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Abstract 

 
Modern society is largely dependent on electricity supply and Transmission System Operators (TSOs)  

have to ensure the reliability of supply in situations that are increasingly difficult to manage due to 

higher consumption levels and variability of new intermittent energy sources. In order to ensure the 

system’s safety, voltage stability is a matter of prime importance and is dealt with for different time 

frames. 

Ahead, new reactive power compensation means are installed to prevent voltage collapse. Then, if a 

voltage collapse gets under way, ultimate mitigation measures have to be taken: Load Tap Changers 

have to be blocked because of their negative action in critical situations. 

The first objective of this Master’s Thesis consists on the development of a method to optimize the 

LTC blocking parameters through dynamic simulation. Then, this method has been applied in four 

regions of the French grid and the results have been implemented in the end of the year 2012. 

The second objective of this Master’s Thesis consists of the development of a method to assess the 

economic gain thanks to the investment in reactive power compensation means for the French TSO. 
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Expressions and Abbreviations 
 
EHV (Extra High Voltage): 400kV and 225kV grid in France 
HV (High Voltage): 63kV and 90kV grid in France 
MV (Medium Voltage): 20kV grid in France 
TSO (Transmission System operator)  
 
French abbreviations 
 
RTE (Réseau de Transport d’Electricité) : French TSO 
EDF (Electricité de France) : French main electricity producer 
ERDF (Electricité Réseau de Distribution de France) : French main distribution operator 
CNES (Centre National d’Exploitation du Système) : National power control center 
URSE (Unité Régionale du Système Electrique) : Regional power control center 
DGP (Département Gestion Prévisionnelle) : Operational planning department 
SFDR (Service Fonctionnement Dynamique du Réseau) : Dynamic studies division 
SRC (Système Régional de Conduite) : Control computing system in each regional dispatching 
center 
SAS (Système d’Alerte et de Sauvegarde) : Data processing system which is used in 
emergency situations 
ZAB (Zone Automatique de Blocage) : Blocking area 
RST (Régulateur Secondaire de Tension) : Secondary voltage control 
RSCT (Régulateur Secondaire Coordonné de Tension) : RST improvement used in one region 
 
 
 
 

Nomenclature 
 

Phasors values have lines over the variables, e.g.  ̅, and their magnitude don’t, e.g.  . 
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1 Introduction 
 

1.1 Presentation of RTE (Réseau de Transport d’Electricité) 
 

The project has been initiated by RTE, the French TSO (Transmission System Operator).  
RTE was created on July the 1st in 2000 as an internal division of EDF (Electricité de France) 
which was an electricity utility in a monopoly situation [1].  
On September the 1st in 2005, it became a state-owned limited company and subsidiary of 
EDF to conform European directives. 
RTE’s missions are defined through a public service contract between the State and the 
company and controlled by the French Energy Regulatory Commission (CRE – Commision de 
Régulation de l’Energie).  
 
The company’s three main missions are: 

- Asset management (operation and maintenance of the French transmission grid) 
- Electricity flows management (operation of the power system) 
- Third party grid access management (contracts with users, grid access) 

RTE has to fulfil its missions paying attention to system security, security for people and 
goods, guarantee a non-discriminatory access to the grid for all users and it has to minimize 
the costs. 

 
Figure 1 : French transmission grid 
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The French transmission grid includes 100,000 km of lines from 63kV to 400kV, 3,000 
substations and 46 interconnection links (see Figure 1). 
Its main customers are generators, distributors, industrial sites, trading companies and 
suppliers. 
 
The power system operation is divided between a centralized operational centre which is 
the national power control centre (CNES - Centre National d’Exploitation du Système) and 
seven regional power control centres (URSE - Unité Régionale du Système Electrique) in 
charge of their geographical area (see Figure 2). 
 
 

 

Figure 2 : The seven « electric » regions 

The project takes place in the CNES which is responsible for: 
- Generation-load balance 
- Control of the voltage and power flows on the 400kV grid 
- Management of electricity exchanges at borders 
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A secure operation is managed through security rules from planning stage (year ahead) to 
real time.  
 
The study has been carried out in the dynamic group (SFDR – Service Fonctionnement 
Dynamique du Réseau) of the operational planning department (DGP - Département Gestion 
Prévisonelle).  
 
In this service, 8 engineers are studying: 

-  “short-term dynamics” phenomena such as loss of synchronism. Regarding transient 
stability, studies result in calculations of critical clearing times and determination of 
reactive power margins which have to be fulfilled for generating units in order to 
permanently sustain the N-k criterion (N-1 in most situations but N-2 line 
contingencies can be tested in given conditions). The dynamic long term and 
operational studies which are performed in this department aim at ensuring the 
security of supply with regards to these risks.  

- “long-term dynamics” phenomena such as voltage collapse. Load margins are 
computed depending on the generation planning to assess measures preventing 
voltage collapse if margins are not sufficient. 
 

In this Master’s Thesis, voltage stability is studied.  
 

1.2 Context 
 

Modern society is very dependent on electricity supply and the consequences of an 
extended blackout, even for a short period of time, would be socially and economically very 
important. For instance, the direct and indirect economical costs of the August 2003 
Blackout in North America is estimated to be higher than $5 billion [3]. Blackouts have their 
origins in system instabilities. 
Power system stability is crucial and it has been defined by IEEE/CIGRE Joint Task Force in 
the following way: 
 
“Power system stability is the ability of an electric power system, for a given initial operating 
condition, to regain a state of operating equilibrium after being subjected to a physical 
disturbance, with most system variables bounded so that practically the entire system 
remains intact” [2].  
 
Figure 3 shows the classification of Power System Stability according to the IEEE/CIGRE Task 
Force with consideration to physical nature, size of disturbance and time frame. We have 
studied long-term voltage stability. Its time frame goes from tens of seconds to minutes. It 
refers to the ability of the system to maintain steady voltages at all buses after being 
subjected to a disturbance from a given initial operating condition. Instability that may result 
occurs in the form of a progressive fall or rise of voltages of some buses [5]. 
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Figure 3 : Classification of Power System Stability [2] 

 
The use of new technologies has improved power system safety but the management and 
the operation of power systems have become more difficult than earlier due to the following 
reasons: 

- Increasing consumption  
- Increasing competition  
- Market deregulation  

These conditions have led to a power system operation that is close to voltage stability 
limits. In these cases, a transmission line or a generating unit outage can have disastrous 
consequences since these are the conditions which can the most likely lead to voltage 
collapse. 
 
French electric consumption 
 
Each day, the French electric consumption follows a cycle. Such a cycle is represented in 
Figure 4 for a weekday in winter. We can notice higher consumption levels during the 
morning when the economic activity becomes more and more important. This is followed by 
a decrease in the afternoon and a peak in the evening around 19:00 when transports, TVs, 
public and domestic lights and electrical heating are largely used [6]. 
 
Electrical heating plays a crucial role in the French electric consumption. Indeed, France is 
the most thermo sensitive country in Europe In winter, the French electric consumption can 
increase by 2.5GW when the temperature decreases by 1°C whereas this gradient is equal to 
5GW/°C in Europe i.e, if the temperature decreases by 1°C in all Europe, half of the European 
electric consumption increase would come from France [6].  
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Figure 4 : Example of French winter load curve 

 
Therefore, the system operation becomes critical when winter days temperatures are below 
the normal temperatures. 
 
All the yearly peak consumptions are reached during winter day around 19:00. Figure 5 
shows the yearly peak consumption increase between 2001 and 2010. 
 

 
Figure 5 : Maximal French consumption in MW 

 
The French consumption has reached its highest level on the 8th of February 2012 with more 
than 102GW (including 40GW for electrical heating). This corresponds to an increase by 
almost 30% in 10 years. 
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Competition and market deregulation 
 
Due to power system competition, transmission system operators want to operate their 
system more efficiently, that is to say more often and longer time periods close to voltage 
stability limits. 
Market conditions can also create congestions within the national system which have to be 
relieved by the TSO through starting of plants that are not on start-up plans. Therefore, the 
system will also be operated at its limits. 
 
Finally the development of renewable energies is foreseen in the future in RTE’s scenarios 
[4]. However, a higher share in renewable energies suggests that intermittent power will 
have to be transported from production areas that will likely be further from major loads 
which could deteriorate voltage stability. 
 

1.3 Aim of the project 
 
 

RTE has to guarantee the power system operating reliability. In order to counter voltage 
collapse, measures go from the prevention and preparation to the ultimate mitigation 
measures. 
 
The first objective in this project deals with the ultimate mitigation measures. LTC (Load tap 
changer) are largely involved in the process of voltage collapse. Their action is automatically 
stopped if there is a risk of voltage collapse.  
Each Regional Control Centre is in charge of its LTC blocking automaton. The purpose of this 
part is to find a method which can optimize the use of the blocking automaton and apply it 
to 4 out of the 7 regions. Indeed one of the regions carries out its own studies and the risk of 
a voltage collapse is very weak in the two last regions. 
This study appeared to be necessary with all the changes that occurred on the grid. Indeed, 
as discussed before, the system is operated at its limits which lead to lower voltages in 
“normal” operation conditions. This need was highlighted in the winter 2011/12 when some 
automaton were about to block the LTC without voltage collapse risks. 
Moreover, since efficiency is becoming more and more important, the blocking of LTC can 
also be used in order to increase the operation margins. Therefore, there is a need for an 
optimization in the use of the LTC blocking automaton. 
 

The second objective of this Master’s Thesis is about prevention and preparation. One of the 
tools that are used by RTE for the prevention of voltage collapse is to properly size the 
means of reactive power compensation. A study led to the decision to install a large amount 
of capacitors to this aim. The objective of this first part is to find a method assessing the 
economic potential in reactive power compensation future installations. 
This report starts with an overview of the context and the objectives of this project. 
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Then, in the second chapter, a theoretical background will be given as well as a description 
of the softwares that are used to do this study. 
The third chapter focuses on the optimization of the LTC blocking automaton use. First, the 
methodology that has been used is described and then the results of simulation are drawn 
as well as the conclusions that have been drawn. 
Chapter four focuses only on the methodology used in order to valorise the capacitors 
investments. The results in this part are confidential. 
Finally, the closure gives a summary of the completed work and its consequences for the 
company which opens new perspective for future studies. 
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2 Theoretical Background 

2.1 Example of voltage collapse 
 

A voltage collapse happened in France on the 12th of January 1987. 
In the space of a single hour, three generation units (among the four in Cordemais which 
mainly maintain the voltage in Brittany) broke down. Then, inappropriate setting of 
protection devices (maximum rotor current protection) caused the last generation unit to 
break down. 
The voltage stabilized at a low level and started to collapse because of the LTC which were 
trying to restore the load. 
 
Figure 6 shows the iso-voltage curves on the 400kV grid at the moment when voltages were 
at their lowest values (around 10 minutes). 
 

 
Figure 6 : Iso-voltage curves during the incident on the 400kV grid 

 
After this incident, the need of the automation of load tap changers blocking and the 
reduction of load shedding time have been clearly highlighted. 
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2.2 Introduction to voltage stability 
 

2.2.1 Generalities  
 

Let’s consider the simple system that is described in Figure 7 consisting on a purely resistive 
load R connected to an infinite bus V1 (V1 is constant) through a no losses transmission 
system whose equivalent reactance is X.  

 
Figure 7 : Transmission grid model 

The phasor diagram of this model is shown in Figure 8. 
 

 
Figure 8 : Phasor diagram 

The active power that is delivered by the infinite bus is equal to the active load (no 
transmission losses): 

                  

Since,      
  

  
, we can derive: 

 
  

  
 

  
       

 
This formula allows us to find the maximum active power that can be delivered through the 
transmission system which is: 
 

     
  

 

  
 (1) 
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To figure out the main mechanism of voltage collapse, the VP curve (or nose curve) is used. 
This curve displays the variation of the voltage at the load V2 versus the active load P2. 
The active load can be expressed as the power which can be delivered through the 
transmission system (system characteristic): 
 

       
  

 
√  

    
  (2) 

It can also be expressed as the power consumed by the resistive load (load characteristic): 
 

   
  

 

 
 (3) 

These curves are drawn in Figure 9. 

 
Figure 9 : PV curve 

 
The intersection between the two curves is the system operating point (P2init, V2init). A 
maximum transmissible power is clearly observed.  
When the load increases (I increases, R decreases), the consumed active power increases 
and the voltage drops until it reaches the critical point. Then, for any increase of the load, 
there is a decrease of the actual consumed active power: the system reaches an unstable 
operating point and a voltage collapse occurs. 
 

2.2.2 Sensitivity to different parameters 

 

Line impedance X and infinite bus voltage V1 
 
From the formula (1), the maximum transmissible power decrease when V1 decreases or X 
increases. 
More generally, Figure 10 (i) and (ii) show the variation of the VP curve when V1 and X 
change. 
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Then, we can clearly see the interest for the power flow of operating with a high voltage 
map and with the maximum number of lines available. 
 

 
Figure 10 : PV curve sensitivity to (i) line impedance, (ii) infinite bus voltage, (iii) load 

reactive power consumption 

Reactive power consumption of the load 
 
In our example, we assumed that the load was purely active (tan  = 0).  However, the VP 
curve is highly influenced by the value of tan , as it can be seen in Figure 10 (iii). The 
equation of the system characteristics with an active and reactive load is given in [5]. 
 
With an inductive load (tan  > 0), the voltage drops faster when the consumed power 
increases. The maximum transmissible power is also smaller.   
 
Reactive power is compensated on distribution networks with capacitors which are 
efficiently controlled by varmeter relays. Indeed, the closer to the load the better the 
compensation is. However, distribution networks tend to be naturally more and more 
capacitive in the future due to underground lines. 
Compensation means can also be installed on the transmission network. Indeed, the 
transmission networks can either consume or produce reactive power depending on 
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whether they are loaded to a little or a large extent and the use of reactive power 
compensation means can increase the maximum transmissible power. 
 
Generating units which are limited in their reactive power production 
  
Now, let’s assume that the voltage is constant at the infinite bus as long as Q1<Q1max and 
then, the maximum reactive power is produced: Q1=Q1max and V1 is not constant anymore. 
This case represents the reactive power limitation in generating units (rotor current 
limitation in Figure 11). 

 
Figure 11 : Generator operation limitations 

 
The reactive power production in the model is the reactive power which is consumed by the 
transmission line: 
 

   
  

    
 

  
 (4) 

When a generating unit hits its limit in reactive power production, V1 is not constant 
anymore but Q1 is equal to Q1max. 
From equation (2) and equation (4), we can derive the power that can be transmitted: 
 
 

     √
  

     
 (5) 

Figure 12 shows the PV curve in this case. We can notice that the maximum transmissible 
active power is decreased because of the reactive power production limitations. Therefore, 
prevention and preparation are very important in order to: 
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- Have reactive power sources to meet requirements with all necessary performance 
and placed near load sites 

- Be able to effectively call up reactive power reserves thanks to reliable and 
operational control systems [7]. 

 

 
Figure 12 : PV curve with reactive limitation 

 

2.2.3 Stability and VQ curves 

 

Reactive power is fundamental for voltage stability. The main criterion for voltage stability 

states that for every bus i: 
   

   
   [5]. 

 
This criterion can be checked through the VQ curve examination. This curve shows the 
amount of reactive power Q that must be injected at the load bus in order to maintain a load 
bus voltage V. Thus, the operating points are given by the intersection of the VQ curves and 
the x-axis (no reactive power injected). 
In Figure 13, VQ curves are plotted with different values for the active power that is 
consumed by the load. We can notice that P is the maximal transmissible power since there 
is only one operating point. Then, if the load consumes P+ΔP, there is no operating point and 
reactive power must be injected to the load bus. Finally, if the load consumes P-ΔP, there are 
two operating points: a stable one and an unstable one given the criterion which has been 
stated before. 
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Figure 13 : VQ curves 

2.2.4 Load Tap Changer and Voltage collapse dynamic 

 
 

LTC (Load Tap Changers) are transformers with variable turns-ratio. They automatically 
change the ratios in order to keep the voltage on the low-voltage side at a given level no 
matter how the voltage at the high-voltage side fluctuates. This action is done by changing 
so-called taps. An LTC has a minimum and a maximum tap position. 
The model with LTC is illustrated in Figure 14. 
 

 
Figure 14 : Transmission system model with LTC 



Voltage Stability : update of LTC blocking parameters and valorisation of capacitors investments 

 
 

 

Page 22 

 
 

The secondary side voltage value is: 
-       if the LTC does not hit its limits 
-            if the tap is at its minimum value 
-            if the tap is at its maximum value 

 
The LTC keeps the voltage V3 constant equal to VL as long as it does not hit its limit. 
Therefore, we can say that LTC is a load restoration device since it keeps the load to the 
initial value:  

   
  

 

 
 

 
Then, we can derive the following equation: 

        √    

 
 
Figure 15 shows the action of LTC after the disconnection of a line in the transmission 
system (the line impedance was X/2 and becomes X). 
The system is in its pre-disturbance equilibrium point (1). After the disconnection of the line, 
the voltages V2 and V3 (and therefore P2) decrease and the system reaches point (2). Then, 
the LTC restore the load by changing its turns-ratio from m1 to m2: V2 decreases while V3 
restores VL. The system has reached its post-disturbance equilibrium point (3). 
 
 

 
Figure 15 : LTC action (stable case) 
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Now let’s assume that PL is higher than Pmax in the post-disturbance system. This case is 
illustrated by Figure 16. 
 

In this case, LTC will cause a voltage collapse by trying to restore the load. After the 
disturbance, the system will start from (2) and then, LTC will start to decrease its turns-ratio 
until it hits its limit. The post disturbance equilibrium point (3) is unstable and has a very low 
voltage. 

 
Figure 17 shows the voltage variation at the primary side (upper graph) and the secondary 
side (lower graph) for both cases. 
In the stable case, we can notice that the voltage at the secondary side has recovered its 
initial value while the primary side voltage decreases. 
However, in the unstable case, the secondary side voltage cannot reach its initial value and it 
will start decrease when the critical point is reached. The primary side voltage also keeps 
decreasing, which leads to very low voltages and an unstable equilibrium point. A voltage 
collapse will happen because of protection devices and load restoration devices. 

 

 
Figure 16 : LTC action (unstable case) 
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Figure 17 : Primary side voltage (upper graph) and secondary side voltage (lower graph) in 

stable case (left) and in unstable case (right) 

 

2.3 Voltage control in France 
 

The voltage has to be kept within given limits. For example, on regular operation conditions, 
the 400kV grid voltage has to be higher than 380kV and lower than 420kV (8). Indeed, an 
over voltage could cause some constraints on material and an under voltage could cause 
some constraints on supply quality and voltage collapse risks. 
 
Voltage changes due to load fluctuations, network changes and generation sets. That’s why 
voltage control is necessary. From the customer’s point of view, it is important to have the 
supply voltage maintained within contractual ranges. There is also a need for the voltage to 
comply with the operating constraints of the equipment. Voltage control also allows to 
minimize losses and to use the capacity of transmission facilities in the most efficient way. 
Finally, voltage control is also significant in order to ensure reliability and prevent voltage 
collapse, which is the main purpose of this Master’s Thesis. 
 
Voltage and reactive power are tightly linked. Indeed, voltage drops in the transmission 
system are mainly created by the circulation of reactive power since EHV lines have large 
inductance compared to their resistance. The EHV transmission system voltage control will 
be mostly done by varying the reactive power injection. Generators can easily supply or 
absorb reactive power within given limits. They are the main actors in voltage control. 
However, their action can be insufficient due to their location and reactive power 
compensation means must be used (reactors, capacitors, SVC…). 
 

The EHV voltage control is achieved thanks to three control levels in France with different 
time constants. This allows using reactive power reserves in increasingly extended areas. 
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Figure 18 : Voltage control in France [7] 

 
Primary and secondary voltage control (automatic) 
 
Generators equipped with primary voltage controller maintain the voltage constant at their 
connection bus by supplying or absorbing reactive power within their ranges. Since the 
primary control action is almost instantaneous, generator buses can be considered as PV 
buses (where voltage and active power are known). 
 
However, the primary control action is local and the new working point of each generator 
can possibly not be the most efficient globally (generators producing reactive power 
consumed by others…). The secondary control setting mode (RST – Régulateur Secondaire de 
Tension) used in most regions of France is described in Figure 19. 
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Figure 19 : Primary and secondary voltage control [7] 

 
Generators are organized in areas and the secondary control action consists in maintaining 
the voltage constant at a given bus in the area (the pilot point). In order to do that, a 
controller computes the reactive power contribution of each generator in the area and 
changes the set point of the primary voltage controller accordingly. Its action is done in a 
time range around 5 minutes. 
 
However, the secondary voltage control is a non-minimum phase system because of its 
longer time constant. For example, if the voltage is lower than the set point, it will start to 
decrease before getting to the given value because of the time constant of the system. 
Another system is used in the West region of France (RSCT – Régulateur Secondaire 
Coordonné de Tension) with no reactive loop. It directly and quickly controls the voltage in 
the region with an optimizing function. This system is not yet used in the other regions 
because it is very expensive to implement. 
 
Tertiary voltage control (manual) 
 
The tertiary voltage control is manual and controlled by the dispatching centre operators to 
restore reactive power margins. 
 

HV and MV Voltage control 
 
The HV and MV network voltages are mostly controlled by the LTC which keep the HV or MV 
voltage (on the low-voltage side) at a given level no matter how the voltage at the high-
voltage side fluctuates. This action is done by changing so-called taps. 
More precisely, there is an insensitive margin around the set point which prevents useless 
tap changes. Then, when the voltage at the secondary side becomes different from the set 
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voltage, the tap changes are operating after a short delay in order to let the primary voltage 
control act before.  
 

Type Turns-ratio range Taps number 
Delay for the first tap 

change 
Delay for next tap 

changes 

EHV/HV 
(400/HV) 

±15% 25 30s 10s 

EHV/HV 
(225/HV) 

±12% 25 30s 10s 

HV/MV ±14% 17 60s 10s 

Table 1 : LTC characterisitcs 

We can notice that the tap change first for EHV/HV transformers (after a 30s delay) and then 
for HV/MV transformers (after a 60s delay). These different delays prevent the risk of 
oscillation from several transformers. 
 
Figure 20 shows the action of an EHV/HV LTC with the insensitivity margin.  
 

 

Figure 20 : LTC action 

However, there is still a risk of voltage collapse. Indeed, the reactive power importations 
from neighbouring areas cause voltage drops on the EHV network. Then, it has been seen 
that LTC can make up for these voltage drops on MV side. However, this will increase the 
current and lower the voltage of the area due to the tap change operation. 
Then, if the reactive power demand of the area is higher than the capacity of the 
neighbouring zones, this power will come from further areas, which will extend the 
phenomenon. The voltages in large areas can collapse if the critical voltages are reached and 
if no measures are taken. 
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2.4 Monitoring and actions against voltage collapse 
 

In order to ensure the system safety, RTE, as well as any other TSO, has to respect the N-1 
criterion which states that the power system must be operated at all times such that after an 
unplanned loss of an important generator or transmission facility it will remain in a secure 
state [6]. Furthermore, when such a loss occurs the system must be returned to a new N-1 
secure state within a specified time to withstand a possible new loss. 
This criterion is applied through monitoring and contingency simulation analysis. In most 
regions, dynamic simulations are run from different time-scales (from weeks ahead to real 
time) in order to find out how much additional consumption can be accepted so that the 
power system stays N-1 secure. In order to do that, a list of contingency (generating unit, 
line and busbar) that are supposed to be critical is simulated. There will be further 
explanations with the description of the margin computation by the software ASTRE which is 
a dynamic simulator. 
 
When the system is not N-1 secure, the system operators have different tools they can use: 

- Changing set point voltage of pilots points for the secondary voltage control  
- Changing network operating scheme 
- Connecting or disconnecting compensation equipment 
- Re-dispatching (starting up generation units) 

 
Re-dispatching has a cost for RTE and the network reinforcements could lower these costs. 
These costs reduction can be used in order to valorise capacitors investments. 

2.5 Ultimate mitigation measures 
 

When all normal measures have been taken and if the system is still about to get N-1 
insecure (meaning that voltage collapse could occur due to a single outage), ultimate 
mitigation measures must be taken to control the voltage evolution. These measures mostly 
consist on actions on the load: 

- Lowering the MV voltage level by 5% 
- Blocking manually the LTC action of EHV/HV and HV/MV transformers 
- Load shedding as a last resort 

 

2.6 Automatic LTC blocking  
 

Since the 1987 incident, automatic devices have been used in order to block the load tap 
changers on the current tap when there is a risk of voltage collapse. The blocking is made 
together on EHV/HV and HV/MV LTC in an area when the voltage minimum threshold on a 
representative node of the area is overstepped. Two representative nodes per area (called 
pilot points) are supervised in real time. 
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There are some technical constraints due to the fact that EHV/HV LTC are owned by RTE 
whereas HV/MV LTC are owned by the MV grid operator (ERDF - Electricité Réseau de 
Distribution de France). In these conditions and with the aim of updating the blocking areas, 
it is very important to understand how the blocking orders are sent. 
 

2.6.1 Blocking orders 

 
The automaton is incorporated in the main control computing system (SRC - Système 
Régional de Conduite) of each regional dispatching centre. When the voltage oversteps the 
minimum threshold on one of the two monitored nodes during 30s (in order to let the 
primary voltage control act), the automaton send the blocking order. 
This order includes two different pieces of information: the EHV/HV blocking order and the 
HV/MV blocking order. These orders take different paths (Figure 21). 
 
For EHV/HV LTC blocking, the SRC creates and send one order for LTC in each substation 
through its communication system ARTERE and through the Transmission Area Control 
Centres. An experiment has been carried out on a very large area in order to assess the time 
between the creation of the order by the SRC and the blocking of the last EHV/MV LTC. The 
result gave 16s. 
 

 
Figure 21 : LTC blocking order principle 
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For HV/MV LTC blocking, the transformers are organized in small areas that have to be 
coherent for RTE and ERDF. One order is sent through the external communication system 
from RTE to ERDF with all the areas where HV/MV LTC have to be blocked. The SAS system is 
used in this case (Système d’Alertes et Sauvegardes). This is a specific data processing system 
which is used in emergency situations. The time between the creation of the order and the 
blocking of the last HV/MV LTC is assessed to be lower than 10s. 
 

2.6.2 Blocking area (ZAB) 

 
The blocking areas (ZAB – Zones Automatiques de Blocage) include sets of LTC that are 
blocked all at once by the automaton if the voltage oversteps a voltage minimum threshold 
on one of the two supervised nodes of the blocking area. 
Bus voltages in a same area should have coherent pattern. Indeed the LTC blocking action 
should only be done where it is needed. 
 
Then, the blocking areas can be defined with the following information: 

- for the area itself, a list of substations (for EHV/HV LTC blocking) and a list of SAS 
areas (for HV/MV LTC blocking) 

- a set of nodes that are representative for the area (two of them are chosen to be 
supervised in real time) 

- a minimum voltage threshold for each node 
 

3 Software presentation 
 

The main software that has been used in this Master’s Thesis is Convergence which allows 
running static simulations through HADES and dynamic simulations through ASTRE. 
Then, the results of Antares (a software which simulates the European electricity market) 
have also been used. 
 
 

3.1 HADES presentation 

 
HADES is the common static tool that is used by Convergence. Load flows calculations are 
run through HADES.  
 
The operator can easily change network configurations, generating unit productions or 
consumption levels and run power flow calculations in order to check overloaded lines or 
low voltages. That’s why HADES is widely used in RTE for real time studies or prospective 
studies. 
More precisely, the inputs and outputs of this tool are listed below. 
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Its inputs are: 

- Voltage and active power injection for PV buses 
- Active and reactive power injections for PQ buses 
- Nodes operating scheme 
- Structures and components characteristics 
- Production units diagrams 
- Laws and initial taps for LTCs 
- Automatons orders 

 
Then the outputs are: 

- Voltages, angles, active and reactive powers for each node 
- Active and Reactive power flows 
- Power flows constraints 
- Voltage constraints 
- Generating units constraints 
- Active production adjustments 
- Automatons operation 
- Information on the treatment made by HADES software 

 

3.2 ASTRE presentation 

 
ASTRE is the dynamic tool that is used by Convergence. This software is a voltage stability 
analysis tool based on a fast time-domain simulation engine. 
ASTRE is widely used in RTE in operational contexts as well as in provisional studies thanks to 
its different modules. The module that has been mostly used in this Master’s Thesis is the 
margin computation which is presented in §3.2.3. 
It is also possible to run contingencies simulations and plot figures or see results in a table 
format. 
 

3.2.1 General presentation 

 
ASTRE has a modular architecture and uses a Quasi Steady State (QSS) simulation engine. 
This means that the focus is on long-term dynamics phenomena which are precisely those 
we are interested in in this Master’s Thesis. Short-term dynamics phenomena (generators 
regulations, SVCs, HVDC components…) are assumed to be infinitely fast and differential 
equations which describe their behaviour are replaced by their equilibrium equations. 
Hence, by using ASTRE, we assume that the system is transiently stable. 
 
 
The time step used in ASTRE is equal to ten seconds and the system evolution is described by 
the following equations: 
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Where x, y, zd and zc are vectors. 
  is the synchronous generators variables vector (rotor angles, emf proportional to the field 
current and emf behind saturated synchronous reactance). 
  is the vector with voltage magnitudes and phase angles at each bus. 
   is the vector with discrete controllers variables such as LTC and switched shunt 
compensation variables for example. 
   is the vector with continuous controller variables (PID…) 
 
The first equation represents active and reactive power mismatches at the network buses 
derived from Kirchoff’s current law. 
The second equation is derived from the short-term dynamics differential equation by 
replacing them by the equilibrium equations (QSS approximation). 
The last equations describe long-term dynamics differential equation. 
 
 

3.2.2 Load and LTC model in ASTRE 

 
Load modelling is crucial in power system simulations. The model that has been used for the 
loads is the exponential model which is given by the following equation: 

       
  

   
   

       
  

   
   

 
In ASTRE,     and     are set. 
 
LTC variables are discrete controller variables. Since the time step is equal to ten seconds in 
ASTRE, time delays are chosen in the following way: 

- The first tap is changed after 30s (respectively 60s) for EHV/HV LTC (respectively for 
HV/MV LTC) 

- The following taps are changed after 10s 
- The EHV/HV LTC are blocked 50s after the instant when the voltage oversteps the 

threshold on a pilot point  
- The HV/MV LTC are blocked 40s after the instant when the voltage oversteps the 

threshold on a pilot point. 
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3.2.3 Margin computation 

 

RTE has to guarantee that the system is N-1 secure at all time. Margin computation can give 
this information regarding long-term stability. 
 
More precisely, the margin computation indicates how much additional load consumption 
the system can sustain prior to any contingency so that it will remain stable after any 
contingency. 
Operators use margin computation in real-time in order to compute load consumption 
limits. Then, these limits are used as thresholds for starting plants that are not on the start-
up plan for voltage stability reasons or for sending ultimate mitigation measures. 
 
Inputs and Outputs 
 
The inputs of margin computation are: 

- power system state (that can be a snapshot of a real situation) 
- list of contingencies (line, bus, generating unit…) 
- active power consumption increase with its parameters (relation between active and 

reactive power increase for example) 
- stopping criteria  

 
The stopping criteria that are usually used are the following: 

- a voltage value becomes lower than 0.8 Un on a 400kV or a 225kV bus during the 
dynamic simulation 

- there is more than 300MW of load with voltages lower than 0.85 Un at the end of the 
dynamic simulation 

If any of these criteria is reached, the system is considered as unacceptable. 
For this study, a situation is also considered as unacceptable if LTC are blocked prior to the 
fault (if the voltage has decreased because of the consumption increase and overstepped 
the threshold on a pilot point). 
 
The main output is the maximum acceptable load consumption increase before a 
contingency causes the system to reach a stopping criteria or before the divergence of the 
model (in these condition, a voltage collapse is assumed). 
 
Figure 22 shows the outputs of the margin computation. In this example, the list of 
contingencies includes two generating unit contingencies. The first one makes the system 
reach a stopping criterion after 66% of the maximal load consumption increase. The second 
one does not lead to an unacceptable system, even with the maximal load consumption 
increase that has been tested. 
Events such as protections that triggered during and after the load consumption increase are 
also displayed. 
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Figure 22: Margin computation outputs 

 
Margin Computation principles 
 
The margin computation uses the dichotomy principle which is described in Figure 23, where 
the voltage evolution at one bus after a contingency with different consumption levels is 
plotted. 

(1) First, the situation is stressed with a consumption increase which matches to the 
chosen maximum consumption increase. The consumption is too high and there is a 
voltage collapse after the contingency. 

(2) Then, the situation is stressed with 50% of the chosen maximum consumption 
increase. A stopping criteria is reached after the fault (voltage under the limit) 

(3) With a 25% stress, the situation is acceptable after the contingency. 
(4) Finally, with a 37% stress, the voltage drops and reaches a stopping criterion which is 

unacceptable. 
 
Assuming that the consumption difference between (3) and (4) is lower than the tolerance 
for the result, the margin computation ends and the results give the maximum consumption 
increase for the system to be N-1 secure (which is 25% in this case). 
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Figure 23 : Margin computation 

Margin computation parameters 
 
It can be important to set margin computation parameters. The following ones can be set: 

- The time length in seconds 
o Time length from the beginning of the simulation to the start of the load 

stress 
o Time length of the full load stress (which determines the speed of the 

consumption increase) 
o Time length between the end of the stress and the fault 
o Time length after the fault 

- The result precision  
- The consumption increase parameters: 

o Areas where the consumption is increased and areas where it is decreased in 
order to compensate  

o Relation between the increase of active and reactive power (Q constant, tanφ 

constant or 
  

  
 constant). 
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Important remark: in this Master’s Thesis, some contingencies are considered as the worst 
ones in terms of voltage stability. This means that they are often associated with the lowest 
margin when running margin computations. In short, margin computation allows ranking 
contingencies in terms of criticity but this ranking is highly dependent on the system state. 
 

3.2.4 Snapshots 

 

In this Master’s Thesis, the situations that are used to run simulations are system states 
based on snapshots. 
Snapshots are filed that are based on real system states. The active and reactive power flows 
as well as voltage values at each bus are measured by sensors installed on the network. 
Then, Convergence software corrects automatically these snapshots from measurements 
errors by running power flow calculations. 
 
 

3.3 Antares software 

 
Antares is an economic simulator which simulates the European electricity market assuming 
that this market is ideal with perfect competition. In this Master’s Thesis, only the outputs of 
Antares have been used, so that’s what we’ll focus on. However, it is also interesting to 
know its principles. 
 

3.3.1 Antares outputs 

 
Antares creates yearly scenarios with hourly steps. This means that, for one scenario, 
365*24 of the following values are given: 

- French consumption (this value is not  established by Antares but it is given by 
another software determining load forecasts) 

- Production quantities for non-dispatchable power generation: wind, solar and hydro 
(run of the river)  power generation 

- Production quantities for thermal power generation for every kind of fuel (nuclear, 
coal, oil, gas…) 

- Production quantities for hydro power generation 
- Imports/exports for each exchange boundary 

 
The main limit to this model is that no network is modelled within a country. Indeed, every 
country is modelled as a single node with production quantities for each kind of generating 
units. 
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3.3.2 Antares principles 

 
Antares consists of three main modules: 

- A time series analyzer 
- A time series generator 
- A Monte Carlo simulator 

 
The time series analyser creates parameters for time stochastic modelling given ready made 
time series (historical, forecasts…). 
Then, these parameters are used by the time series generator in order to obtain: 

- Thermal simulated time series   
- Hydro energy simulated time series 
- Wind and solar simulated power time series 

 
Then, meteorological and electrical hypothesis are generated (wind power, hydro power and 
maintenance of thermal generating units) and the optimal system behaviour is calculated 
based on the minimization of total production costs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Voltage Stability : update of LTC blocking parameters and valorisation of capacitors investments 

 
 

 

Page 38 

 
 

4 LTC blocking areas parameters update 
 

The blocking areas parameters (see §2.6.2) have to be updated in four regions out of seven. 
 

4.1 Methodology 
 

There are three stages in order to update the blocking areas in the LTC blocking automaton: 
- Designing voltage coherent areas 
- Creating a list of representative nodes 
- Establishing a voltage minimum threshold which will activate the automaton when 

overstepped, for each selected node. 
Then, a final stage is to match these parameters on critical situations, this is the consistency 
study. 
All these stages have been applied for the four regions where there was a need to update 
the blocking automaton parameters. 
 

4.1.1 Voltage coherent areas 

 

In this part, the objective is to find areas where bus voltages have the same pattern during a 
voltage collapse (cf. §2.6.2).  It has been decided that large areas were to privilege. Indeed, it 
has been proved through simulation that the blocking automaton is more efficient when the 
blocking order is sent widely. When a voltage collapse is under way, LTC have to be blocked 
largely in order to prevent the voltage collapse spreading. 
 
Some dimensioning contingencies (generating unit, line or bus outages) are simulated on 
critical conditions that mostly are based on winter peak load situations. In order to figure out 
a voltage collapse with realistic faults, it may be necessary to change the standard situation 
by increasing the consumption or disconnecting some lines or generating units. Moreover, in 
this part, the LTC blocking is set off. 
 
Then, by analysing the curves at each bus during the voltage collapse, those which have the 
same behaviour are aggregated. The areas are determined by examining 400kV curves and 
they are confirmed and refined by the look of 225kV curves. 
Since buses have the same pattern in a dynamic point of view, the slopes of the curves are 
checked. 

4.1.2 Pilot points choice 

 

Two main buses voltage can be supervised at the same time in each area but it is possible to 
have alternative nodes that can be supervised if the main ones are not available. 
 

The buses will be chosen in EHV, that is to say 400kV or 225kV depending on the areas. 
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The choice depends on the area but some rules are applied: 
- Avoid PV buses (buses where generating units are connected) 
- Avoid buses that have changing operating schemes 
- Privilege buses that have IT technology allowing a more accurate voltage measures. 

 

4.1.3 Voltage thresholds choice 

 

When the situation is deteriorated because of high consumption or low production levels, it 
is important to block the action of LTC as soon as possible after a critical contingency in 
order to prevent voltage collapse. 
We can notice it with margin calculation: when the voltage thresholds are lower, the LTCs 
are blocked later and the margins are lower. 
 
In order to highlight this, the voltage evolution of a pilot point bus after a fault has been 
plotted in Figure 24 with two different values for its threshold. 
 
 

 
Figure 24: Pilot point voltage evolution with different thresholds 

 
 
The faults occurs at t=100s. 
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With the blue curve, the threshold is overstepped early and the LTC of the area are blocked 
around 170s which allows the voltage to stabilize. However, with the red curve, the 
threshold is overstepped too late and the voltage collapses because of the action of LTCs. 
 
This remark stands for high voltage thresholds. However, it is important that these 
thresholds are not reached during normal operation conditions: it is not acceptable to 
operate the system with blocked LTC on normal conditions. Thus, there is an optimization 
problem that has to be solved in order to find the appropriate voltage thresholds which 
should be as high as possible to prevent voltage collapse after a contingency but low enough 
so that they should not be reached in normal operation condition. 
 
The starting voltage level for each pilot point threshold will be the historical minimum 
voltage on the bus reached under normal operation conditions: Umin. 
Then, 6kV are removed from these values. This margin is related to measures uncertainties.  
Then, we have to check that LTC are not blocked in normal operation condition and possibly 
lower the voltage threshold.   
 
Margin computation will be used in order to find the optimum. Here are the inputs that will 
be used: 

- Different system states with different consumption and production levels and 
network operating schemes are tested. These system states come from snapshots of 
the power system during the first weeks of February 2012 when the load 
consumption levels were very high. 

- A list of contingencies that are critical (mostly busbar fault). 
- A 2000MW load consumption increase in the studied region (compensated by a 

2000MW consumption decrease in a further region). The reactive power 
consumption increase will be related to the active power consumption increase with 
a constant dQ/dP. This is usually used for intra-day consumption increase. 

- The stopping criteria are those which are used in order to characterize a voltage 
collapse 

 
The threshold optimization is done by maximizing the margin in different system states.  
The margin calculation is stopped when the LTCs are blocked prior to the fault. If the 
thresholds are too high, the margin will be low because of the LTC blocking prior to the fault. 
However, if there is a voltage collapse after a contingency, the lower the thresholds are, the 
lower the margin would be. 
 
Then, it is possible to find the maximum margin and consequently the optimum threshold 
with the following methodology: 

- Margin computation with the thresholds starting values Umin-6kV 
- If the LTC are blocked prior to the fault, the thresholds that are reached are lowered 

and margin computations are done again until LTC are not blocked prior to the fault. 
- The thresholds that are chosen are those which lead to the highest margin. 
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Figure 25 : Choice of voltage thresholds 

 
Depending on the system state, the optimal thresholds can be different and there will be a 
decision given the most important states. 
 
This method for the pilot points’ voltage thresholds determination stands clearly for high 
thresholds in order to promote the system safety: we choose the highest thresholds that do 
not lead to LTC blocking pre-contingency. 
LTC blocking after a contingency is not seen as a constraint.  
 

4.1.4 Parameters consistency 

 
Since all the parameters are chosen for the different regions, the consistency is tested on 
deteriorated situations. 
As we have seen in §2.2.2, the margins are very sensitive to the absence of generating units, 
grid schemes or plants reactive power limits. 
Some system states coming from winter snapshots are changed in order to stress them and 
new parameters have to be checked on these new situations. 
 
Now that the methodology is established, let’s focus on the simulation and results that have 
been used in order to update the blocking automaton in the south west area. 
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4.2 Simulation for the update of the south-west LTC blocking automaton 
 

4.2.1 South West area presentation 

 

Regarding generation facilities, there are: 
- 6 nuclear generating units (4x900MW on site A and 2x1300MW on site B) 
- Lots of small hydro power plants 

The nuclear generating units are available most of the time during the winter and we will 
assume that they are available for the first three steps of the method. Then, some variations 
will be done in order to test the parameters consistency. 
The system states are chosen in order to have different levels of hydro power production in 
the region. 
 
Regarding power flows, the area’s voltage stability margins depend a lot on the exchange 
between France and Spain. The margins are higher when France imports power from Spain 
and they are lower in case of exportations. 
 

4.2.2 South West voltage coherent areas 

 
Three different contingencies are simulated on three different critical system states 
according to the methodology that has been described in §4.1.1. 
The three contingencies are: 

- Contingency 1 : busbar fault (two lines and one generating unit) 
- Contingency 2 : double generating unit fault 
- Contingency 3 : double line fault 

 
The curves with the evolution of the 400kV bus voltages of the south west region are shown 
in this report (the fault occurs at t=10s). 
Four blocking areas have been picked out, each one with different colour tones (green, blue, 
purple and orange). 
 
Figure 27 allows us to discern the violet area which collapse slower than the orange area. 
However, the bus 1 voltage seems to collapse slower than the other blue curves. This bus is 
close to the Spain boundary and its voltage’s behaviour is not known for sure. Indeed, in this 
case, it seems that the voltage is kept at high values by the Spanish generating units but their 
description is not very accurate. Furthermore, this bus voltage behaviour can be brought 
closer to the other green curves if one of the interconnection between France and Spain is 
off. 
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Figure 26 : Voltage evolution with state 1 and contingency 1 

 

Figure 27 : Voltage evolution with state 2 contingency 2 
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Figure 28 : Voltage evolution with state 3 contingency 3 

 
Figure 29 shows the South West blocking areas before and after the study. It can be noticed 
that the blocking areas are now larger than before (11 areas before the study and 4 after). 
Then, in some areas, LTC are blocked by two different blocking areas.  This solution has been 
chosen when buses voltage in these areas could behave differently whereas the areas were 
indivisible (see §2.6). 
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Figure 29 : South West blocking areas 
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4.2.3 South west pilot points choice 

 
For each area, two pilot points are chosen and one emergency pilot point is chosen in order 
to replace one of the two main ones in case of unavailability. 
It has been decided that the pilot points should be chosen among the buses in the 225kV 
level because these buses are less sensitive to international transits than 400kV buses. 
 
RTE does not want these results to be published. 
 
The blocking areas will be referred as A, B, C and D and the chosen pilot points are named in 
Table 2. 
 

Blocking area A Blocking area B Blocking area C Blocking area D 

Pilot point  A1 Pilot point  B1 Pilot point  C1 Pilot point  D1 

Pilot point  A2 Pilot point  B2 Pilot point  C2 Pilot point  D2 

Emergency pilot 
point A3 

Emergency pilot 
point B3 

Emergency pilot 
point C3 

Emergency pilot 
point D3 

Table 2 : South West pilot points 

 

4.2.4 South West voltage thresholds choice 

 

Two states are chosen as representative of the winter peak loads. 
 
The first state is an evening peak load snapshot with few hydro power production levels. 
The second state is a morning peak load snapshot with higher hydro power production 
levels. 
In both states, the whole thermal production is available and the power exchange with Spain 
is set equal to zero. Indeed, exportations are not possible at such consumption levels so the 
worst system state in terms of voltage stability is the case with zero exchange. 
 
The contingency list includes two busbar faults which are known to be the worst for voltage 
stability. 
 
 
Study state 1: 
 
With all thresholds set to Uth=Umin-6kV, the margin for the worst contingency is equal to 
250MW. The margin calculation indicates that the calculation has been stopped because LTC 
are blocked prior to the fault. We can observe that three thresholds (A1, A2 and B1) are 
overstepped during the consumption increase. 
 
These thresholds are lowered and margin calculations are run again. 
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The last margin calculation is run with all thresholds set to Umin-6kV except for A1, A2 and B1 
whose voltage thresholds are set to Umin-10kV. The computation is stopped because of one 
of the stopping criteria which indicate that a voltage collapse occurs after the fault. The 
margin is equal to 400MW which is the highest value.  
 
 
 

Voltage thresholds 
Margin for the worst 
contingency 

Stopping criterion 

Uth=Umin-6kV 250 MW 
LTC blocking prior to the 
fault 

Uth=Umin-6kV and Uth=Umin-10kV 
for A1, A2 and B1 

400 MW Voltage collapse 

Table 3 : Margin calculations on state 1 

 
Study state 2: 
 
 

Voltage thresholds 
Margin for the worst 
contingency 

Stopping criterion 

Uth=Umin-6kV 700 MW 
LTC blocking prior to the 
fault 

Uth=Umin-6kV and Uth=Umin-10kV 
for A1, A2 and B1 

950 MW Voltage collapse 

Table 4 : Margin calculations on state 2 

 
In this case, the highest margin is also obtained after the drops of the three same voltage 
thresholds as the previous study. These are the thresholds that will be chosen. 
The final results are given in Table 5. 
 
 

Blocking area A Blocking area B Blocking area C Blocking area D 
Pilot point Threshold Pilot point Threshold Pilot point Threshold Pilot point Threshold 

A1 Umin-10kV B1 Umin-10kV C1 Umin-6kV D1 Umin-6kV 

A2 Umin-10kV B2 Umin-6kV C2 Umin-6kV D2 Umin-6kV 

A3 Umin-10kV B3 Umin-10kV C3 Umin-6kV D3 Umin-6kV 

Table 5 : South West Blocking area parameters 
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4.2.5 South West parameters consistency 

 
Margin calculations have been run on 10 situations that are derived from four different 
snapshots from winter 2012. 
In every situation, the reactive power maximum supply has been lowered in one of the 
nuclear generating unit in the region. 
Then, Table 6 shows which additional changes have been made in order to stress the initial 
situation and it also shows what the stopping criterion is. 
 
These situations are less likely to happen but we can see that the margin computation is 
stopped because of the LTC blocking in half of the situations. 
However: 

- The LTC blocking happens with very high consumption levels that would only be 
reached with temperatures that are 12°C below the normal winter temperatures in 
winter 2015/16 according to the adequacy report that is established in RTE every 
year. 

- Lower thresholds would imply lower margins in the other situations. 
 
Therefore, the thresholds that have been found in the previous part have been validated and 
the parameters have been applied for winter 2012/13. 
 

Snapshot 
reference 

Changes Stopping criterion 

1 1 nuclear generating unit not available LTC blocking 

1 Power exchange between France and 
Spain set equal to zero 

Voltage collapse on busbar fault 1 

1 Power exchange between France and 
Spain set equal to zero AND 1 nuclear 
generating unit not available 

Voltage collapse on busbar fault 1 

1 1 line not available Voltage collapse on line fault 1 

2 Power exchange between France and 
Spain set equal to zero 

LTC blocking 

2 Power exchange between France and 
Spain set equal to zero AND 1 nuclear 
generating unit not available 

Voltage collapse on busbar fault 1 

3 1 nuclear generating unit not available LTC blocking 

3 1 line not available Voltage collapse on line fault 1 

4 -  LTC blocking 

4 1 nuclear generating unit not available LTC blocking 

Table 6 : Thresholds strength 
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5 Capacitors investments valorisation 
 

A large amount of capacitors are going to be installed in the regions “North-East” and 
“Normandie-Paris”. These investments have been decided after several studies in order to 
lower the risk of voltage collapse. 
Indeed, in the previous winter peak loads, France was importing massively from the 
northern regions (Belgium, Netherlands and Germany) in order to supply the Parisian area. 
Then, the transmission lines in the north of Paris were highly loaded and therefore 
consumed a large amount of reactive power causing subsequent voltage drops. In these 
situations, the need for reactive power compensation means has been highlighted. 
 
In stressed situations as described above, and with all normal measures taken, RTE may still 
have to re-dispatch (pay in order to start generating units that are not on start-up plans in 
order to guarantee that the power system is N-1 secure). These costs are rather significant 
and the idea of the valorisation is to estimate how much money can be spared thanks to the 
reactive power compensation means. 
Another lead which could have been followed for the valorisation deals with the losses. 
Indeed, RTE also has to buy the losses on the network and capacitors could lower the losses 
by increasing voltages at their connection buses. 
However, in this Master’s Thesis, we will focus on a method for the estimation of re-
dispatching costs that are avoided. 
 

5.1 CLIM 
 

In real time and day ahead, margin calculations are run in order to find out the consumption 
limits which guarantee that the system is N-1 secure. These limits are lowered by a security 
margin and the result is called CLIM (Consommation Limite d’IMposition).  
When the consumption reaches the CLIM or when it is predicted to reach it, RTE will have to 
perform re-dispatching. 
 
In the studied area, the CLIM depends mostly on the amount of generating units that are 
running and on the imports from the northern regions. 
The more generating units there are, the higher the CLIM is and the more France import 
from the northern regions, the lower the CLIM is. 
Assumptions are made in order to consider these parameters. 
 
The CLIM will be calculated with Astre by running margin computation. 
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5.2 Basic principles 

 
Antares results will be used in this stochastic method. We have 200 Monte Carlo scenarios 
for the year 2015 (all the capacitors we want to economically valorise should be installed by 
this year). The results from each scenario are given hour by hour. 
Each hour of these 200 yearly scenarios will be referred in this Master’s Thesis as an Antares 
situation. There are 1752000 Antares situations (200 scenarios *365 days *24 hours). 
 
For each Antares situation h, the French load consumption level (load(h)) is used. 
In some Antares situations, RTE would have to re-dispatch to guarantee that the system is N-
1 secure. The criterion that is used in order to decide whether RTE would pay for a 
generating unit or not is the comparison between the consumption level load(h) and the 
CLIM. There will be a cost for RTE if: 

                          
 
The number n of Antares situation h which verify (5) is computed. 
 
The CLIM has to be calculated with capacitors and without and we know that:  

                                                        

Indeed, capacitors increase margins. 
 
The number of Antares situations     and   ̅ are computed so that: 

-    is the number of Antares situation which verifies load                         

-   ̅  is the number of Antares situation which verifies 
load                            

 
Then, in some Antares situations, re-dispatching will occur only if the capacitors are not 
installed. These are the situations we are interested in to valorise the reactive power 
compensation means. The number of hours related to these situations is     ̅    .  
From equation (6),    . 
 
Then, n has to be connected with the energy cost for one hour. This part has not been 
treated in this Master’s Thesis but an estimate has been given considering mean costs from 
the previous years. 
More precisely, there are two parts in these costs: 

- Generating unit start-up cost 
- Fuel cost in the balancing market 

 
Regarding the first part, the mean start-up costs from 2011 have been used. Then, since oil-
fired unit have to be started at least eight hours straight, an hourly start-up cost has been 
set to the mean start-up cost divided by eight. 
Regarding, the fuel cost, RTE has to buy the energy at the following price: offer price – 
marginal balancing cost. It is difficult to predict the evolution of this price. That’s why an 
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estimate has been given with a mean hourly cost that has been found given re-dispatching 
costs from 2011. 
 
However, the CLIM depends also on the generation plan and the exchanges. More precisely, 
we will need for each Antares situation h: 

- The French consumption: load(h) 
- The oil-fired based power generation: oil(h) 
- The power exchange with Belgium: exch(h) 

Then, the CLIM is different for each Antares situation and it has to be calculated as precisely 
as possible given the situation. 
Now that the basic principles are explained, I will state which assumptions have been 
considered in order to compute CLIM values considering these parameters. 
 

5.3 Assumptions for CLIM computing 

 
Consumptions levels are very high when RTE has to start a generating unit in order to 
guarantee that the system is N-1 secure and these levels are reached during the coldest days 
in winter. In this part, only these situations are considered and we will refer to them as “high 
consumption levels” situations.  
Some assumptions are made in order to calculate the CLIM with ASTRE software.  
 
Regarding the transmission network 
 
The transmission network is assumed to be fully available. Every line, busbar and 
transformers is available. 
 
Regarding the importations from northern countries 
 
The CLIM is correlated with the physical exchanges from Belgium and from the United 
Kingdom. 
 
First, the behaviour of these exchanges during the high consumption level situations should 
be observed. The probability distribution functions of the commercial exchange between (i) 
France and United Kingdom and (ii) France and Belgium during the high consumption level 
situations have been plotted. 
 
From (i), it has been noticed that France is importing 2000MW from United Kingdom 90% of 
the time. Furthermore, the connection between France and England is made through a 
HVDC line. Therefore, physical and commercial exchanges are equal. 
For the CLIM computations in Convergence, France is assumed to import 2000MW from the 
United Kingdom. 
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However, from (ii), it is noticed that the exchanges between France and Belgium are varying 
in a large range (from importations to exportations). 
CLIM will be calculated for different values of exchanges with Belgium in order to find a 
linear relation between CLIM and exchanges. 
Furthermore, CLIM is correlated with physical exchanges which can be very different from 
commercial exchanges. A part of the commercial importations from Germany to France 
typically transits through Belgium to France in order to supply the Parisian area. 
This explains why physical imports from Belgium to France are generally higher than 
commercial importations in high consumption level situations. 
 

 
Figure 30 : Link between commercial and physical power exchanges between France and 

Belgium 

 

Figure 30 shows the link between commercial and physical power exchanges between 
France and Belgium. This graph has been plotted according to values from real system states 
that happened during high consumption level situations during winter 2012. 
A linear tendency has been noticed. This tendency has been used in order to correlate CLIM 
with commercial exchanges (linear relation). 
 

In conclusion, the CLIM calculations will be done with different values of physical exchanges 
between France and Belgium in Convergence. Then, a linear relation R is used in order to link 
the CLIM and the physical exchanges with Belgium. 
Finally, a linear relation is used in order to link the CLIM and the commercial exchanges with 
Belgium thanks to R and Figure 30. 
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Regarding the generation facilities 
 
In high consumption level situations, the nuclear and coal generating units and cogenerating 
units are all started. The oil-fired generating units however aren’t always started and those 
are the plants that may be subject to preventive re-dispatching. 
There are 6 oil-fired generating units that are relevant for the area we are studying. CLIM 
will be computed for 7 system states in Convergence: 

- One with no oil-fired generating unit started 
- Six other system states with each time an additional oil-fired generating unit started 

at maximum power  
 
 
These points are summarized in Table 7. 

 

CLIM value 
Set of oil-fired generating unit in 

system state when CLIM is 
calculated 

If load(h) > CLIM value: 

CLIM0 None 1 Unit is necessary 

CLIM1 Unit 1 2 Units are necessary 

CLIM2 Unit 1,2 3 Units are necessary 

CLIM3 Unit 1,2,3 4 Units are necessary 

CLIM4 Unit 1,2,3,4 5 Units are necessary 

CLIM5 Unit 1,2,3,4,5 6 Units are necessary 

CLIM6 Unit 1,2,3,4,5,6 * 

Table 7 : Use of CLIM values 

*: When the consumption is higher than CLIM6, gas turbines can be started but there were 
very few cases and they weren’t considered in the study: we assume that the system will 
always be N-1 secure with 6 oil-fired generating unit started. 
 
However, Antares gives a value for the French generation from oil-fired generating units in 
each scenario. A link has to be established between this value and the number of relevant 
units that are started in the studied area. 
 
An oil-fired generating unit is assumed to produce only at its maximum active power and 
considering the producer’s start-up plan, we use Table 8. 
 
The first oil-fired generating unit that should be started by the producer is far from the 
studied area. Then, if 0<oil(h)<x1, we assume that no oil-fired generating unit would be 
started in the studied area. 
Then, if X1< oil(h)<x2, we assume that one oil-fired generating unit is started... 
Then, the six oil-fired generating units of the area should be started one after another. 
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Hypothesis on the oil generation value in 
Antares 

Set of generating unit in 
simulation 

0<oil(h)<x1 None 

X1< oil(h)<x2 Unit 1 

X2< oil(h)<x3 Unit 1,2 

X3< oil(h)<x4 Unit 1,2,3 

X4< oil(h)<x5 Unit 1,2,3,4 

X5< oil(h)<x6 Unit 1,2,3,4,5 

X6< oil(h) Unit 1,2,3,4,5,6 

Table 8 : Assumption for the oil-fired generating units 

 
The parameters xi are chosen so that: 

- x1 is the maximum active power generation for an oil-fired generating unit which 
isn’t relevant for the study 

- x2-x1 is the maximum active power generation for unit 1 
- x3-x2 is the maximum active power generation for unit 2 
- …. 

 
Summary 
 
For each system state, we assume that: 

- The transmission network is fully available 
- Nuclear, coal fired power plants and cogenerating units are all started (Pmax) 
- France imports 2000MW from the United Kingdom. 

Then, some variations are done with: 
- The number of oil-fired generating units started (from 0 to 6) 
- The capacitors installation (installed or not) 
- The physical power exchanges between France and Belgium (3 different values) 

 
The contingency which is tested is the worst one in terms of voltage stability in the studied 
area (busbar fault which causes the loss of one generating unit and two lines). 
The load consumption is increased in two regions and decreased in two other far regions in 
order to compensate. 
The stopping criteria are the usual ones which are described in §3.2.3. 
 
The CLIM values as a function of exchanges with Belgium are given for every set of oil-fired 
generating units (7 sets) with and without capacitors. 
Then, 14 linear curves CLIMk,c(exchange) are computed with: 

- k in {0,...,6} for the number of oil-fired generating unit that are started 
- c in {0,1} (0 if there is no capacitor, 1 if there are capacitors) 
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Figure 31 : Summary for CLIM calculations 

 
Figure 32 shows the CLIM that have been computed for k in {0,1,2}, c in {0,1} and three 
different values of commercial exchanges between Belgium and France. Then, the linear 
curves CLIMk,c(exchange) are shown. 
 
The CLIM values that are given on the y-axis are fake values that are derived from the real 
one through a linear relation with random coefficient for confidentiality reasons. 

                      

With: 
- a between 0 and 1  
- b between 0MW and 20000MW. 
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Figure 32 : CLIMk,c(exchange) for k=0,1,2 

 

5.4 Detailed method 
 

For each Monte Carlo situation (load(h),oil(h),exch(h)), we have to find out how many oil-
fired generating unit is necessary: 

- With capacitors by the comparison of load(h) and CLIMk,1[exch(h)] 
- Without capacitors by the comparison of load(h) and CLIMk,0[exch(h)] 

Then, this has to be compared with the actual number of oil-fired generating unit given oil(h) 
(see Table 8). 
Let: 

-    be the number of oil-fired generating unit that are necessary with capacitors 
-   ̅ be the number of oil-fired generating unit that are necessary without capacitors 
- Noil be the number of oil-fired generating unit on start-up plan 

The number of hours with re-dispatching cost without capacitors is given by the following 
formula: 

       ̅  ∑          ̅       

           

   

 

For each situation, the difference between the number of units that are necessary and the 
number of already started unit is computed and the sum is calculated for every situation.  
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This means that a situation where n additional generating units are necessary is counted n 
times. The maximum function is used to remove cases when there are already enough 
generating units. 
 
Then, the number of hours with re-dispatching cost with capacitors is also given by the 
formula: 

        ∑                

           

   

 

Finally, the number of hours where re-dispatching costs are saved thanks to the capacitors 
is: 

              ̅          
 
Then NbHour/200 gives the annual number of hours and  this number of hours of re-
dispatching costs saved is linked to the cost with the method that is explained in §5.2. 
 
This part has been done with Excel and VBA. 

6 Closure 
 

6.1 Conclusion 
 

Voltage stability is critical for power systems safety. Consumption increase, market 
deregulation and intermittent generation development represent challenges for 
transmission system operators that have to guarantee that their systems are N-1 secure at 
every moment. Indeed, operators have to counter voltage collapse through different 
measures, from prevention to mitigation. 
 
In France, load consumption margins are checked through dynamic simulations from 
development studies years ahead to operational studies in real time in order to guarantee 
that the N-1 rule is applied. RTE can resort to re-dispatching in order to preserve these 
margins but this measure is costly. 
 
The installation of capacitors on the grid is a prevention measure to counter voltage 
collapse. Indeed, load consumption margins are higher with capacitors. 
In this Master’s Thesis, a method has been developed in order to valorise economically these 
capacitors. The idea which motivated the project is the fact that the increased margins could 
prevent RTE to use re-dispatching in some situations and therefore save money. 
The method is based on Monte Carlo simulation analysis and load consumption margin 
computations. 
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LTC blocking is a mitigation measure that has been automated after the incident of 1987 in 
France. Indeed, it has been highlighted that LTC should be blocked as soon as possible after a 
contingency that could lead to a voltage collapse. 
Studies have shown that the blocking was more efficient on wide areas and it has been 
decided to block LTC on large areas when the minimum voltage threshold is overstepped on 
one of the two supervised node of a blocking area. 
These thresholds have to be low enough so that they are not reached in normal operation 
condition but as high as possible so that LTC are blocked soon after a contingency that could 
lead to a voltage collapse. 
Considering these instructions, a method has been developed in order to design blocking 
areas, establish a list of supervised nodes and optimize the minimum voltage thresholds. 
The thresholds are set to the largest values that do not lead to blocking pre-contingency. In 
this way, load consumption margins are maximized. 
The method has been applied in four regions in France in the winter 2012/2013 and was part 
of the preparation of winter 2012/2013 by RTE’s engineers. 
 
 

6.2 Further studies 
 

Regarding the capacitors valorisation, lots of assumptions have to be made due to the fact 
that the results from the Monte Carlo simulator are global and do not have any network 
reality. 
However this simulator is planned to be improved in the future which could lead to the 
refinement of the method. 
 
Regarding LTC blocking parameters, the method could be applied in the three other regions. 
Then, major grid changes could make parameters become obsolete, especially the minimum 
voltage thresholds which are very sensitive to changes. The parameters should be updated 
on a regular basis or before any large change. 
Then, it has been seen that the optimum thresholds were not the same given the situation. 
This problem could be solved thanks to adaptive thresholds. 
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