
   Degree project in

MODELLING OF LARGE 
POWER SYSTEMS AND TUNING OF

REGULATORS’ PARAMETERS 

David Petesch

Stockholm, Sweden 2012

XR-EE-ES 2013:001

Electric Power Systems
Second Level,



                                          

Date: 18th June 2012 to 18th December 2012 

Master Thesis Report 

 

 

MODELLING OF LARGE 

POWER SYSTEMS 

AND TUNING OF 

REGULATORS’ PARAMETERS 
 
 
 
 
 
 
 
 
 
 
 
Student: David PETESCH 
RTE supervisor: Bogdan MARINESCU 
KTH examiner: Merhdad GHANDHARI 



�������	
���������������������	�����

� ��

���������

The future insertion of high voltage direct current (HVDC) 
interconnection between France and Italy under the Alps could impact the 
European power system stability. Indeed, the HVDC lines are active elements of 
electrical grid that influence its dynamic behaviour in case of disturbances. 
Extensive studies must be run to precisely determine the specifications of this 
cross-border link and its conversion stations. 

These studies require models as precise as possible of the European 
network. The best available model at present for the synchronous network of 
continental Europe is the Dynamic Reference Model (DRM), which was 
compiled in the framework of the IPS/UPS study [6]. It modelled a winter 
situation (high peak load) and the first task of the Master Thesis consisted in the 
development of a summer situation (low load period) of this model. In this way, 
it would be possible to perform stability studies in both situations to obtain more 
precise and reliable results. 

 The DRM models for winter summer situation were firstly designed to 
study small-signal stability and especially inter-area mode, i.e. 
electromechanical oscillations between two groups of machines. In the 
perspective of transient stability studies in the area of the future HVDC line 
between France and Italy, this model had to be updated. Detailed versions of 
regulators and transformers were therefore implemented in order to model more 
precisely the transient dynamic behaviour of French machines. An update of the 
dynamic data of the Italian power system had also to be performed with new 
detailed versions of regulators created. 

Furthermore, the European synchronous electric power system is 
becoming larger with interconnections of new countries, such as Turkey in 2011 
and other ones in the future. Because of this on-going enlargement, new 
phenomena concerning inter-area modes might occur. In this new context, 
benchmarks had been created to develop and test a new methodology for tuning 
the regulators’ parameters of synchronous generators.� �
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HVDC: High-Voltage Direct Current 

DRM: Dynamic Reference Model 

TSO: Transmission System Operator 

UCTE: Union for the Coordination of Transmission of Electricity 

ENTSO-E: European Network of Transmission System Operators for Electricity 

FACTS: Flexible Alternative Current Transmission System 

DRM: Dynamic Reference Model 

AVR: Automatic Voltage Regulation 

PSS: Power System Stabilizer 

POD: Power Oscillation Damping 

SMA: Selective Modal Analysis 

GSMA: Generalized Selective Modal Analysis 

SIME: SIngle Machine Equivalent  
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1.1 Presentation of RTE 

RTE (« Réseau de Transport d’Électricité ») is the French Transmission 
System Operator (TSO) [10]. The company has to secure correct operation and 
safety of the French electric power system and to ensure non-discriminatory 
access to every network’s users. More precisely, the missions of RTE are the 
following: 

- Operate the network infrastructures. RTE must, at the leanest cost for the 
community, maintain the network, reinforce its strength and develop it in 
terms of the demand, while reducing its environmental impact. 

- Manage the electric flows on the network. RTE has to ensure security of 
supply and warn public authority in case of blackout risks. As the French 
TSO, RTE ensures quality and continuity of the power delivery through 
the network. To do that, the company must be able to handle the evolution 
and the reactions of the electric power system facing different kinds of 
hazards. Furthermore, because the electricity cannot be stored at a large 
scale; production must be, at all time, equal to consumption. Achieving 
this equilibrium between offer and demand requires upstream studies on 
demand forecasts.  

- Contribute to the efficiency of the electricity market. RTE ensures all 
users of the electricity network an equal treatment: independent to the 
distance between producer and consumer. The company promotes the 
fluidity of exchanges. Its solutions to manage power flows preserve, as 
much as possible, the actors’ freedom and appeal for their initiative. RTE 
works for developing capacity links between countries, in cooperation 
with the other TSO. This effort is compulsory, seen the central position of 
the French network. 

- Anticipate the future evolutions of network. Thanks to its R&D activities, 
RTE should be able to consider the possible changes and to implement the 
needed means to these evolutions. The main goals of RTE’s research are 
to improve electricity supply’s safety while minimizing the number of 
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needed works and their environmental impact. Moreover, RTE aims to 
develop and promote the European power exchanges through the 
electricity market and intends to play a key role in the necessary European 
cooperation.  

1.2 Presentation of the department 

 This Master Thesis took place within the DES department (“Département 
Expertise Système”) of RTE. This division gathers RTE’s R&D competences in 
the fields of electrical engineering, numerical analysis, computer science, 
economy or statistics. Its missions are: 

- To prepare the future of RTE, especially by allowing it to play a key role 
in several European projects 

- To support the different units of RTE in the implementation of new 
methods 

- To keep strategic competences on the tools the division are developing 

- To be the learning place for RTE’s engineers 

The division Integration of New Technologies (INT) is the centre of 
expertise on power system dynamic behaviour and systems services. It leads 
activities in the fields of system stability and frequency, at different stages of 
development, in link with others units of RTE, such as the national dispatching. 
The division works in interaction with renowned European Research teams in 
the field of power stability (University of Liege, IIT Spain University, 
Tractebel…). 
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1.3 Context 

�

For decades, European countries have progressively developed their 
electric power interconnections to ensure a better electricity supply and an 
improved network safety. France is part of the synchronous grid of Continental 
Europe (also known as Continental Synchronous Area), which is the largest 
synchronous electrical grid (by connected power) in the world. Supplying over 
400 millions people in 24 countries (including most of the European Union), the 
Continental Synchronous Area is interconnected a single phase-locked 50 Hz 
mains frequency electricity grid. Currently, over 660 GW of production capacity 
is connected to the grid, providing approximately 80 GW of remaining capacity 
margin. The Transmission System Operators (TSO) operating this grid joined in 
the Union for the Coordination of Transmission of Electricity (UCTE). This 
structure is now part of the European Network of Transmission System 
Operators for Electricity (ENTSO-E) with 5 other regional TSOs’ associations 
[11]. 

Parallel to this greater collaboration between European TSOs, 
interconnection capacities between countries have been significantly developed: 
around 30 GW can be currently exchanged within the Continental Synchronous 
Area. Originally, cross-border links were considered as a great support in case of 
serious default that could significantly affect the electricity supply in one of the 
European country. However, it has been showed that these links are not only 
useful during rough times, but also under normal conditions because of the 
following advantages: 

- A better optimization of the daily planning of power plants 
- An incentive for a higher competition between market actors 
- Better opportunities to operate renewable energies 

The current trend is thus the further development of cross-border links to 
dramatically increase the exchange capacity between European countries. 
Indeed, a 2000 MW HVDC link is being built between France and Spain and 
another HVDC line will link France and Italy. Parallel to this reinforcement of 
existing connections, other countries have been synchronously linked in the past 
years such as Turkey. The Continental Synchronous Area is therefore becoming 
larger and will certainly be even more in the future.  
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1.4 Aim of the Project 

�

 As it was said before, many projects of new electric power 
interconnections are on schedule for the next few years, such as the HVDC line 
between France and Italy. They will have to be extensively studied to determine 
their specifications so that they will be correctly inserted into the existing 
network. To do that, there is a need for models of the European synchronous 
network in different situations. The existing model, called DRM for Dynamic 
Reference Model, is based on a winter peak load situation, which in terms of 
load creates the most stress for the power system. However, other serious 
problems could happen when the load is very low such in summer. The first task 
of this Master Thesis was to model a summer low load situation of the European 
synchronous area. 

 The second aim of this project is to participate to the update of the DRM 
around the border between France and Italy to allow very precise and reliable 
stability studies on the area of the future HVDC link between these two 
countries. This update is based on the detailed data of the French and Italian 
network.  

The Third part of the Master Thesis deals with another aspect of very large 
power systems: the inter-area modes or electromechanical oscillations [5] 
appearing between generators located in different areas. The European power 
system may become larger in the future and the validation constraints on 
machines’ regulators will become stricter. In this new context, I developed a 
benchmark and tested a new methodology for tuning the regulators’ parameters 
of synchronous generators. 
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This Master Thesis deals with modelling and stability analysis of very 
large power systems.  More precisely, two kinds of stability had been studied: 
transient stability and small signal stability. 

2.1 Transient stability 

 Transient stability is the ability of the power system to maintain 
synchronism when subjected to a severe transient disturbance such as a fault on 
transmission facilities, loss of generation, or loss of a large load [3]. The system 
response to such disturbances involves large excursions of generator rotor 
angles, power flows, bus voltages, etc. Stability is influenced by the non-linear 
characteristics of the system. If the resulting angular separation between the 
machines in the system remains within certain bounds, the system maintains 
synchronism. Loss of synchronism because of transient stability will be usually 
evident within 2 or 3 seconds to the initial disturbance. 

In this Master Thesis, a more theoretical analysis of transient analysis is not 
needed because notions like critical clearing time of Equal Area Criterion [2] are 
not used. Therefore, the theoretical description of this notion of transient 
stability will not be further expanded. Concrete examples will be given in the 
case studies (part 4) that will clearly illustrate the transient stability notion.  
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2.2 Small Signal Stability 

Small Signal Stability deals with the ability of the power system to maintain 
synchronism under small disturbances. The key issue is that those disturbances 
should be sufficiently small that linearization of system equations is possible. 

����������	
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Let the dynamic of a power system be described by the following equations 
(from [2]) 

���� � � �� �                                          (1) 

� � ���� ��                                           (2) 

where (1) describes the dynamic of the generators and (2) the network equations 
based on Kirchhoff’s law. The vector x represents the state variables and y the 
algebraic variables. 

By linearizing the above non-linear equations around an operating point (x0 ; 
y0), the following linearized system is obtained 

����� � �
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�� � ����                                  (3) 
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The following expression can be deduced from the linearized system 

�� � �����
��
�
�
��                                   (3) 



�������	
���������������������	�����

� ���

Finally, the following equation is obtained 

����� � ��
�
� �� ��

��

�
�
��� � ���                    (4) 

where A is the state matrix of the overall system. 

After this linearization, it is possible to use the following Linear Time-
Invariant (LTI) model to describe the system [2] 

���� � �� � � ��� �  

� � � ������ 

where 
• x is a vector containing the system state variables 
• Y is a vector containing the system outputs 
• U is a vector containing the system inputs 
• A is the State matrix 
• B is the Input Matrix 
• C is the Output matrix 

As far as modal analysis is concerned, let the system input variables U be 
zero and consider the unforced LTI system 

���� � �� �                                          (6) 

 This model allows us to study the stability of the power system by 
calculating the eigenvalues of the state matrix A 

�� � �� � ����                                        (7) 

 The real component gives us the damping of the ith mode. Therefore, if it 
is negative, it represents a damped oscillatory mode, which means a stable 
mode. On the contrary, if the real part is positive, it represents an oscillatory 
instability. We can also calculate the oscillation frequency and the damping ratio 
thanks to the following equations 

��� �
���

��
        and       �� �

���

��

                              (8) 

The damping ratio is often used to determine if a certain mode represents 
a significant risk of instability in the power system.  
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 Having eigenvalues, it is logical to define their eigenvectors. We 
distinguish left and right eigenvectors with the following formulas 

���
�
� ����

�            and          ��
�
� � ����

�                     (9) 

 By defining the matrix of left and right eigenvectors, ��and ��, and the 
diagonal matrix � of the eigenvalues, we have the following equation 

�
�
����

�
� �                                        (10) 

with �� � ������ 

 Another interesting result that is given by these eigenvalues is the relative 
participation of the k-th state variable in the i-th mode. This notion is called the 
participation factor and is defined by the following formula 

��� � ���
�
���
�
� ���

�
���
�                                 (11) 

The matrix P gathering all these coefficients is called the participation 
matrix and is given by 

� � ��
�
� ������                                     (12) 

� This notion of participation factor is very interesting because it allows us 
to know which variables have the most significant impact on the studied mode. 
Therefore, we can decide on which generator a voltage regulator should be 
implemented to have the best effect for example. 

 Furthermore, the modal analysis allows us to define: 

- The matrix ��� is termed as the mode controllabity matrix. It enables 
visualizing with the element cij of that matrix, which j-th variables is 
interesting to control and modify a given i-th mode 

- The matrix ��� is termed as the mode observability matrix. It enables 
visualizing with the element oij of that matrix, which j-th variables is 
interesting to observe a given i-th mode 

Thanks to the participation, controllability and observability factors, it is 
possible to deduce on which machines implement regulation and also which of 
its variables should be observe and control to modify a given mode of the power 
system. 
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In the case of a multi - machine power system and the Single Machine 

Equivalent (SIME) method can be used. It consists in identifying the Critical 
and Non-Critical machines trough a method described in [2], and then defining 

����� � �� � ��         and       ����� � �� � ��                (13) 
 The SIME method provides accurate interesting information such as 
identification of the mode of instability, sensitivity analysis and control 
techniques. 

������������������������
When the eigenvalue should be modify because its damping ratio is not 

sufficient, the standard procedure is to implement a regulator in closed-loop of 
the system, as it is described in figure 1. 

�

 Figure 1: The closed-loop system 
We first define the transfer function with the following equation 

� � �
�����

�����
�

��

����

�

���                                    (14) 

where the residue Ri is defined by the product of the controllability and the 
observability 

�� � ���
�
��
�
�                                            (15) 

     When this feedback function is added, the eigenvalues are changed 
according to the following equation 

��� � �������                                          (16) 

     This is this capacity of change on the eigenvalues which is very interesting 
for us because that’s what we will use to stabilize a power system. 
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 In the standard procedure, the feedback function used to modify the value 
of the mode is a Power Oscillation Damping (POD). Its standard structure is 
displayed in figure 2. 

 

Figure 2:  Block diagram for a simple POD 
The first block of the diagram represents a high-pass filter, also called 

washout block. This filter aims to stop contribution from a steady-state input 
deviation. However, TW must be high enough not to affect the argument of the 
feedback control for the modes of interest. The second block, called phase 
compensation block, works as a lead-lag type transfer function and aims to shift 
the phase so as to obtain a positive contribution to damping (by setting T1 and 
T2). The gain K determines the magnitude of damping provided by the POD. 
This process, called the Residue Technique, is represented in the diagram below 
(figure 3) and the following equations [2] 

 

Figure 3:  Direction of the eigenvalue departure for small changes 
From this graph, the angle Φ can be computed as 

� � ���� � ��������                                        (17) 

Then, the angle α is defined as 

� �
���������

���������
                                               (18) 

By using the imaginary part of the mode, one defines 
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And finally, it gives the time constants of the Lead-Lag filters 

��������������������������������� � ��������������������������������� � ���������������������������������������<�2=�

To determine the gain KPOD, the desired damping ratio ���� is compared to the 
existing damping ratio �. This difference is introduced in the equation  (15) and 
it leads to 

���� �
������

�� �������
                                  (21) 
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The small signal analysis running from the LTI model is efficient for 

simple power system, but it shows quickly its limits for the analysis of large 
power system. Indeed, the number of variables presents in the state matrix A can 
become dramatically high. For example, defining a single machine in detail 
might require 20 state variables. In power systems with over 1000 machines, the 
State Matrix has more than 20,000 lines and rows. The direct computation of all 
the eigenvalues and eigenvectors is impossible. That’s why the use of 
algorithms able to handle such large systems is necessary.  

����#�������$�����
����
������
In this Master Thesis, one of the most efficient algorithms of this kind has 

been used; it is called the Selective Modal Analysis (SMA) [1]. It is a 
comprehensive method for the characterization and analysis of selected parts of 
the LTI dynamic systems. SMA contains sensitivity tools to identify the 
relationships between state variables and modes and reduced order eigenanalysis 
algorithms to determine few selected modes from initial guesses. These initial 
guesses are determined thanks to the power system electromechanical model 
without damping. First this model and its consequences will be described and 
then the principles of the SMA algorithm and its evolution with the Generalized 
Selective Modal Analysis will be explained [1]. 

The electromechanical model without damping [7] assumes that the 
synchronous generators are represented by constant voltage sources behind their 
transient reactance. The angle of the voltage source corresponds to the rotor 
angle as it is described in figure 4. 

 

 

 
Figure 4:  Synchronous generator’s diagram in the electromechanical model 

 In addition, their mechanical power is assumed to be constant.�

 The algebraic equation � � � �� �  is determined by running load-flow 
calculations. The differential equations describing the dynamic behaviour of the 

���� � �� �
������

�� � �� �
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generators of the non-linear model is described by two differential equations for 
each generator 

������ � �� � ��� ��

���

��
� ����� � ��

������
���

��
�

�

���

���� � ����
                  (21) 

- �� is the rotor angle in radians 
- �� is the rotor speed in pu 
- �� is the speed base in pu 
- ��� is the mechanical power supplied by the turbine in pu 
- ��� is the electrical power delivered by the synchronous generators in pu 

and is described by the equation ��� �
������

����
������� � ��� 

- �� is the rotor inertia 
- �� is the number of generators 

The linear model is obtained by linearizing equations (21) 

������ � �� ��� ��

����

��
� �����

������
����

��
� �

�

���

����

                           (22) 

where ���� �
����

���

��

���
��� � ������  

This linear model can be written as follows 

�� � ���
��
��� � ������������������� �

�

���

                 (23) 

The linear system can therefore be described by only one state variable 
per machine (the rotor angle). A 1000 machines power system will therefore 
have 1000 state variables and its state matrix will be diagonalized thanks to 
standard method. Of course, the resulting eigenvalues are only approximations. 
Although, they are purely complex numbers, so the modes thus defined are 
undamped. These modes will represent the starting values of the SMA 
algorithm. However, even if these modes are undamped approximations, they 
give quite precise values of the imaginary parts and therefore of the frequencies 
of the “true” modes found by SMA. Indeed, the frequency of a given mode is 
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mainly influenced by the topology of the system and this latter is kept intact in 
the electromechanical model without damping. But, of course, to find the 
damping ratio of a selection of modes, the SMA algorithm is needed. 

SMA is interested in determining a subset of modes of a linear system that 
are particularly related to a subset of state variables r that are called relevant 
variables. The remaining variables z are called less relevant variables. Figure 4 
depicts this separation. 

 

Figure 5:  Separation between relevant and non-relevant variables in SMA 
The original system is described by the linear equation (4): � � ��. 

Under such assumption, it can be rewritten as: 

�

�
�

��� ���

��� ���
                                        (24) 

The successive steps of the algorithm to determine one or several modes 
of interest from initial guesses are detailed in the article [1]. The performances 
of the SMA algorithm have been proved quite satisfactory. However, in some 
cases, some modes failed to converge when generators were equipped with high 
gains PSSs. The explanation might be that the participation of the less relevant 
variables (such as the state variables of the excitation systems and the 
stabilizers) have increased and cannot be considered as less relevant anymore. 
Another version of the SMA algorithm has been developed to overcome this 
drawback. 
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It is called Generalized Selective Modal Analysis (GSMA) and uses 
approximations of the right and left eigenvectors corresponding to the modes of 
interest in the form of reduced order subspaces. Contrary to the permanent 
division between relevant and less relevant variables performed in SMA, the 
reduced order subspaces are updated in each step of the iterative process. This 
process allows avoiding the problems encountered with SMA algorithm. The 
initial values of the reduced order subspaces come from the eigenanalysis 
performed in the classical model of generator without damping. 

Further theoretical explanations and details on the GSMA algorithm are 
given in the article [1]. This Generalized method has been used in this Master 
Thesis to perform modal analysis on large power systems. The main advantage 
of GSMA over other methods of this kind is its efficiency: less than 10 iterations 
of this algorithm are necessary to compute up to 10 modes on power system 
having more than 1000 machines.  
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After the theoretical background needed to understand the work done during 
this Master Thesis, the software used in this study will be described. 

3.1 EUROSTAG 

During this Master Thesis, the software EUROSTAG developed by RTE 
(formerly EDF) and Tractebel Engineering has been used to run every 
simulation. It is one of the software studying transient stability in electric power 
system. EUROSTAG can be used to study a wide range of electric phenomena 
from short-circuits (several tenths of milliseconds) to voltage collapses (several 
tenths of minutes) [8]. The whole network is represented by a differential 
algebraic system, which can be quite large: the modelled network can gather 
several thousands nodes. 

 The key characteristic of EUROSTAG is to use a variable time step – 
from 1 millisecond to 60 seconds - depending on the dynamic behaviour of the 
system. Thus whatever the nature of the perturbation (slow or fast), the duration 
of the necessary observation (up to several hours) or the size of the system, 
EUROSTAG allows viewing the behaviour of the power system until it retrieves 
its equilibrium state. 

 To run a simulation in EUROSTAG, three steps are necessary: 

• Preparing data and modelling: 

EUROSTAG has every electric models to represent every parts of the 
network: generators, motors, transformers, loads models, protection relay, etc, 
and also a wide library of components gathering standard models of regulators 
(voltage or generator speed) and other equipment (steam turbine, FACTS, 
HVDC…). The user thanks to a graphic interface can of course implement every 
non-existing model. The diagram of the studied network is then built thanks to a 
network editor. 

• Simulations: 

The calculation of the initial state of the power system is run by a load flow 
module which takes as input the data file: nodes’ voltage, current and power 
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through branches, sources and charges, operating point of machines. The 
software allows taking into account several types of events occurring in the 
network such as coupling production units, opening/closing of breakers, control 
of tap changers transformers, loads shedding, set-points’ changes. Every events 
can be scheduled or be the result of an automaton action (protection relays or tap 
changers). EUROSTAG also has a module to calculate automatically critical 
clearing time. To do that, the fault as well as the clearing actions must be 
specified and then the software calculates automatically the critical clearing 
time. 

• Post Processing: 

The results of simulations are time-plots such as generators data (speed, 
electric and mechanical torque, voltage excitation), voltages at certain buses, 
current or power going through branches, etc. All of these results allow studying 
the behaviour of the electric power system during specific events to study: 

o System Stability 

o Relief actions capability 

o Protection Plans 

o Regulators’ tuning 
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3.2 SMAS3 

SMAS3 stands for Selective Modal Analysis of Small Signal Stability. It is a 
software designed for modal analysis, which was coupled with the EUROSTAG 
software. The latter gives as output the matrices A, B, C and D of the linear 
model and SMAS3 takes them as inputs. 

The main added value of the SMAS3 software is the possibility to run SMA 
and GSMA. Modal analysis of very large power systems is therefore possible 
and also very fast. In this Master Thesis, every modal analysis was performed 
with this software. 

SMAS3 can also perform standard Complete Eigenanalysis, Modified 
Arnoldi Method, Dominant Pole Spectrum Eigensolver, Linear Time Response 
and Frequency Response [9]. Moreover, SMAS3 has tools to find the best 
location and tuning of PSS in a power system. 

This software has been developed by the Instituto de Investigacíon (IIT) of 
the Pontifica Cornillas (Madrid, Spain) with the support of Iberdrola, Red 
Electrica de España and RTE.  
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4.1 Summer model for the European Electric Power System 

The first task of this Master Thesis was to develop a new situation of the 
existing European Electric Power System at the DES department. This model, 
called DRM for Dynamic Reference Model, represents a very large power 
system: more than 8000 nodes and 1200 machines. The existing situation 
represents a winter peak load and the aim of this part is to develop a situation 
corresponding to a summer low load situation. Indeed, it is very interesting to be 
able to model and simulate both winter peak and summer low load because each 
of these two situations induces specific problems on the operation of power 
systems (for example, high demand and low voltages in winter – surplus of 
reactive power in summer causing high voltages). 

 The task was to start from different load-flow and dynamic data files that 
had already been created and gather their information in a single summer 
situation model. 

The outline of this task was the following: 

• First, designing a stable and valid Load-Flow  

• Then, adapting the dynamic data to this network model 

• Finally, testing the resulting European model 

 �����!�
��%��&�������� �

4.1.1.1 Static models aggregation 

The summer static data file was created from two static models: one 
representing the entire European network from Portugal to Russia and the other 
corresponding to the Turkish network. The framework of the task was, first, to 
adapt the model to the area of the study: in this case the actual ENTSO-E area, 
and then to obtain a converging Load Flow. 

Countries members of the Commonwealth of Independent States (CEI), such 
as Russia or Ukraine, are not synchronously linked to the ENTSO-E system. 
They had thus to be removed from the model. On the contrary, Turkey is 
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synchronously linked to UCTE by three AC-lines. The static data of this country 
was therefore added to the resulting UCTE data and the interconnection lines 
were defined with their detailed parameters. 

4.1.1.2 Load – flow calculations 

Loaf Flow calculations were run on the static data file thereby created and 
converging solutions were found. However, the fact that the software succeeded 
to find a solution to the load - flow calculation does not necessarily mean that 
this solution is valid in the physical point of view. Voltages could be too high or 
too low or the power flow could be not physically right. In the Load-Flow in 
question, a voltage problem was spotted in an area: tensions were too low. After 
a check of the network’s topology, the problem was solved by replacing a PQ 
node (where active and reactive power are fixed) by a PV node (where voltage 
and active power are fixed) in this area. In this way, the voltages were supported 
by a variable injection of reactive power. The Load-Flow, counting around 8000 
nodes, was thus correctly converging. 

 �����'��
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The starting point of the dynamic data’s model was the existing data 

operating of the winter situation of the DRM model, counting around 1200 
machines. The aim was therefore to adapt these dynamic data to the creating 
static file representing the summer situation. The first thing done was to spot the 
differences between the winter and summer static situations to deduce the 
modifications needed on the winter dynamic data. The two main remarked 
differences were: 

• The electric consumption was around two-third of its winter value in 
the European network, with a significant decrease in Western Europe. 

• On the contrary, the electric consumption in Turkey has increased 
compared to the winter situation. It might be explained by the massive 
use of air-conditioning in this country during summer 

In EUROSTAG, the power injections defined in the load - flow in a static 
point of view are dynamically represented with the machines’ data. Thus a 
decrease of injection in the load - flow (from 200MW to 0MW for example) can 
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lead to a dynamic problem because the machine cannot produce “no power”. On 
the contrary, when an injection is added in the load - flow, a machine has to be 
started at the corresponding node. Another source of problem could be the 
machines that should produce power in winter and operate in a “pumping 
mode”, mainly hydro electrical power plants with large reservoirs, during 
summer to store a part of the active power surplus in the network.  

This analysis gave the two main needed modifications to run the dynamic 
data on the summer European situation. A detailed comparison between the 
winter and summer situations has been performed to spot the machines linked to 
nodes whose injections varied. As a result around 150 machines were stopped 
and around 20 were switched on. The result was dynamic data able to perform 
simulations on the summer situation of the European electric power system 
model. 

 ����������
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The most important criterion, concerning this type of model of very large 

power systems, is the transient stability of generators. Because the summer 
situation’s dynamic data were created from existing data, it was not necessary to 
test all the thousand machines. However, generators had been switched on in the 
network and these ones had to be tested. The standard procedure to test the 
transient stability of a machine was to perform a three-phase fault near the stator 
bus cleared after 100 ms. In this way, transient instability could be identified. 
The majority of the tested machines had correct rotor angle and voltage’s 
responses like it is shown for a generator M1 linked to its stator bus G1 in figure 
5. 
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Figure 6:  Machine M1 transiently stable 
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However, several tested machines had surprising responses with large and 
weakly damped oscillations such it is shown for a generator M2 linked to its 
stator bus G2 in figure 6. 

 

Figure 7:  Machine M2 with abnormal voltage and rotor angle responses 
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4.1.3.1 Unitary Tests procedure 

When a transient stability problem is spotted, the standard procedure 
performed in the Department is called Unitary Tests. First, the machine, its 
transformers and its regulators (AVR, Governor and/or PSS) were linked to an 
infinite bus as it is shown in figure 7. 

 
 
 

 
 

Figure 8: Machine on Infinite Bus network for Unitary Tests 
The characteristics of the line are chosen as follows: 

• The resistance is neglected 
• If the machine is connected to the 380kV grid, X = 0,07 p.u. 
• If the machine is connected to the 220 kV grid, X = 0,12 p.u. 

The first simulation (SIM1) was a three-phase fault near the network bus (at 
10% of the line) to check if the machine and its regulators were really unstable. 
The result is obvious in figure 8; the machine was clearly unstable. It can be 
noticed on this figure that the stator voltage does reach zero during the short – 
circuit, it is only a numerical errors; in reality the voltage was equal to zero 
during the fault. 
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Figure 9:  Machine transiently unstable on Unitary Tests 
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In this case of unstable machine, the next step is to find where does this 
instability comes from, and more precisely from which regulator it comes from. 
An AVR and a Governor equipped the machines tested. 

To test the Governor, a constant excitation voltage regulator replaced the 
AVR. The machine thus equipped was put into the network shown in figure 9, 
which is similar to the one displayed in figure 7 but the infinite bus had been 
replaced by an active load. 

 
 
 

 

Figure 10: Diagram of the test circuit for Governor 
The load model is classical with a voltage dependency but no frequency 

dependency. It is described by the following equations  

� � ��
�
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������������������� � ��
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�

�������������������������������(25) 

In (25) the subscript 0 identifies the values of the respective variables at the 
initial operating point. 

The parameters of the line were the same as before but the simulated event 
(SIM4) was a 5% step-increase of the value of the load. The responses of the 
machine are correct as it is shown in figure 10. 

�
�
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Figure 11: Voltage and speed responses to the test SIM4 
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The responses seemed correct (good initialization, almost no oscillations and 
stable ended state) and the frequency decreased as expected when the load 
increases. Therefore, the instability could come from the AVR. 

To test the AVR, a constant mechanical torque regulator replaced the 
Governor. The machine thus equipped is linked to an infinite bus like in figure 
7.  Two kinds of events were simulated in order to visualize the behaviour of the 
generator and the influence of the AVR: 

• A short-circuit close (10%) to the machine-end of the line, which was 
cleared after 100 ms (simulation SIM2). During the fault, the resistance 
fault was neglected and the reactance fault was equal to 10-3 p.u.  

• A 10% step-increase of the terminal voltage set point of the AVR was 
performed (simulation SIM3) 

Figure 11 displays the voltage and rotor angle responses of the tested machine to 
both tests SIM2 and SIM3. 
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Figure 12: Voltage and rotor angle responses to the tests SIM2 and SIM3 
These tests clearly showed that the instability problem came from the AVR. 

After having checked its parameters and replaced them by the correct values, the 
first test on the network with an infinite bus was performed again (simulation 
SIM5) and the results are shown in figure 12. 
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Figure 13: Voltage and rotor angle responses to the tests SIM1 and SIM5 

within the simple circuit with an infinite bus 
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The last test to validate the modification on the AVR is to perform a three-
phase fault during 100 ms within the large European power system created 
before. The results of this test are displayed in figure 13. 

 

Figure 14: Voltage and rotor angle responses within the summer DRM 
before and after AVR’s modifications 
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The modification made on the AVR of the machines had visible effects on the 
dynamic behaviour of the new summer situation of the DRM. 

4.1.3.2 Modal analysis approach 

Another approach of the instability problem is the modal analysis. After 
having implemented the instable machine in the network with an infinite bus as 
described before in figure 7, a modal analysis was performed with the software 
SMAS3. An unstable oscillatory mode was spotted with a positive real part: 
0,0811 + j 9,62501. Its frequency was equal to 1,53 Hz, which is coherent with 
the oscillations observed in figure 8. To find from where this instability came 
from, the participation factors were calculated for the mode of interest and the 
14 state variables. 

2.6469 
3.0290 
2.4734 
4.3104 
0.0253 
3.1286 
0.0096 
0.0197 
0.2310 
1.2845 

137.6546 
2.0724  
0.0556 

137.3267 
The last 4 lines corresponded to the 4 state variables of the AVR. It is 

obvious that this regulator is highly participative in the unstable mode. We 
retrieved the same conclusion as before: the AVR should be modified.  
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• After having implemented the correct values of the parameters of the 
AVR, the modal analysis was performed again and the oscillatory mode 
has been stabilized and was equal to -0,21345 + j 9,72062. The real part 
has become negative; the mode was not unstable anymore. 

The machines, equipped with this AVR, have become transiently stable 
thanks to the changes in the set of parameters and could now be put in the 
dynamic data file. Every machines added to summer model were transiently 
stable. The static and dynamic model of the European network for the summer 
situation was finally completed. It is being used in the DES department and at 
the national dispatching for different stability studies. 
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4.2 Machines update in the area of the France - Italy border 

As described in the introduction, a new cross-border HVDC link will be built 
between France and Italy under the Alps. Extensive studies have to be run 
before the beginning of the settlement of this line. Among them, one of the key 
issues is of course stability and especially transient stability. The results of those 
studies are of course crucial for the project and must thus be as precise and 
reliable as possible. In this context, it is necessary to adapt the European model 
DRM. In the following part of the report, it is important to remark that the future 
HVDC line is not present in the model. The task is to prepare the network to 
future studies in which the HVDC model will be implemented. 

 ���� %	������
�������
The main aim of the DRM model is to study small signal stability and the 

machines’ regulations are adapted to this kind of study: it should be possible to 
linearize them. For example, the “delay” functions are approximated otherwise 
the linearization would be impossible. In the case of the transient stability 
studies, these approximations are not needed and the goal is to model precisely 
the dynamic behaviour during disturbances of the machines located near the 
future HVDC line. Other versions of regulators had therefore to be implemented 
on a selection of machines. 

The differences between the two types of regulators were the following: 

• Concerning the AVRs, those used for transient stability studies took into 
account phenomena neglected in those used for small-signal stability like 
voltage and current’s limitations, delays, limitation of the rotor intensity, 
etc.  

• The same remark was applicable to the governors; the high, medium and 
low part of the turbine were detailed, over speed protection was present as 
well as temperature control. On the other hand, some machines used 
constant mechanical governor for small signal stability. 

The choice of the machines concerned by this modification was motivated by 
two criteria: they were located under a certain distance from the future HVDC 
link and their nominal powers were above a certain limit. Ten machines were 
thus selected. 
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After each modification on a machine, it was submitted to a three-phase fault 
near its stator bus during 100 ms (simulation SIM6) to check if there were no 
errors in the modification process. An example of the rotor angle response of 
one of the machines submitted to this test is shown in figure 14. For 
confidentiality reasons, the machine is called M. 

 

Figure 15: Voltage and rotor angle responses for SIM6 
The 10 selected machines passed this test with success; the French network 

was ready for transient stability studies. 
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An entire update of the Italian network has been performing with the last data 

given by the Italian TSO TERNA. As far as the Italian machines was concerned, 
new version of regulators (AVR, Governor and PSS) had to be implemented. 
Because the data given by TERNA were from the simulation software DigSilent 
and the European model used the EUROSTAG model, the first task consisted in 
understanding the DigSilent data and then creating the regulators’ model with 
the EUROSTAG software. 

After the regulators created, they had to be tested to check if they respected 
stability criteria. To do that, the procedure was the same as for the regulators’ 
tests used for the summer situation’s tests. For example, concerning AVRs’ 
tests, the Governor was modelled as a constant mechanical torque block 
(network like in figure 7) and a three-phase fault was performed on the stator 
bus or a 10% increase of the voltage set point was operated. For confidentiality 
reasons, the figures of these tests cannot be shown in this report. 

Every new regulator was tested in this way to check if the EUROSTAG 
models had the correct dynamic behaviour.�
 
 

� �
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As it was said in the introduction, a large part of this Master Thesis has been 
devoted to the development and the validation of a new method to tune 
parameters of machine’s regulators. Its context was a very large power system. 
The guiding line of the work was the comparison between the new method and 
the standard method of tuning of PSS described as the Residue Technique 
(section 2.2.2). 

Here is the plan followed for the benchmark of this new tuning method. 
First, the development and test of the new method were performed on a simple 
case study. Then, the method was tested and validated on a complex power 
system. 

5.1 Development on a simple case study 

First we wanted to identify the searched phenomenon on a simple case: a 
standard machine, its transformer and regulators, linked to an infinite bus as it is 
shown in figure 15. 
 
�

 
 
 

Figure 16: Simple case study - Machine linked to an infinite bus 
The first thing to do was modifying this network to be able to observe the 

searched electromechanical mode. To do that, the line’s reactance and the inertia 
of the machine were increased significantly. To illustrate that, let’s make a 
simple analogy: our network is like a mass-spring system oscillating against a 
fixed wall as shown in figure 16. 

 

 

 
Figure 17: Analogy with a mass-spring system 
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�
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The inertia of the machine (H) and the reactance of the line (X) were tuned to 
obtain the desired inter-area mode. This oscillation is visible in figure 17 when 
the generator is submitted to a three-phase fault near the stator bus cleared after 
100 ms.  

 

Figure 18: Low frequency inter-area mode 
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On this benchmark, the searched phenomenon caused by the inter-area mode 
was observed and e worked to develop the new way to tune regulators. Our new 
method was based on a constrained optimization to determine the parameters of 
regulators in order to obtain a desired damping ratio for the inter-area modes of 
interest. This optimization was achieved by a MATLAB program, which took in 
inputs the variables coming from the linear model of our power system 
(sensitivity, residues found with the software SMAS3) and the desired damping 
ratio equal to 10% in our case. The outputs of the program were the parameters 
of the tuned regulators. To validate these results, these tuned regulators were 
implemented in the real model in the software EUROSTAG. The responses of 
the power system facing faults had to confirm the objective and the constraints 
of the optimization. The method was therefore developed both linear and non-
linear basis. 

I applied this method on the simple case created before and I compared its 
results to those obtained by the standard tuning method of PSS (see table 1). 

Type of regulation Damping ratio of the inter-area mode (%) 

PSS tuned with Residue Technique 2,26 

Regulation tuned with the 
Constrained Optimization Method 

10,59 

Table 1: Comparison between Residue and Optimization Methods 
The simulation confirmed this significant gap between the damping ratios of 

the two methods: Figure 18 shows the rotor angle response of the generator to a 
fault near the stator node in both cases. 
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Figure 19: Comparison between classical Residue Method and Optimization 
method 
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5.2 Test and validation on a complex power system 

The method was thus developed but it had to be also tested on a more 
complex power system. We could have used the European model DRM used 
before but because of confidentiality rules; it would have been impossible to 
publish the resulting work. Therefore, a very large power system from an 
already published power system had to be created. The choice felt on an already 
published European model, representing the ENTSO-E area and counting 
around 2000 nodes and 400 machines. But this power system was not large 
enough so it was cloned twice and the 3 resulting power systems were as 
depicted in figure 19: 
�

 
 
 
 
 
 
 

Figure 20: Configuration for voltage regulators’ tests 
The resulting power system has more than 6000 nodes and 1200 

machines, which is sufficient to observe the searched phenomena.  

However, this benchmark was not ready to use because parasitic high 
frequency oscillations were spotted that prevented us from achieving correctly 
the optimization. After having determined the frequencies of those oscillations, 
the GSMA method described earlier was used to find the faulty machines 
responsible of those disturbing modes. They were removed from the model. We 
could have tried to tune their regulations to eliminate the oscillations but it was 
not the aim of the study so we chose the simplest and fastest solution. After 
having removed around 10 machines, the parasitic modes were gone. 

It was then possible to observe the inter-area mode of interest. The GSMA 
algorithm allows calculating the participation factors regarding this mode and 3 
machines (2F_188, 2F_302 and 2F_359) were chosen because they were highly 
participative in this mode. They were located in the area 2. 

For the rest of the study, the fault simulated was a three-phase fault 
at the stator bus of the machine 2F_188 during 100 ms. 

ENTSO-E 1 ENTSO-E 2 ENTSO-E 3 

France Poland Poland France 
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The modal analysis clearly showed that this mode corresponded to an 
electromechanical oscillation of generators located in the area ENTSO-E2 
against those located in the areas ENTSO-E1 and ENTSO-E3. This remark is 
also visible in figure 20 on which are plotted the rotor angle response of a 
machine located in the area ENTSO-E2 called 2F_188 that faced a fault near its 
stator node, and also the response (to that fault) of the same machine but located 
in the area ENTSO-E3, called 3F_188. These two machines oscillate in phase 
opposition; which is typical of an inter-area mode. 
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Figure 21: Low frequency inter-area mode observed in 2 different areas 
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 It is possible to use the SIME equivalent method to study this inter-area 
mode by defining the machine 2F_188 in area 2 as a critical and the 2 others 
(1F_188 and 3F_188) located in area 1 and 3 as non-critical. For the same event 
as for figure 20, the rotor angle of the SIME equivalent is plotted in figure 21 
and the inter-area mode is also clearly visible. 

 
Figure 22: Inter-area mode visible with the SIME equivalent 
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It was then possible to test the new method of tuning of regulators’ 
parameters. The regulators tuned are implemented on the 3 machines chosen 
before.  It worked very well for a desired damping ratio of 10%. The tuning on 
the linear model with the software SMAS3 gave good results with an 
electromechanical mode now damped at 8,94%. 

This linear result was confirmed by the direct implementation of the tuned 
parameters in the model and the simulations with the software EUROSTAG. 
The rotor angle response on the following graph in figure 21 shows the visible 
positive effect of regulation tuned with optimization on the damping of the inter-
area mode. 
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Figure 23: Comparison of the rotor angle response before and after 
Optimization method of regulators parameters 

 This positive effect on the damping ratio of the inter-area mode due to the 
implementation of the regulators tuned with the optimization method is also 
highly visible on the SIME equivalent as it is shown in figure 23. 
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Figure 24: Rotor angle response of the SIME equivalent before and after the 

implementation of the optimization method 
The optimization method of regulators’ parameters has thus been tested with 
success on a large and complex benchmark. 

The results of this study are included in [4] which is now in preparation.�
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The European electricity context is to highly strengthen the electric power 
interconnections between the countries part of the Continental Synchronous 
Area. These future cross-border links will mostly be HVDC components and 
require extensive study on their implementation in the existing network; the 
behaviour of the modified system must respect the stability criteria. To perform 
those stability studies, the TSOs need to model precisely the European electric 
power system and also better understand new phenomena specific to very large 
power systems. Indeed, the synchronous European synchronous network is 
being expanded with the recent synchronous interconnection of Turkey and 
other countries will join this grid in the future. The influence of this enlargement 
on phenomena caused by inter-area modes on tuning method of regulators’ 
parameters is a significant issue for TSOs. 

In this context, I firstly developed a new situation of the DRM model 
corresponding to a summer low load situation. After a period of transient 
stability test, this new model is being used for transient and small-signal stability 
studies, especially concerning the future HVDC line between France and Spain 
and the specifications of its conversion stations. Then, I participated to the 
update of the DRM model so as to perform the same kind of studies concerning 
the other future cross-border HVDC link between France and Italy. This 
modelling part of the Master Thesis gave me a very good understanding of the 
modelling of a very large power system. The great size of the data file I worked 
on (around 8000 nodes and 1200 machines for the DRM model) was also 
challenging. 

The second part of the work was still related to large power system by 
studying the consequences on regulation of inter-area modes that appears in this 
kind of power system. These electromechanical oscillations were reproduced on 
a SMIB system to analyse their effects. Then, a new method of tuning of 
regulators’ parameters, based on a constrained optimization on the linear model 
computed and analysed thanks to the SMAS3 software, was developed and 
tested with success on this simple case study modelled in the EUROSTAG 
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software. The result was far better than the standard tuning procedure of PSS 
based on Residue Technique. 

To validate the developed method, I created a very large power system (over 
1200 machines) from a standard UCTE model. The searched inter-area mode 
was again observed and the optimization method on the linear model gave me 
parameters for regulators. The implementation in the EUROSTAG simulation 
was also satisfactory. 

The results of this study are included in [4] which is now in preparation and 
will be submitted to the scientific review Int. J. of Electric Power and Energy 
Systems. 

The further studies on the European electric power systems created during 
this Master Thesis are an extensive study of transient stability in the area of the 
Franc – Italy border. The responses of the network to different disturbances 
occurring in various situations such as winter peak load or the new summer low 
load situation. 
� �
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