizers (PSS1A and PSS2A) 

and gives the sum and substance of their different constituting blocs: gain, washout filter, 

lead-lag filter, rejection filter, low-pass and ramp-tracking filters. It suggests also a way to 

choose the parameters of these different blocs with the lead-lag filters and the gain being 

tuned with the residue method. 

In chapter three a case study is presented. All the detail information about it could not 

be spread because of industrial confidentiality but the necessary data and results for 

comprehension are given. The point of this part is to show and explain the different steps 

when applying modal analysis to a power system and to detail the tuning of a PSS using this 

analysis to increase the damping of a critical inter-area mode.  

Finally, in chapter four some sensitivity analyses have been conducted to measure the 

level of dependency of the modal analysis results with regard to some parameters such as the 

governor speeds, the voltage regulators, the generators parameters and inertia. Some 

agglomeration studies have been conducted too in order to investigate the eventual possible 

simplifications when working on a large power system. 

 

I hope this report will be helpful to anyone who wants to get familiar with the theory 

of modal analysis and some of its applications to power systems. The only recommendation I 

will make here is to always keep in mind that the results of modal analysis are valid only for a 

chosen operating point and the system behavior may be different for another one. So if one 

wants to damp a critical mode using a PSS in a considered operating point, then the impact on 

the other modes of this operating point plus on the other modes of the other operating points 

has to be considered in order to avoid unwanted side-effects. 

 

Because of the time limitation of this master thesis some restrictions had to be made 

regarding the choice of the parameters to investigate in the sensitivity analyses. During this 

six months project, only one month has been allocated to this part of the report and further 

work could be done on it. Especially, the impact of the inertia on the electromechanical 

modes seems to be the most interesting analysis to pursue.   
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APPENDIX: 
 

Appendix A: 

Appendix A1-Basic PSS with a gain and 𝐧𝐟 lead-lag filters: 

𝐻𝑃𝑆𝑆(𝑠) = 𝐾𝑃𝑆𝑆 (
1 + 𝑇1𝑠

1 + 𝑇2𝑠
)
𝑛𝑓

  

𝐺𝑑𝑏(𝜔) = 20 log(𝐾𝑃𝑆𝑆) + 𝑛𝑓20log (|
1 + jT1ω

1 + jT2ω
|)  

𝐺𝑑𝑏(0) = 20 log(𝐾𝑃𝑆𝑆) 

𝐺𝑑𝑏(𝜔 → ∞) = 20 log(𝐾𝑃𝑆𝑆) + 𝑛𝑓20 log (
𝑇1

𝑇2
) 

 

φ(ω) = arg(𝐻𝑃𝑆𝑆) = 𝑛𝑓(arg(1 + 𝑗𝑇1𝜔) − arg(1 + 𝑗𝑇2𝜔)) 

φ(ω) = 𝑛𝑓(arctan(𝑇1𝜔) − arctan(𝑇2𝜔)) 

φ(0) = φ(𝜔 → ∞) = 0° 

 

𝜑′(𝜔) = 0 →
𝑇1

1 + (𝑇1𝜔)2
=

𝑇2

1 + (𝑇2𝜔)2
↔ 𝜔2𝑇1𝑇2² + 𝑇1 = 𝜔2𝑇1²𝑇2 + 𝑇2 

And the maximum phase shift is reached at 𝜔 = 𝜔𝑚 with: 

𝜔2𝑇1𝑇2(𝑇2 − 𝑇1) = (𝑇2 − 𝑇1) 

𝜔𝑚 =
1

√𝑇1𝑇2

 , 𝑇1 ≠ 𝑇2, 𝑇1 ≠ 0 𝑎𝑛𝑑 𝑇2 ≠ 0 

Then: 

𝜑𝑚 = 𝜑(𝜔𝑚) = 𝑛𝑓 (arctan(√
𝑇1

𝑇2
 ) − arctan(√

𝑇2

𝑇1
))  

Appendix A2-High pass filter: 

 

𝐻𝑤𝑎𝑠ℎ𝑜𝑢𝑡(𝑠) =
𝑇𝑤𝑠

1 + 𝑇𝑤𝑠
 

Cut-off frequency at 3dB 𝑓𝑤,3𝑑𝐵: 
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20 log(|𝐻𝑤𝑎𝑠ℎ𝑜𝑢𝑡(2𝜋𝑓𝑤,3𝑑𝐵)|) = −3𝑑𝐵 ↔ |𝐻𝑤𝑎𝑠ℎ𝑜𝑢𝑡(2𝜋𝑓𝑤,3𝑑𝐵)| =
1

√2
 

Then:  

1

√1 + (
1

2𝜋𝑇𝑤𝑓
𝑤,3𝑑𝐵

)

2
=

1

√2
 →

1

2𝜋𝑇𝑤𝑓
𝑤,3𝑑𝐵

= 1 𝑎𝑛𝑑 𝑇𝑤 =
1

2𝜋𝑓
𝑤,3𝑑𝐵

 

Appendix A3-Ramp tracking filter: 

𝑅𝑇(𝑠) = (
1 + 𝑇𝑛𝑠

(1 + 𝑇𝑑𝑠)𝑀
)
𝑁

 

According to equation (2-9): 

∆𝜔𝑒�̃�(𝑠) = −
∆𝑃𝑒

2𝐻𝑠
+ 𝑅𝑇(𝑠) (𝛥𝜔 +

𝛥𝑃𝑒

2𝐻𝑠
) 

The contribution of electrical power in ∆𝜔𝑒�̃� is calculated putting 𝛥𝜔 = 0:  

∆𝜔𝑒�̃�(𝑠) = −
∆𝑃𝑒

2𝐻𝑠
+ 𝑅𝑇(𝑠)

𝛥𝑃𝑒

2𝐻𝑠
=

𝛥𝑃𝑒

2𝐻𝑠
(𝑅𝑇(𝑠) − 1) 

And the contribution of electrical power in the output signal of the PSS is given by: 

𝑉𝑃𝑆𝑆(𝑠) = 𝐾𝑃𝑆𝑆𝐻𝑃𝑆𝑆(𝑠)∆𝜔𝑒�̃�(𝑠) 

Then, to produce a zero steady-state output signal a necessary condition is: 

𝑣𝑃𝑆𝑆(𝑡 → ∞) = 0 = lim
𝑠→0

(𝑠𝑉𝑃𝑆𝑆(𝑠)) = 𝐾𝑃𝑆𝑆𝐻𝑃𝑆𝑆(0) lim
𝑠→0

𝑠∆𝜔𝑒�̃�(𝑠) 

𝐻𝑃𝑆𝑆(0) ≠ 0 (𝑙𝑒𝑎𝑑 𝑙𝑎𝑔) → lim
𝑠→0

𝑠∆𝜔𝑒�̃�(𝑠) = 0 

And: 

0 = lim
𝑠→0

 𝑠
𝛥𝑃𝑒(𝑠)

2𝐻𝑠
(𝑅𝑇(𝑠) − 1) = lim

𝑠→0

𝛥𝑃𝑒(𝑠)

2𝐻
(𝑅𝑇(𝑠) − 1) 

For a ramp input variation of electrical power:  

𝛥𝑃𝑒(𝑠) =
𝑃𝑒0

𝑆
  

And the condition becomes: 

lim
𝑠→0

𝑃𝑒0

2𝐻𝑠
(𝑅𝑇(𝑠) − 1) = 0 → lim

𝑠→0

1

𝑠

(1 + 𝑇𝑛𝑠)𝑁 − (1 + 𝑇𝑑𝑠)𝑁𝑀

(1 + 𝑇𝑑𝑠)𝑁𝑀
≈

1

𝑠
(𝑁𝑇𝑛 − 𝑁𝑀𝑇𝑑)𝑠 = 0 

Finally: 𝑇𝑛 = 𝑀𝑇𝑑 
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Appendix B: 

Appendix B1-Electromechanical modes - Speed governors: 

Group with 
highest part. 

Initial Without speed governor 

Real Imag 
Damp 

(%) 
Freq 
(Hz) 

Real Imag Damp (%) 
Freq 
(Hz) 

Damp 
Var. (%) 

Freq. 
Var. (Hz) 

TH4G1 -8.0502 20.8858 35.96 3.3241 -8.2057 20.1122 37.78 3.201 1.82 -0.1231 

TH4G2 -7.6418 19.8649 35.9 3.1616 -7.75 19.2278 37.38 3.0602 1.48 -0.1014 

TH3G3 -2.105 16.2637 12.84 2.5884 -2.1259 16.2424 12.98 2.5851 0.14 -0.0033 

TH3G1 -2.1231 16.2365 12.97 2.5841 -2.1587 16.1398 13.26 2.5687 0.29 -0.0154 

TH3G2 -2.1944 16.1977 13.42 2.5779 -2.2984 15.9579 14.26 2.5398 0.84 -0.0381 

TH3G3 -1.3628 12.6098 10.74 2.0069 -1.3943 12.4708 11.11 1.9848 0.37 -0.0221 

HY1G1 -1.5756 11.9294 13.09 1.8986 -1.3812 12.6894 10.82 2.0196 -2.27 0.121 

HY1G2 -1.5756 11.9292 13.09 1.8986 -1.3812 12.6894 10.82 2.0196 -2.27 0.121 

HY1G4 -1.5756 11.9291 13.09 1.8986 -1.3812 12.6893 10.82 2.0196 -2.27 0.121 

STG2 -0.7125 11.0155 6.45 1.7532 -0.6573 11.0241 5.95 1.7545 -0.5 0.0013 

TH2G2 -1.8193 10.7034 16.76 1.7035 -1.5655 10.9336 14.17 1.7401 -2.59 0.0366 

TH2G2 -5.4352 10.1355 47.26 1.6131 -5.1724 10.2527 45.04 1.6318 -2.22 0.0187 

TH1G3 -1.5267 8.5901 17.5 1.3672 -1.4598 8.583 16.77 1.366 -0.73 -0.0012 

TH1G4 -1.5267 8.5901 17.5 1.3672 -1.4598 8.583 16.77 1.366 -0.73 -0.0012 

TH1G2 -1.5189 8.5681 17.46 1.3637 -1.4529 8.5607 16.73 1.3625 -0.73 -0.0012 

HY1G4 -0.5467 8.2497 6.61 1.313 -0.6401 8.6994 7.34 1.3846 0.73 0.0716 

HY2G1 -0.6643 5.3465 12.33 0.8509 -0.6369 5.4953 11.51 0.8746 -0.82 0.0237 

HY2G2 -0.5301 5.1371 10.26 0.8176 -0.5113 5.2799 9.64 0.8403 -0.62 0.0227 

STG1 -0.0034 4.5966 0.07 0.7316 -0.002 4.598 0.04 0.7318 -0.03 0.0002 

STG1 -0.2205 0.483 41.53 0.0769 - - - - - - 
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Appendix B2-Electromechanical modes – Voltage regulators: 

Group with 
highest part. 

Initial – Detailed voltage regulators Simplified PIDL/PIL regulators 

Real Imag 
Damp 

(%) 
Freq 
(Hz) 

Real Imag Damp (%) 
Freq 
(Hz) 

Damp 
Var. (%) 

Freq. 
Var. (Hz) 

TH4G1 -8.0505 20.8861 35.97 3.3241 -8.0503 20.8841 35.97 3.3238 0 -0.0003 

TH4G2 -7.6423 19.8651 35.91 3.1616 -7.7324 19.9385 36.16 3.1733 0.25 0.0117 

TH3G1 -2.1043 16.2657 12.83 2.5888 -2.1674 16.1371 13.31 2.5683 0.48 -0.0205 

TH3G4 -2.1226 16.2387 12.96 2.5845 -2.1275 16.197 13.02 2.5778 0.06 -0.0067 

TH3G2 -2.1939 16.1995 13.42 2.5782 -2.2392 16.0143 13.85 2.5487 0.43 -0.0295 

TH3G4 -1.3629 12.6122 10.74 2.0073 -1.3308 12.4919 10.59 1.9881 -0.15 -0.0192 

HY1G1 -1.5755 11.9299 13.09 1.8987 -1.5755 11.9304 13.09 1.8988 0 1E-04 

HY1G1 -1.5755 11.9298 13.09 1.8987 -1.5755 11.9306 13.09 1.8988 0 1E-04 

HY1G4 -1.5755 11.9297 13.09 1.8987 -1.5755 11.9303 13.09 1.8988 0 1E-04 

STG2 -0.7092 11.005 6.43 1.7515 -0.7057 10.9958 6.4 1.75 -0.03 -0.0015 

TH2G2 -1.8187 10.7038 16.75 1.7036 -1.9306 11.0007 17.29 1.7508 0.54 0.0472 

TH2G2 -5.4362 10.1371 47.26 1.6134 -6.5766 11.1158 50.92 1.7691 3.66 0.1557 

TH1G4 -1.5232 8.5911 17.46 1.3673 -1.5528 9.0949 16.83 1.4475 -0.63 0.0802 

TH1G3 -1.5232 8.5911 17.46 1.3673 -1.5528 9.0949 16.83 1.4475 -0.63 0.0802 

TH1G2 -1.5152 8.5687 17.41 1.3638 -1.5497 9.0697 16.84 1.4435 -0.57 0.0797 

HY1G3 -0.5458 8.2494 6.6 1.3129 -0.5522 8.3512 6.6 1.3291 0 0.0162 

HY2G2 -0.665 5.3449 12.35 0.8507 -0.6655 5.3443 12.36 0.8506 0.01 -1E-04 

HY2G1 -0.5308 5.1357 10.28 0.8174 -0.5323 5.1355 10.31 0.8173 0.03 -1E-04 

STG1 -0.0022 4.5988 0.05 0.7319 -0.0127 4.6059 0.28 0.733 0.23 0.0011 

STG1 -0.2207 0.4839 41.5 0.077 -0.2206 0.484 41.47 0.077 -0.03 0 
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Group with 
highest part. 

Initial – Detailed voltage regulators Without voltage regulator 

Real Imag 
Damp 

(%) 
Freq 
(Hz) 

Real Imag Damp (%) 
Freq 
(Hz) 

Damp 
Var. (%) 

Freq. 
Var. (Hz) 

TH4G1 -8.0505 20.8861 35.97 3.3241 -4.5385 20.0423 22.09 3.1898 -13.88 -0.1343 

TH4G2 -7.6423 19.8651 35.91 3.1616 -4.6062 19.7649 22.7 3.1457 -13.21 -0.0159 

TH3G1 -2.1043 16.2657 12.83 2.5888 -1.9258 16.0784 11.89 2.5589 -0.94 -0.0299 

TH3G4 -2.1226 16.2387 12.96 2.5845 -2.0341 15.826 12.75 2.5188 -0.21 -0.0657 

TH3G2 -2.1939 16.1995 13.42 2.5782 -2.1416 15.5935 13.61 2.4818 0.19 -0.0964 

TH3G4 -1.3629 12.6122 10.74 2.0073 -0.9093 12.115 7.48 1.9282 -3.26 -0.0791 

HY1G1 -1.5755 11.9299 13.09 1.8987 -1.5746 11.9315 13.08 1.899 -0.01 0.0003 

HY1G1 -1.5755 11.9298 13.09 1.8987 -1.5746 11.9315 13.08 1.899 -0.01 0.0003 

HY1G4 -1.5755 11.9297 13.09 1.8987 -1.5746 11.9315 13.08 1.899 -0.01 0.0003 

STG2 -0.7092 11.005 6.43 1.7515 -0.8417 11.0662 7.58 1.7612 1.15 0.0097 

TH2G2 -1.8187 10.7038 16.75 1.7036 -1.3127 13.7807 9.48 2.1933 -7.27 0.4897 

TH2G2 -5.4362 10.1371 47.26 1.6134 -3.2878 21.6217 15.03 3.4412 -32.23 1.8278 

TH1G4 -1.5232 8.5911 17.46 1.3673 -0.9222 9.3158 9.85 1.4826 -7.61 0.1153 

TH1G3 -1.5232 8.5911 17.46 1.3673 -0.9222 9.3158 9.85 1.4826 -7.61 0.1153 

TH1G2 -1.5152 8.5687 17.41 1.3638 -0.9192 9.2932 9.84 1.4791 -7.57 0.1153 

HY1G3 -0.5458 8.2494 6.6 1.3129 -0.4873 8.522 5.71 1.3563 -0.89 0.0434 

HY2G2 -0.665 5.3451 12.35 0.8507 -0.6544 5.4431 11.94 0.8663 -0.41 0.0156 

HY2G2 -0.5309 5.1358 10.28 0.8174 -0.5663 5.271 10.68 0.8389 0.4 0.0215 

STG1 -0.0022 4.5988 0.05 0.7319 -0.0506 4.6641 1.08 0.7423 1.03 0.0104 

STG1 -0.2207 0.4839 41.5 0.077 -0.2458 0.4883 44.97 0.0777 3.47 0.0007 
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Appendix B3-Electromechanical modes – Generators parameters: 

Group with 
highest part. 

Initial  Generators standard parameters 

Real Imag 
Damp 

(%) 
Freq 
(Hz) 

Real Imag Damp (%) 
Freq 
(Hz) 

Damp 
Var. (%) 

Freq. 
Var. (Hz) 

TH4G1 -8.0505 20.8861 35.97 3.3241 -6.0592 23.8368 24.64 3.7937 -11.33 0.4696 

TH4G2 -7.6423 19.8651 35.91 3.1616 -5.7848 22.1822 25.23 3.5304 -10.68 0.3688 

TH3G1 -2.1043 16.2657 12.83 2.5888 -1.697 16.2472 10.39 2.5858 -2.44 -0.003 

TH3G4 -2.1226 16.2387 12.96 2.5845 -1.6855 16.231 10.33 2.5832 -2.63 -0.0013 

TH3G2 -2.1939 16.1995 13.42 2.5782 -1.7132 16.2024 10.51 2.5787 -2.91 0.0005 

TH3G4 -1.3629 12.6122 10.74 2.0073 -0.8132 12.335 6.58 1.9632 -4.16 -0.0441 

HY1G1 -1.5755 11.9299 13.09 1.8987 -1.3225 11.1273 11.8 1.771 -1.29 -0.1277 

HY1G1 -1.5755 11.9298 13.09 1.8987 -1.3225 11.1272 11.8 1.771 -1.29 -0.1277 

HY1G4 -1.5755 11.9297 13.09 1.8987 -1.3225 11.1271 11.8 1.7709 -1.29 -0.1278 

STG2 -0.7092 11.005 6.43 1.7515 -1.0397 9.8539 10.49 1.5683 4.06 -0.1832 

TH2G2 -1.8187 10.7038 16.75 1.7036 -1.0512 10.5015 9.96 1.6714 -6.79 -0.0322 

TH2G2 -5.4362 10.1371 47.26 1.6134 -2.7349 10.1787 25.95 1.62 -21.31 0.0066 

TH1G4 -1.5232 8.5911 17.46 1.3673 -0.9621 10.4055 9.21 1.6561 -8.25 0.2888 

TH1G3 -1.5232 8.5911 17.46 1.3673 -0.9621 10.4055 9.21 1.6561 -8.25 0.2888 

TH1G2 -1.5152 8.5687 17.41 1.3638 -0.9652 10.396 9.24 1.6546 -8.17 0.2908 

HY1G3 -0.5458 8.2494 6.6 1.3129 -0.2529 8.4519 2.99 1.3452 -3.61 0.0323 

HY2G2 -0.665 5.3451 12.35 0.8507 -0.3485 5.5134 6.31 0.8775 -6.04 0.0268 

HY2G2 -0.5309 5.1358 10.28 0.8174 -0.2572 5.322 4.83 0.847 -5.45 0.0296 

STG1 -0.0022 4.5988 0.05 0.7319 -0.0281 4.5988 0.61 0.7319 0.56 0 

STG1 -0.2207 0.4839 41.5 0.077 -0.2204 0.4835 41.47 0.077 -0.03 0 
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Appendix B4-Electromechanical modes – simplification 1: 

Initial  Simplification 1 

Group with 
highest part. 

Real Imag 
Damp 

(%) 
Freq 
(Hz) 

Group with 
highest part. 

Real Imag Damp (%) 
Freq 
(Hz) 

Damp 
Var. 
(%) 

Freq. 
Var. (Hz) 

TH4G1 -8.0505 20.8861 35.97 3.3241 - - - - - - - 

TH4G2 -7.6423 19.8651 35.91 3.1616 TH4_AG1 -7.5927 19.8896 35.66 3.1655 -0.25 0.0039 

TH3G1 -2.1043 16.2657 12.83 2.5888 TH3_AG1 -2.1085 16.2607 12.86 2.588 0.03 -0.0008 

TH3G4 -2.1226 16.2387 12.96 2.5845 - - - - - - - 

TH3G2 -2.1939 16.1995 13.42 2.5782 - - - - - - - 

TH3G4 -1.3629 12.6122 10.74 2.0073 TH3_AG2 -1.3582 12.6005 10.72 2.0054 -0.02 -0.0019 

HY1G1 -1.5755 11.9299 13.09 1.8987 - - - - - - - 

HY1G1 -1.5755 11.9298 13.09 1.8987 - - - - - - - 

HY1G4 -1.5755 11.9297 13.09 1.8987 - - - - - - - 

STG2 -0.7092 11.005 6.43 1.7515 - - - - - - - 

TH2G2 -1.8187 10.7038 16.75 1.7036 TH2_AG1 -1.815 10.6988 16.73 1.7028 -0.02 -0.0008 

TH2G2 -5.4362 10.1371 47.26 1.6134 - - - - - - - 

TH1G4 -1.5232 8.5911 17.46 1.3673 - - - - - - - 

TH1G3 -1.5232 8.5911 17.46 1.3673 - - - - - - - 

TH1G2 -1.5152 8.5687 17.41 1.3638 - - - - - - - 

HY1G3 -0.5458 8.2494 6.6 1.3129 HY1_AG1 -0.5443 8.2439 6.59 1.3121 -0.01 -0.0008 

HY2G2 -0.665 5.3451 12.35 0.8507 - - - - - - - 

HY2G2 -0.5309 5.1358 10.28 0.8174 HY2_AG1 -0.5297 5.1371 10.26 0.8176 -0.02 0.0002 

STG1 -0.0022 4.5988 0.05 0.7319 STG_AG1 -0.0111 4.6015 0.24 0.7323 0.19 0.0004 

STG1 -0.2207 0.4839 41.5 0.077 - - - - - - - 
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Appendix B5-Electromechanical modes – simplification 1 bis: 

Initial  Simplification 1 bis 

Group with 
highest part. 

Real Imag 
Damp 

(%) 
Freq 
(Hz) 

Group with 
highest part. 

Real Imag Damp (%) 
Freq 
(Hz) 

Damp 
Var. (%) 

Freq. 
Var. (Hz) 

TH4G1 -8.0505 20.8861 35.97 3.3241 - - - - - - - 

TH4G2 -7.6423 19.8651 35.91 3.1616 TH4_AG1 -7.5976 19.8931 35.68 3.1661 -0.23 0.0045 

TH3G1 -2.1043 16.2657 12.83 2.5888 - - - - - - - 

TH3G4 -2.1226 16.2387 12.96 2.5845 - - - - - - - 

TH3G2 -2.1939 16.1995 13.42 2.5782 - - - - - - - 

TH3G4 -1.3629 12.6122 10.74 2.0073 TH3_AG1&2 -1.4522 13.1586 10.97 2.0943 0.23 0.087 

HY1G1 -1.5755 11.9299 13.09 1.8987 - - - - - - - 

HY1G1 -1.5755 11.9298 13.09 1.8987 - - - - - - - 

HY1G4 -1.5755 11.9297 13.09 1.8987 - - - - - - - 

STG2 -0.7092 11.005 6.43 1.7515 - - - - - - - 

TH2G2 -1.8187 10.7038 16.75 1.7036 TH2_AG1 -1.8137 10.6915 16.72 1.7016 -0.03 -0.002 

TH2G2 -5.4362 10.1371 47.26 1.6134 - - - - - - - 

TH1G4 -1.5232 8.5911 17.46 1.3673 - - - - - - - 

TH1G3 -1.5232 8.5911 17.46 1.3673 - - - - - - - 

TH1G2 -1.5152 8.5687 17.41 1.3638 - - - - - - - 

HY1G3 -0.5458 8.2494 6.6 1.3129 HY1_AG1 -0.5446 8.2467 6.59 1.3125 -0.01 -0.0004 

HY2G2 -0.665 5.3451 12.35 0.8507 - - - - - - - 

HY2G2 -0.5309 5.1358 10.28 0.8174 HY2_AG1 -0.5301 5.1378 10.26 0.8177 -0.02 0.0003 

STG1 -0.0022 4.5988 0.05 0.7319 STG_AG1 -0.0024 4.5946 0.05 0.7313 0 -0.0006 

STG1 -0.2207 0.4839 41.5 0.077 - - - - - - - 
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Appendix B6-Electromechanical modes – simplification 2: 

Initial  Simplification 2 

Group with 
highest part. 

Real Imag 
Damp 

(%) 
Freq 
(Hz) 

Group with 
highest part. 

Real Imag Damp (%) 
Freq 
(Hz) 

Damp 
Var. (%) 

Freq. 
Var. (Hz) 

TH4G1 -8.0505 20.8861 35.97 3.3241 - - - - - - - 

TH4G2 -7.6423 19.8651 35.91 3.1616 - - - - - - - 

TH3G1 -2.1043 16.2657 12.83 2.5888 - - - - - - - 

TH3G4 -2.1226 16.2387 12.96 2.5845 - - - - - - - 

TH3G2 -2.1939 16.1995 13.42 2.5782 - - - - - - - 

TH3G4 -1.3629 12.6122 10.74 2.0073 TH3_AG1&2 -1.4243 13.1754 10.75 2.0969 0.01 0.09 

HY1G1 -1.5755 11.9299 13.09 1.8987 - - - - - - - 

HY1G1 -1.5755 11.9298 13.09 1.8987 - - - - - - - 

HY1G4 -1.5755 11.9297 13.09 1.8987 - - - - - - - 

STG2 -0.7092 11.005 6.43 1.7515 - - - - - - - 

TH2G2 -1.8187 10.7038 16.75 1.7036 TH2&TH4_AG -1.7357 10.7353 15.96 1.7086 -0.8 0.0051 

TH2G2 -5.4362 10.1371 47.26 1.6134 - - - - - - - 

TH1G4 -1.5232 8.5911 17.46 1.3673 - - - - - - - 

TH1G3 -1.5232 8.5911 17.46 1.3673 - - - - - - - 

TH1G2 -1.5152 8.5687 17.41 1.3638 - - - - - - - 

HY1G3 -0.5458 8.2494 6.6 1.3129 HY1_AG1 -0.5521 8.2529 6.67 1.3135 0.06 0.0005 

HY2G2 -0.665 5.3451 12.35 0.8507 - - - - - - - 

HY2G2 -0.5309 5.1358 10.28 0.8174 HY2_AG1 -0.5325 5.1412 10.3 0.8182 0.04 0.0006 

STG1 -0.0022 4.5988 0.05 0.7319 STG_AG1 -0.0005 4.5941 0.01 0.7312 -0.06 -0.0004 

STG1 -0.2207 0.4839 41.5 0.077 - - - - - - - 
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Appendix B7: Electromechanical modes – simplification 2 & parallel transformers replaced by 1 equivalent 

Initial  Simplification 2 & parallel transformers simplification 

Group with 
highest part. 

Real Imag 
Damp 

(%) 
Freq 
(Hz) 

Group with 
highest part. 

Real Imag Damp (%) 
Freq 
(Hz) 

Damp 
Var. (%) 

Freq. 
Var. (Hz) 

TH4G1 -8.0505 20.8861 35.97 3.3241 - - - - - - - 

TH4G2 -7.6423 19.8651 35.91 3.1616 - - - - - - - 

TH3G1 -2.1043 16.2657 12.83 2.5888 - - - - - - - 

TH3G4 -2.1226 16.2387 12.96 2.5845 - - - - - - - 

TH3G2 -2.1939 16.1995 13.42 2.5782 - - - - - - - 

TH3G4 -1.3629 12.6122 10.74 2.0073 TH3_AG1&2 -1.3951 13.1906 10.52 2.0994 -0.22 0.0925 

HY1G1 -1.5755 11.9299 13.09 1.8987 - - - - - - - 

HY1G1 -1.5755 11.9298 13.09 1.8987 - - - - - - - 

HY1G4 -1.5755 11.9297 13.09 1.8987 - - - - - - - 

STG2 -0.7092 11.005 6.43 1.7515 - - - - - - - 

TH2G2 -1.8187 10.7038 16.75 1.7036 TH2&TH4_AG -1.7491 10.7413 16.07 1.7095 -0.69 0.006 

TH2G2 -5.4362 10.1371 47.26 1.6134 - - - - - - - 

TH1G4 -1.5232 8.5911 17.46 1.3673 - - - - - - - 

TH1G3 -1.5232 8.5911 17.46 1.3673 - - - - - - - 

TH1G2 -1.5152 8.5687 17.41 1.3638 - - - - - - - 

HY1G3 -0.5458 8.2494 6.6 1.3129 HY1_AG1 -0.5533 8.2686 6.68 1.316 0.07 0.003 

HY2G2 -0.665 5.3451 12.35 0.8507 - - - - - - - 

HY2G2 -0.5309 5.1358 10.28 0.8174 HY2_AG1 -0.5362 5.14 10.37 0.8181 0.11 0.0005 

STG1 -0.0022 4.5988 0.05 0.7319 STG_AG1 -0.0194 4.7004 0.41 0.7481 0.34 0.0165 

STG1 -0.2207 0.4839 41.5 0.077 - - - - - - - 
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Appendix B8-Electromechanical modes – Inertia: 

Group with 
highest part. 

Initial 
Inertia 

90% of the Inertia 

Real Imag 
Damp 

(%) 
Freq 
(Hz) 

Real Imag Damp (%) 
Freq 
(Hz) 

Damp 
Var. (%) 

Freq. 
Var. (Hz) 

TH4G1 -8.0505 20.8861 35.97 3.3241 -8.5255 22.3184 35.68 3.5521 -0.29 0.228 

TH4G2 -7.6423 19.8651 35.91 3.1616 -8.0691 21.2016 35.57 3.3743 -0.34 0.2127 

TH3G3 -2.1043 16.2657 12.83 2.5888 -2.2384 17.1941 12.91 2.7365 0.08 0.1477 

TH3G1 -2.1226 16.2387 12.96 2.5845 -2.197 17.1714 12.69 2.7329 -0.27 0.1484 

TH3G2 -2.1939 16.1995 13.42 2.5782 -2.2729 17.0921 13.18 2.7203 -0.24 0.1421 

TH3G3 -1.3629 12.6122 10.74 2.0073 -1.3582 13.3315 10.14 2.1218 -0.6 0.1145 

HY1G1 -1.5755 11.9299 13.09 1.8987 -1.7519 12.6012 13.77 2.0055 0.68 0.1068 

HY1G2 -1.5755 11.9298 13.09 1.8987 -1.752 12.6011 13.77 2.0055 0.68 0.1068 

HY1G4 -1.5755 11.9297 13.09 1.8987 -1.752 12.6009 13.77 2.0055 0.68 0.1068 

STG2 -0.7092 11.005 6.43 1.7515 -0.7697 11.6223 6.61 1.8497 0.18 0.0982 

TH2G2 -1.8187 10.7038 16.75 1.7036 -1.9813 11.3576 17.19 1.8076 0.44 0.104 

TH2G2 -5.4362 10.1371 47.26 1.6134 -6.1609 10.7341 49.78 1.7084 2.52 0.095 

TH1G3 -1.5232 8.5911 17.46 1.3673 -1.7454 9.1227 18.79 1.4519 1.33 0.0846 

TH1G4 -1.5232 8.5911 17.46 1.3673 -1.7454 9.1227 18.79 1.4519 1.33 0.0846 

TH1G2 -1.5152 8.5687 17.41 1.3638 -1.736 9.0972 18.74 1.4479 1.33 0.0841 

HY1G4 -0.5458 8.2494 6.6 1.3129 -0.629 8.7064 7.21 1.3857 0.61 0.0728 

HY2G1 -0.665 5.3451 12.35 0.8507 -0.7262 5.6457 12.76 0.8985 0.41 0.0478 

HY2G2 -0.5309 5.1358 10.28 0.8174 -0.5859 5.4232 10.74 0.8631 0.46 0.0457 

STG1 -0.0022 4.5988 0.05 0.7319 -0.003 4.8417 0.06 0.7706 0.01 0.0387 

STG1 -0.2207 0.4839 41.5 0.077 -0.2336 0.5101 41.64 0.0812 0.14 0.0042 
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Group with 
highest part. 

Initial 
Inertia 

75% of the Inertia 

Real Imag 
Damp 

(%) 
Freq 
(Hz) 

Real Imag Damp (%) 
Freq 
(Hz) 

Damp 
Var. (%) 

Freq. 
Var. (Hz) 

TH4G1 -8.0505 20.8861 35.97 3.3241 -9.4258 25.0829 35.18 3.9921 -0.79 0.668 

TH4G2 -7.6423 19.8651 35.91 3.1616 -8.9004 23.7581 35.08 3.7812 -0.83 0.6196 

TH3G3 -2.1043 16.2657 12.83 2.5888 -2.4557 18.9892 12.83 3.0222 0 0.4334 

TH3G1 -2.1226 16.2387 12.96 2.5845 -2.3964 18.8799 12.59 3.0048 -0.37 0.4203 

TH3G2 -2.1939 16.1995 13.42 2.5782 -2.4484 18.7671 12.94 2.9869 -0.48 0.4087 

TH3G3 -1.3629 12.6122 10.74 2.0073 -1.3585 14.6465 9.24 2.3311 -1.5 0.3238 

HY1G1 -1.5755 11.9299 13.09 1.8987 -2.1061 13.8634 15.02 2.2064 1.93 0.3077 

HY1G2 -1.5755 11.9298 13.09 1.8987 -2.1061 13.8633 15.02 2.2064 1.93 0.3077 

HY1G4 -1.5755 11.9297 13.09 1.8987 -2.1061 13.8631 15.02 2.2064 1.93 0.3077 

STG2 -0.7092 11.005 6.43 1.7515 -0.8866 12.7798 6.92 2.034 0.49 0.2825 

TH2G2 -1.8187 10.7038 16.75 1.7036 -2.2873 12.5891 17.88 2.0036 1.13 0.3 

TH2G2 -5.4362 10.1371 47.26 1.6134 -7.651 11.8542 54.23 1.8867 6.97 0.2733 

TH1G3 -1.5232 8.5911 17.46 1.3673 -2.2117 10.2427 21.11 1.6302 3.65 0.2629 

TH1G4 -1.5232 8.5911 17.46 1.3673 -2.2117 10.2427 21.11 1.6302 3.65 0.2629 

TH1G2 -1.5152 8.5687 17.41 1.3638 -2.2019 10.2079 21.09 1.6246 3.68 0.2608 

HY1G4 -0.5458 8.2494 6.6 1.3129 -0.7949 9.5726 8.28 1.5235 1.68 0.2106 

HY2G1 -0.665 5.3451 12.35 0.8507 -0.8481 6.2081 13.54 0.988 1.19 0.1373 

HY2G2 -0.5309 5.1358 10.28 0.8174 -0.6953 5.9613 11.58 0.9488 1.3 0.1314 

STG1 -0.0022 4.5988 0.05 0.7319 -0.0079 5.2934 0.15 0.8425 0.1 0.1106 

STG1 -0.2207 0.4839 41.5 0.077 -0.2601 0.5574 42.29 0.0887 0.79 0.0117 
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Group with 
highest part. 

Initial 
Inertia 

50% of the Inertia 

Real Imag 
Damp 

(%) 
Freq 
(Hz) 

Real Imag Damp (%) 
Freq 
(Hz) 

Damp 
Var. (%) 

Freq. 
Var. (Hz) 

TH4G1 -8.0505 20.8861 35.97 3.3241 -11.6406 32.8233 33.42 5.224 -2.55 1.8999 

TH4G2 -7.6423 19.8651 35.91 3.1616 -11.151 30.906 33.94 4.9188 -1.97 1.7572 

TH3G3 -2.1043 16.2657 12.83 2.5888 -3.0023 23.7292 12.55 3.7766 -0.28 1.1878 

TH3G1 -2.1226 16.2387 12.96 2.5845 -2.9734 23.4534 12.58 3.7327 -0.38 1.1482 

TH3G2 -2.1939 16.1995 13.42 2.5782 -3.0017 23.2273 12.82 3.6967 -0.6 1.1185 

TH3G3 -1.3629 12.6122 10.74 2.0073 -1.4334 17.98 7.95 2.8616 -2.79 0.8543 

HY1G1 -1.5755 11.9299 13.09 1.8987 -3.169 17.2206 18.1 2.7407 5.01 0.842 

HY1G2 -1.5755 11.9298 13.09 1.8987 -3.169 17.2204 18.1 2.7407 5.01 0.842 

HY1G4 -1.5755 11.9297 13.09 1.8987 -3.1691 17.2202 18.1 2.7407 5.01 0.842 

STG2 -0.7092 11.005 6.43 1.7515 -3.1104 15.8231 19.29 2.5183 1.13 0.7668 

TH2G2 -1.8187 10.7038 16.75 1.7036 -1.1998 15.8228 7.56 2.5183 2.54 0.8147 

TH2G2 -5.4362 10.1371 47.26 1.6134 -12.4903 14.1368 66.21 2.2499 18.95 0.6365 

TH1G3 -1.5232 8.5911 17.46 1.3673 -2.6506 13.6545 19.06 2.1732 1.6 0.8059 

TH1G4 -1.5232 8.5911 17.46 1.3673 -2.6506 13.6545 19.06 2.1732 1.6 0.8059 

TH1G2 -1.5152 8.5687 17.41 1.3638 -2.6557 13.6173 19.14 2.1673 1.73 0.8035 

HY1G4 -0.5458 8.2494 6.6 1.3129 -1.2445 11.8988 10.4 1.8938 3.8 0.5809 

HY2G1 -0.665 5.3451 12.35 0.8507 -1.2088 7.672 15.56 1.221 3.21 0.3703 

HY2G2 -0.5309 5.1358 10.28 0.8174 -1.0183 7.3667 13.69 1.1724 3.41 0.355 

STG1 -0.0022 4.5988 0.05 0.7319 -0.0339 6.4522 0.53 1.0269 0.48 0.295 
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Appendix B9-Model of a proportional-integrator-derivative corrector in series with a lag bloc: 
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