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Abstract 
 

As the electric consumption increases and the constraints multiply, the grid becomes weaker 
and may not be able to face critical voltage stability problems. Indeed, in the past decades 
some blackouts occurred in Europe and America, due to voltage instabilities. At a 5-year 
horizon, new lines or new power plants cannot be built in time, it is therefore necessary to 
invest in capacitors to prevent voltage collapses. The core of this project is the best 
localization of these investments, to make the grid strong enough to bear a major fault in an 
already difficult situation. 

The first part of the master’s project is the development of a new method which permits to 
decide where to install new capacitors based on a dynamic approach.  

The second part consist on simulations performed on a specific part of the French grid. Each 
simulation was the subject of a variation of one of the different parameters or elements of the 
situation. These simulations have a double goal: to validate the method by examining the 
consistency of the different results, and to have a first idea of the impacting parameters, or 
their influence on the number of capacitor which should be installed, and their localizations. 
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Abbreviations 
 

ACMC: Automate de Contrôle des Moyens de Compensation ( Capacitor Controller) 

AVR: Automatic Voltage Regulator 

HCI: Human Computer Interface 

HTB: Haute Tension B ( Tension greater than 50 kV) 

HVDC: High Voltage Drect Current 

OXL: Over-excitation Limiters 

PID: Proportional Integral Derivative 

QSS: Quasi Steady State 

SVC: Static Compensation Device 

TSO: Transmission System Operator  
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1 RTE and DMA presentation 
  

RTE (“Réseau de Transport de l’Electricité”) is responsible for transmitting electricity from 
generation plants to local electricity distribution operators. This company is the only 
Transmission System Operator (TSO) in France.  

RTE was created in 2000 following the European law opening the European market up to 
competition, and became a subsidiary company of EDF (“Electricité de France”) in 2005. 
RTE is one of the largest European Transmission System Operator (TSO) with more than 
100,000 km of lines. This company employs around 8,400 people, and its turnover in 2010 
was around 4,400 M€. 

RTE’s goals, defined through a public service contract between the State and the company, 
are controlled by the Commission of Energy Regulation (CRE). 

RTE has a public service mission and must operate, maintain and develop the French 
electricity transport network (HTB tension levels) at the best cost, while reducing its 
environmental impact. This company guarantees all users a fair and non-discriminating access 
to the grid, and preserves the freedom of all market actors. RTE aims to develop 
interconnection capacities, in cooperation with the other European TSOs. 

It must secure the balance between production and consumption at anytime (from long to 
short terms and in real time), and assure the safety of the electric system operation. It must 
also secure supply and alert public authorities in case of disruption risk. 

DMA (Methods and Support Department) is a R&D department of RTE. This department 
carries out prospective studies, provides expertise on the electric network mechanisms, and 
develops tools for the study and the development of the network.  

The department DMA is composed of several work groups. The one where the project was 
carried out is called “System Development” (In French, Développement du Système). This 
group’s aim is to define methodological ways to understand with the best accuracy the state of 
the electric system at a medium/long horizon, and thus to provide the necessary investments 
decision methods. Its objective is also to validate these methods by the realization of ad hoc 
studies. The objects of the methods are the sectoral analysis of the demand, the long term 
supply/demand equilibrium, the system development, and the cross-border exchanges. 

 

 

 
 
 
 
 



2 Context 
 

Since 2000, the French electric-power system has evolved, and some difficulties have risen: 

- First, the annual energy going through the grid is now over 500 TWh, and is still increasing.  

- Furthermore, the development of the grid (i.e. lines) is becoming more difficult in terms of 
acceptance of the population. However this population has still a lot of demands towards 
security of supply and quality of the electricity. As a consequence, the projects of new lines 
which could improve the security or the capacity of the grid take much more time, cost much 
more money and sometimes are impossible to build. 

- Cross-border exchanges are more and more unpredictable. Transits are very fluctuating, due 
to the increase of wind farms production in Spain and Germany, and more recently the 
confusion regarding the possible stop or reduction of nuclear production in Germany. 

- A bigger sensibility to temperature has been observed. In 1994 during the winter, if the 
temperature fell by 1°C, the consumption would increase by 1100 MW. Now the increase is 
by 2500 MW. 

 

Due to these evolutions, the grid has to face consumption stresses with lots of uncertainties 
even for short terms horizons. Therefore, the grid is weaker in terms of voltage stability: more 
and more voltage constraints are observed. In this context, solutions have to be found, and 
that is where the project begins. Since we want to find solutions at a 5-7 years horizon, we 
will not consider the installation of new lines, or structural changes of the grid. This kind of 
constructions takes a long time to be finalized, about 10 years for a line for instance. They are 
therefore out of consideration. 

 

 

 

 

 

 

 

 

 



3 Aim of the project 
 

The voltage stability is very important for several reasons. First, through the contractual 
aspect towards the customers, who can be industries, infrastructures or private individuals. 
But also, it is necessary to guarantee the correct operation of the system as a whole, and avoid 
the apparition of voltage collapse which could lead to a black-out in all Europe.  

The project’s aim is to develop a method for the investment decision of capacitors (shunt 
capacitors, not series ones) to improve the grid’s voltage stability at minimal costs. The inputs 
of the method are the description of a bad future situation for the grid, and a dimensioning 
fault. The horizon in this project is 5-10 years. We also have access to a list of substations 
where there is enough room for the installation of new capacitors. The method can be applied 
to the whole grid or to some specific areas. In the project, these data were already given. 
Knowing how the forecasts, for instance of the consumption, have been driven, is out of the 
frame. The objective is to know where to build new capacitors so that the grid is the strongest 
at minimal costs. We will use an existing model called ASTRE and which will be described 
further. The idea is to stress the grid with different levels of additional consumption, and look 
at the voltage stability with a QSS simulation. The higher consumption the grid can bear in a 
dynamic sense, the stronger it is.  

 

The result of the method is the answers to the questions:  

In order to be able to bear the demanded stress, 

• How many capacitors should we invest in?  
• Where should we install them? 

 

The project has been divided in two parts: in the first two months I have improved the method 
which was already developed. In the last three months I have settled the parameters, run the 
simulations and analyzed the results. 

The simulations have been done on a part of the French grid, which cannot be explicitly 
described for reasons of confidentiality. These simulations describe variations on the different 
parameters. The aim was, in one hand to perform verifications on the method, and to detect 
some possible flaws or weaknesses, and in the other hand to analyze the importance of the 
different parameters, like the level of exchanges with the neighbor areas, or the local 
consumption.  

 

 



4 About voltage collapse 
 

I will first describe precisely the mechanism of voltage collapse, the variables that are of 
importance in this problem, and the different phenomena which can explain the voltage 
collapse. I will also precise how the installation of capacitors can improve the resistance of 
the grid faced to a voltage collapse, and why their position in the grid is important.  

 

4.1 Voltage stability 
 

Firstly, it may be interesting to settle what is exactly meant by voltage stability. 

Here is the definition given by IEEE and CIGRE task forces: 

Voltage stability refers to the ability of a power system to maintain steady voltages at all 
buses in the system after being subjected to a disturbance from a given initial operating 
condition.  
It depends on the ability to maintain/restore equilibrium between load demand and load 
supply from the power system. Instability that may result occurs in the form of a progressive 
fall or rise of voltages of some buses. [1] 

This definition has to be linked with voltage collapse, which is the process by which voltage 
instability leads to loss of voltage in a significant part of the system. In the worst cases, it 
leads to a major blackout, which can affect a whole region or country, as Italy in 1994 and in 
2003. You can see in the next page a satellite picture of Europe during the night when the last 
Italian blackout occurred. Of course, the blackout was limited to Italy, thanks to the operation 
of the others TSO, but if nothing had been done the whole European grid would have been in 
the dark. The consequences of a voltage collapse are important, the costs are high, and the 
black start is a difficult process. During the voltage collapse, the devices are used in very 
unusual conditions and we can imagine that some of them have to be verified or even 
replaced.  

The main factor causing instability is the inability of the power system to meet the demand for 
reactive power. Kundur gives a criterion for voltage stability in case of a large disturbance:  

A grid is stable if at a given operating condition for every bus in the system the bus voltage 
magnitude increases as the reactive power injection at the same bus is increased. A system is 
voltage unstable if there is at least one bus in the system where it is not the case.  

Kundur classified instabilities based on the time characteristics: Transient Stability (0 to 10 
seconds), Mid-term Stability (10 seconds to a few minutes) and Long-term Stability (a few 
minutes up to 10’s of minutes).  



In this project we will only focus on the mid-term and long-term stabilities, since we are 
dealing with large disturbances [2]. Furthermore, we will not make any distinction between 
those two.  

 

 
Figure 1: Europe during the Italian blackout (Sept 28, 2003) [3] 

 
There are different mechanisms that lead to this phenomenon. It is always difficult or even 
impossible to identify clearly what was the cause of a voltage collapse, and most of the time 
we can say that from a major fault, what really happens is a combination of all this 
mechanisms. Indeed, we are dealing with a big grid, with a huge amount of different devices.  

 
 
 
 
 
 



4.2 Relation with reactive power 
 

As I will show now, the most important variable behind voltage collapse is reactive power.   

 

 
Figure 2: VQ curves for three different active power loads[4] 

 

The previous figure represents three VQ curves at a bus at three different loads, P1, P2, and 
P3. The y axis shows the amount of additional reactive power that must be injected into the 
bus to operate at a given voltage (from a fictitious synchronous condenser). The operating 
point is the intersection of the power curve with the x axis, where no additional reactive 
power is required to be injected or absorbed. If the slope of the curve at the intersection is 
positive, the system is stable, because any additional reactive power will raise the voltage, and 
vice versa. It can be seen that the system is voltage stable with the lightest load, P1. For this 
load, there is a reserve of reactive power (Qreserve) that can be used to maintain stability even 
if the load increases. The system is only marginally stable with the medium load P2. The 
system is not stable with the heaviest load P3, since an amount of reactive power (Qmissing) 



must be injected into the bus to cause an intersection with the x axis. Thus the measure of 
Qreserve gives an indication of the margin between stability and instability. [4] 

From this figure it is obvious that the installation of new reactive power supplies as capacitors 
will increase the stability of the grid, by reducing Qmissing or increasing Qreserve.  

4.3 Capacitors 
 

The reactive power is not easily transported. Indeed, there is a strong link between the voltage 
fall and the transmission of reactive power.  

From the transmission equations( from bus k to bus j): 

𝑃𝑘𝑗 =
𝑅
𝑍2

𝑈𝑘2 +
𝑈𝑘𝑈𝑗
𝑍2

�𝑋𝑠𝑖𝑛𝜃𝑘𝑗 − 𝑅𝑐𝑜𝑠𝜃𝑘𝑗� 

𝑄𝑘𝑗 =
𝑋
𝑍2

𝑈𝑘2 −
𝑈𝑘𝑈𝑗
𝑍2

�𝑅𝑠𝑖𝑛𝜃𝑘𝑗 − 𝑋𝑐𝑜𝑠𝜃𝑘𝑗� 

and assuming that the angle difference is small, we can easily derive to: 

𝑈𝑘 − 𝑈𝑗 =
𝑅𝑃𝑘𝑗 + 𝑋𝑄𝑘𝑗

𝑈𝑘
 

where R and X are the resistance and the reactance of the line. 

Since in a high-voltage line we have approximately ≈ 10𝑅 , we can see that the transmission 
of reactive power induces a voltage drop. 

Moreover, the reactive power losses are also not negligible since 𝑋 ≈ 10𝑅. The losses are 
𝑄𝑙 = 𝑋𝐼².  

These two arguments show that reactive power is not easily transmissible. 

Nevertheless, we have to keep in mind that the reactive power furnished by a capacitor is 
given by: 

𝑄 = 2𝜋𝑓𝑐𝑈² 

where 𝑓 is the frequency and c the capacitance.  

We can see that the supplied reactive power is proportional to the square of the tension. 
Hence, installing capacitors at the weakest point may not be the best strategy, since the 
voltage will drop quickly and the capacitor will not provide as much reactive power as it 
could at another point. This paradox, that the capacitors must be installed not too far of the 
fault because reactive power is not easily transmitted, but not too close because they would 
not provide enough reactive power, is the reason of the project. It is not obvious how to 
decide where to install the capacitors. 



5 ASTRE presentation 
 

In this section the program ASTRE will be presented, which is used in the method to run the 
margin computations. 

ASTRE is a voltage stability analysis tool based on a fast time-domain simulation engine. 

 

 An integrated long-term dynamic security analysis facility: 

The computational heart of ASTRE is an integrated long-term dynamic security analysis 
facility, which has been jointly developed by EDF (and now RTE) and the University of 
Liège (Belgium). It has a modular architecture, centered on a Quasi Steady-State (QSS) 
simulation engine (see Fig. 3). 

This QSS module is quite open and flexible. Any kind of event can be simulated, and many 
functionalities have been developed in order to control this module. For instance, one can 
simulate a scenario, then come backwards in time, change one action, and simulate the 
scenario again, all in the same session. 
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Figure 3: Modular architecture of ASTRE 

 

As it appears in Fig. 3, two main other modules are implemented. One allows to check various 
criteria on the system trajectory. The other one derives some corrective actions from an 
analysis of the collapse point. 

Around these three modules, many functionalities can be built by using them in different 
manners: margin computations, system limits iterative search, voltage collapse detection and 
countermeasure test, etc. 

 



Quasi steady state simulation 

QSS approximation of long-term dynamics 

When dealing with long-term voltage stability, it is desirable to speed-up calculations by 
neglecting - at least up to some point - the short-term (also called transient) dynamics of 
generators and their regulators, induction motors, SVCs and HVDC components. QSS 
simulation stems precisely from the simple idea of replacing the short-term dynamics, 
considered infinitely fast, by their equilibrium equations, while focusing on the long-term 
dynamics. 

 

The QSS approximation of long-term dynamics may be written in compact form as: 

 0 = 𝑔(𝑦, 𝑥, 𝑧𝑑 , 𝑧𝑐)     (1) 

 0 = 𝑓(𝑦, 𝑥, 𝑧𝑑 , 𝑧𝑐)     (2) 

 𝑧𝑑(𝑘 + 1) = ℎ𝑑(𝑦, 𝑥, 𝑧𝑑(𝑘), 𝑧𝑐)     (3) 

 𝑧𝑐 = ℎ𝑐(𝑦, 𝑥, 𝑧𝑑, 𝑧𝑐)     (4) 

𝑥:  rotor angles, Eq and Esq 
𝑦: voltage magnitudes and phase angles  
𝑧𝑑: discrete controllers 
𝑧𝑐: continuous controllers 

Equations (1) are the active and reactive power mismatches at the network buses. They 
involve the vector y of bus voltage magnitudes and phase angles. 

 

Conceptually, (2) is obtained by replacing the differential equations of the short-term 
dynamics by the corresponding equilibrium equations. In practice, the so obtained model is 
reduced to a smaller, although equivalent, set of equilibrium equations. For instance, each 
synchronous generator yields three equations and each induction motor (if any in the model) a 
single one. The generator modeling includes saturation, AVR and governor effects. The three 
x variables are the rotor angle δ, the emf Eq proportional to field current and the emf Esq 
behind saturated synchronous reactance, respectively. 

 

Equation (3) captures the long-term of controllers and protecting devices. A discrete-type 
representation is exact for devices like on-load-tap-changers and switched shunt 
compensation. It is acceptable for OXLs, as regards the decision to switch the field current 
under limit. Secondary voltage and frequency controllers also transmit to generators discrete 
changes in voltage and power set-points. 



 

Finally, the long-term differential equations (4) correspond to generic models of load 
recovery. They might also include the internal control law of controllers acting in the long-
term time scale (e.g. the PID law of load-frequency control). 

 

QSS long-term simulation 

The QSS simulation procedure is outlined in Fig.4. The time step size h is in the order of 1 to 
10 seconds in practice. In the project, h will always be equal to 10 seconds. 

 

A’

 disturbance
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B

B’
C
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h h h
t

 

Figure 4: Principle of QSS simulation 

 

The transitions from A to A’, B to B’, etc. come from the discrete dynamics (3). The discrete 
devices undergo a transition once a condition has been fulfilled for some time. This delay may 
be constant, obey an inverse-time characteristic or even be zero (e.g. for SVC susceptance 
limitation, considered infinitely fast). In QSS simulation there is no point in identifying very 
accurately the time of each transition, considering that the short-term dynamics have been 
neglected anyway. Rather, the various discrete devices are checked at multiples of the time 
step h and switched as soon as their internal delays are overstepped. They are thus more or 
less « synchronized » depending on the value of h. 

Points A’, B’, etc. are short-term equilibrium points obtained by solving (1,2) with respect to 
x and y, with zc and zd fixed at their current values. 

 



The transitions from A’ to B, B’ to C, etc. correspond to the differential equations (4) and/or 
smooth variations of some parameters with time (e.g. during load increase). If there is no 
differential equation (4), the system evolution is a mere succession of short-term equilibrium 
points in which B is obtained from A’, C from B’, etc. by solving the system with the 
parameters updated. To deal with differential equations, an explicit integration scheme is 
sufficient since the time step size h is small compared to the time constants of (4). Moreover, 
it is common to have discrete transitions at almost all time steps, and hence (i) a single-step 
integration method is needed; (ii) a partitioned solution scheme is preferable in order to use 
the same system for both integrating and solving. 

 

Limitations and advantages of QSS simulation 

 

The QSS approximation relies on the assumption that the neglected short-term dynamics are 
stable. Therefore it cannot deal with short-term instability scenarios, taking on the form of 
either voltage or angle instability. This is not the purpose of the method. Where both short and 
long-term problems are suspected, the system ability to survive the short-term period has to be 
checked separately. 

Compared with static methods, which focus on long-term equilibrium points, QSS simulation 
offers several significant advantages: higher modeling accuracy, possibility to study other 
instability mechanisms than the loss of equilibrium captured by static methods (e.g. cases 
where time dependent controls play a major role), higher interpretability of results (e.g. in 
terms of sequence of events leading to instability), higher educational value, etc. 

QSS simulation has been thoroughly validated with respect to full time simulation. It has been 
found more than 1000 times faster than numerical integration using the Trapezoidal Rule with 
fixed time step size, while offering comparable accuracy in terms of security limits. On the 
EDF system, it has also been intensely used and validated, with respect to the full time 
domain simulation software EUROSTAG. 

As we consider in this project only the slow voltage instabilities, QSS simulations are 
appropriate.  

 

 

 

 

 



6 Margin computation 
 

6.1 Resumed description 
 

In this paragraph the margin computation which is one of the simulations proposed by 
ASTRE will be presented precisely. 

The margin computation is divided in two parts: a stress of consumption, and a fault. From 
the situation, an increase of the consumption, equally spread in the area, is performed. This is 
called the stress of consumption, which we want the grid to be able to bear. The result of the 
margin computation is how much of this stress can be borne in the tested situation, after the 
fault. The fault will be tested after several points of the stress of consumption, as shown in the 
figure below. If after the fault, there is no voltage collapse in the grid, we can conclude that 
this point of the stress of consumption is acceptable. If there is one, the point is said 
unacceptable. The aim of the computation is to find the highest acceptable point. 

This is done by a dichotomous calculation. First, the levels 1 and then 0 are tested 
(corresponding with 100% and 0% of the stress of consumption). Let’s consider that at level 
1, there is a voltage collapse after the fault, but that in level 0, the grid converges (no voltage 
collapse). We will always manage to be in this case at the beginning of a simulation, as I will 
explain in paragraph 9.1. Here, we have to find the highest acceptable point which is between 
0 and 1. The dichotomous calculation consists in testing at each step the middle between the 
actual highest acceptable situation and the lowest unacceptable situation. On the first step, it 
will be 0.5 (the middle between 0, acceptable, and 1, unacceptable). If the level 0.5 is 
acceptable, then the next step will be for the stress level 0.75 (the middle between 0.5, 
acceptable, and 1, unacceptable). In our example below, there is a voltage collapse after the 
fault if the stress level is 0.5. So 0.25 is tested. For the stress level 0.25, the grid can bear the 
fault, so we test 0.375. Etc. 

The dichotomous calculation stops when the difference between the highest acceptable point 
and the lowest unacceptable point is lower than the requested precision, which is a parameter 
of the margin computation. The lower the precision is set (precision is in MW), the more steps 
the dichotomous calculation will perform, so the longer the computation will take. The last 
acceptable point is the result of the margin computation. 



 

Figure 5: Margin computation 

 

6.2 Parameters 
 

Some parameters can be set for the margin computation. I will describe the principal ones 
here. 

• First, all the time lengths, in seconds: 

-from the beginning of the simulation to the beginning of the load stress 

-the length of the full load stress (level 1) 

-the length between the end of the stress and the fault 

-the length after the fault 

 

• The area where the stress is applied, its level (in MW) and the relation between active 
and reactive power during the stress. There is three ways of increasing the reactive 
consumption towards the active one: with tan(𝜑) constant, with  𝑑𝑄

𝑑𝑃
 constant or with 

𝑄 constant. See the next paragraph for more explanations.  
 

• The precision, in MW (corresponding to the difference between the highest acceptable 
point and the lowest unacceptable point) 
 

• The tolerance between the set curve of the load stress and the real curves of the load 
(see Appendix Faced Difficulties, problems with the dichotomous calculation for more 
accurate information) 
 



• The stopping criteria: as we said, if there is no voltage collapse at the end of the 
simulation, the result is “acceptable” for this stress level. But how to define exactly the 
voltage collapse? The answer to this question is other ASTRE parameters, the 
stopping criteria. If they are not respected at a certain point of the computation, this 
one will stop. In fact, we consider that when these criteria are over passed, the model 
is not sufficient to describe what is happening. The behavior of the grid is 
unpredictable. Indeed, the observations done with such voltages are not existent, and 
when it happen, the collapse is too fast to have good enough data which could lead to 
an acceptable understanding of these dynamics. 
 

• The areas where the compensation is applied. You can define here which areas are 
participating in the primary frequency control of the grid.  
 
 

6.3 Load stress 
 

As we said, there is, with ASTRE, three ways to increase the load: with tan(𝜑) constant, with  
𝑑𝑄
𝑑𝑃

 constant or with 𝑄 constant. 

The third one permits to increase exclusively the active power of the load.  

The first one, with tan(𝜑) constant, permits to describe an increase of the consumption as a 
forecast in several years, a long trend, where the load is compensated by an increase of the 
production capacity. The proportion between reactive power and active power remains the 
same.  

An increase of the consumption with 𝑑𝑄
𝑑𝑃

 constant represents a fast stress of consumption, and 
shows better the dynamic of the variation of the load without any compensation. This one is 
usually used for intra-day increase of consumption, so it is the one that we want to use in our 
simulations. tan(𝜑) constant was however used to build the situation on which we are going 
to work, since it is a 5-year forecast. 

The loads are divided into two types: the fixed ones and the linear ones. The first ones are 
predicable, and do not change, they are mostly industrial loads. The second ones, from far the 
most common, correspond to the residential loads, which may vary during the day, and from a 
year to another. When we increase the consumption, we actually only increase the linear 
loads. 

 

 

 

 



7 Method presentation 
 

7.1 Summarized description of the model 
 

The purpose is to implement an algorithm to select, from a list of substations where there is 
enough space, the less costly combination of capacitors which make the grid strong enough to 
bear a certain load increase. This is an optimization problem: we want to minimize the 
volume of capacitors installed under the constraint that the load increase is acceptable in 
terms of voltage stability of the grid.  

In this project, you actually will not find an answered to this problem, but an estimate of it. To 
find the answer, we could have tested all the possible combinations and calculate the sum for 
each one which permitted to bear the stress of consumption. But this would have taken an 
absolutely huge amount of time. In approximation, for the area and the list we will treat 
further, and with the same computation capabilities, it would have taken more than 10 000 
years ( 230 ∗ 𝑎𝑏𝑜𝑢𝑡 5 𝑚𝑖𝑛𝑢𝑡𝑒𝑠: 30 possible capacitors, each margin computation takes about 
5 minutes). Of course this number is theoretical, we could have found ways to reduce the 
number of cases to test. But in comparison, our method takes about 35 hours. What we do is 
that we find the best capacitor to install from the basic situation, and then considering this one 
installed, we find the best capacitor among all other capacitor for the situation where the first 
one is installed, etc. 

You can see on Figure 4 the simplified representation of the algorithm. 



                      

Figure 6: Simplified representation of the algorithm 

 

The inputs, apart from the characteristics of the situation, are the list of substations where 
there is enough room for the installation of capacitors, and the desired margin.  
From the basic situation, which has to be chosen acceptable, we run the margin computation 
to see what level of consumption stress the grid can bear. Then we do the same computation 
after the installation of capacitor n°1, we uninstall it, we install the capacitor n°2 and we run 
the computation. After having tested all the capacitors, we want to install the most efficient 
one. The efficiency here is defined as the margin surplus brought by the capacitor compared 
to the situation where it is not installed, divided by its volume. The volume, in Mvar, is Qn, 
the reactive power produced by the capacitor at the nominal voltage. This definition of the 
efficiency has been defined by us, but it is not the only one solution. We could, for instance, 



have used the real cost of the installation of the capacitor, which depends on the location of 
the station, or the difficulty of maintenance, but we did not have access to these data.  

After having found which capacitor is the most efficient, we look at its efficiency. If it is 
higher than a certain threshold, it is installed. If it is not higher than the threshold, then the 
simulation ends, because no capacitor is efficient enough to be installed. This threshold, set by 
the user, in MW/Mvar, was settled because it is not interesting to install a big capacitor for 
just a few earned MW, at this occasion you prefer to look if it is not better to find another 
solution, like increasing the size of a better placed substation, so that it can be added to the 
input list. 

Let’s imagine that capacitor number n is the most efficient, beyond the threshold, and is 
therefore installed. Then we add this hypothesis to the situation: we start from the basic 
situation, plus the fact that this capacitor is installed. From here, all the capacitors of the list, 
apart from the capacitor n which is already installed, are tested, and we search for the most 
efficient. This process is run until we reach the desired margin or until no capacitor is 
efficient. 

 
At the end of the simulation, we have access to, among other information that will be 
described further, the final list of capacitors that should be installed, the total volume (in 
Mvar) and the final margin. Note that from now on, we will mention the nominal power 
provided by the capacitor, in Mvar, as its volume. For instance, on the highest voltage level 
substations, 400 kV, usually the volume of a capacitor is 150 Mvar. 

 

7.2 Detailed description of the model 
 

In this section I will describe precisely the model: the inputs, the outputs, the algorithm and 
the tree of strategies which is the objects used in Convergence where ASTRE is implemented. 

The model has been coded with Python2.6. 

 

7.2.1 Inputs 
 

The inputs of the model are the list of the available capacitors and the base tree of the 
simulation. The other inputs are the value of the threshold of efficiency, and the margin and 
ASTRE parameters. 

 
You can see in the figure below an example of a table describing the capacitors.  

 



CAPACITOR VOLUME TO BE 
TESTED OR 

NOT 

TWIN 
CAPACITORS 

PRIORITY 
RANK 

ts1 1 1  0 
capa1 30 1  1 
capa2 30 1  2 
capa3 30 1  3 
capa4 80 1  4 
capa5 80 1  5 
capa6 80 1  6 
capa7 80 1  7 
capa8 80 1  8 
capa9 80 1  9 
capa10 80 1  10 
capa11 150 1  11 
capa12 150 1 capa13 12 
capa13 150 1 capa12 13 
capa14 150 1  14 
capa15 150 1 capa16 15 
capa16 150 1 capa15 16 

Figure 7: Input table of the possible capacitors 

      

Ts1 has always to be there, it corresponds to the situation where no additional capacitor is 
installed. In each step of the algorithm, ts1 will always be tested first with a margin 
computation, and all the other results in this step will be compared to the ts1 one. It does not 
correspond to a capacitor. Actually, here the first column corresponds to names of situations. 
For instance, the name capa1 is defined as the situation of ts1 plus the hypothesis: installation 
of capacitor 1 (see the section “tree” below to understand better what I mean by situation and 
hypothesis).  

Ts1 has a virtual volume of 1 Mvar at nominal voltage (this value will never been used). 
Below ts1 you can see all the capacitors that will be tested. Here they are ranked by the 
volume (30, 80 or 150 Mvar).  

The third column means here that all capacitors should be tested. The fourth column is mostly 
empty.  

There are two pairs of identical capacitors: capa12 and capa13; and capa15 and capa16. That 
means that they are twin capacitors: same volume, and on the same node. Therefore it is not 
useful to test both of them, the result would be the same. That is the reason of the creation of 
this column: it will be used to be able to test only one capacitor for each pair. 

The last column permits to define the priority. Here, they will be tested in the order of the list, 
from ts1 to capa16. As we will see further, the testing order has an impact in case of equality 
between two capacitors: the firstly tested one will be chosen. The order has therefore to be 



chosen carefully, with the intuition of which capacitor should be the best. Of course, the 
model works well also if you do not chose them in an appropriate way.  

 

7.2.2 Outputs 
 

The outputs are: 

• suivi_global.txt: a resuming file of the simulation. For each step of the algorithm, it says: 

- if the simulations has been stopped and restarted 

- the capacitors to be tested 

- the already installed capacitors  

- the chosen capacitor at this step 

- the cumulated volume of the installed capacitors (in MW) 

- the attained margin 

- the more important traces. 

 

• A suivi1.txt (then suivi2.txt, etc.) for each step, which resume the execution of the step. 
Here are written the time of execution of each margin computation, then the result is 
written for each capacitor and the most efficient one is chosen. You can read its name, its 
efficiency, the list of the efficient capacitors (with an efficiency greater than the threshold) 
and the list of the inefficient ones. 

 

• A Pass folder for each step (Pass1, Pass2, etc.), containing the resume.txt files which are 
a summary of the margin computation, for each capacitor. (resume_capacitor1.txt for 
instance). The traces are written there. (see next paragraph) 
 

• A verification.txt file which contains the result of the verif.py program (see in the 
paragraph 7.2.7) 

 

7.2.3 Algorithm 
 

Here is a short resume of the algorithm, step by step: 



1) First the table describing the capacitors is loaded, and read . From it, the list of the 
capacitors to be tested is built: the twin capacitors are taken into account (if there is two 
identical capacitor, only one has to be tested, since the result will be the same for both). 

 

2) The basic tree is imported into Convergence, the software were the module ASTRE is 
implemented. An example of what a tree is is given in the next paragraph.  

 

3) A margin computation will be run on the ts1 situation, which is at the bottom of the tree, 
just before the capacitors. 

This computation will be performed from the first tree (number 1) that has just been imported 
into Convergence. It will be performed with the parameters described in two files (XML 
files).  

The result is a big file, from which is read the result (acceptable highest point) and the main 
traces. They are stored into another file, and the first one is then deleted (it is not possible to 
store all of the original results because they are too voluminous). 

From this computation we have the margin for ts1, so the basic situation, without any 
capacitor installed. This margin is stored into the variable “marge_max”. 

 

4) For each capacitor in the list, a margin computation is run with the same parameters, and in 
the order given by the priority number (last column of the input table). 

 

5) After the end of the computations, each result is compared to marge_max. The difference is 
calculated for each capacitor, and the efficiency also. This efficiency is the difference divided 
by the volume of the capacitor (so in MW/Mvar). The best efficiency is searched in the 
results, in the same order than the computations. In case of equality of the efficiency between 
two capacitors, it is therefore the one with the best priority that will be selected. 

If the efficiency of a capacitor is not higher than the threshold defined at the beginning of the 
simulation, it is automatically rejected. 

The most efficient capacitor is installed: it is removed from the list of capacitor to be tested, 
and added to the list of the installed capacitor. 

 

6) The tree for the next step is built. The basic tree is used, and the capacitors in the list of 
installed ones are installed (see the tree in the next paragraph) 



 
7) The conditions to stop the simulation are tested at this point: 

- No capacitor is efficient 
- The number of steps has become too high (here you can define a maximal number of 

steps) 
- The desired margin is attained 
- All the capacitor from the input list have been installed 

At this point, if none of this conditions are fulfilled, the tree built in step 6 isimported in 
Convergence, and the algorithm re-begins from step 3).  

 

At the end, we have the list of capacitor that should be installed. From that, we can have 
access to the total volume in Mvar. 

 

7.2.4 Tree 
 

You can see below an example of tree used for Convergence, the software where ASTRE is 
implemented. White frames correspond to hypothesis which are applied, and yellow frames to 
situations. For instance, from the situation called “racine”, we apply an hypothesis, which is a 
change in any values or parameters (it can be the creation of a new line, the change in a power 
set point of a group, the modification of the value of any load, etc.). We could say that 
“etranger 10+3” hypothesis applied on “racine” gives n1. 

From this tree, you have access to all the situations and you can run computations on them. In 
this tree, we will perform margin computations on the situations at the bottom of the tree. 



 

Figure 8: Example of a strategies tree in Convergence 

 

 



In this example, only one hypothesis is applied to the situation. Then, the hypothesis called 
“creationMCS2” is applied. In this hypothesis all the capacitors are created, and are initially 
disconnected. Then the ACMC are set, for each capacitor, with values for the high and the 
low thresholds. “mise0MCS4” permits to set all the nominal reactive power of capacitors to 0. 
At this moment of the tree, we can say that no capacitor is installed. The hypothesis “capa 3” 
sets the value of capacitor 3 to its nominal value. This means that the capacitor 3 is installed. 
Then we have several situations that will be tested (situations are in yellow), beginning with 
ts1, where no other capacitor is installed, then capacitor 1, where capacitor 1 is also installed. 
In the situation capa 2, capacitor 1 is not installed, but capacitor 2 is. In “capa 3”, the nominal 
value of capacitor 3 is set twice to the same value: the two situations “ts1” and “capa 3” are 
the same situations. Of course, this is the global tree which you can call a situation from, and 
perform the tests you want on it. Here, in the right order, we would perform the margin 
computation on ts1, capa 1, capa 2 and capa4. Capa 3 is already installed, in the previous step. 
This tree corresponds to the step number two of a simulation, since one capacitor is already 
installed. 

Of course, this tree is a simple example, the real tree is too big to be shown here. We have 
about 10 hypotheses before the creation of the capacitors, and the number of capacitors that 
must be tested is usually about 35.  

This example permits to give a view of how the tree is built. 

 

7.2.5 Re-run 
 

Since the algorithm is long, it is really interesting to be able to re-run a simulation from a 
certain point. Indeed, the simulation could have stopped by a computer problem, or by 
mistake. The re-run is made with two parameters. The first one permits to indicate at which 
step the simulation should begin (of course, the former simulation should have been this far, 
you cannot demand a re-run from step 12 if you haven’t perform it previously). The result 
files from this step have to be available and in the folder where there were written. The 
second one permits to say if in this step, all the computations should be performed, or if the 
algorithm should look for the previous results: in each step, the results of the computations are 
resumed and stored one after the other. For instance, if you were currently testing the last 
capacitor of the list when a fault stopped the simulation, you do not want to begin from the 
first one (one step can take a few hours). With this parameter set on “non”, the folder where 
the results of the computations will be read. If a capacitor has already been tested (so if there 
is a file at its name), it will not be tested again. 

 

 

 



7.2.6 Sequence of simulations 
 

A script (“enchaînement.py”) has been written to permit to make a sequence of several 
simulations. It was useful in this project, especially for weekends. No time was wasted. 

It was also encoded that in case of a breakdown of the data base server, as it occurred several 
times during my project, there is a 2 hours and half wait, and the simulation is re-run at the 
point where it stopped. This was decided after the first breakdown of this server at the 
beginning of the weekend: it stopped just for some minutes on a friday night, so the 
simulations stopped also, and were re-run manually on monday morning: the weekend was 
wasted.  

 

7.2.7 Verification 
 

As we already said at the beginning of this chapter, the solution presented in this project is not 
the most optimal solution but only a sequence of the best capacitors one after the other. Since 
we do not know  if our result is far or not from the optimum, it has been decided to implement 
a final script called “verif” which is another argument to show that the result of this model is 
consistent. 

In this script, the final list of installed capacitor will be read. From that, all capacitor will be, 
one after the other, removed from the list. For each capacitor removed, a dynamic test will be 
performed to see if the load stress and the fault are acceptable for the grid. If it is, then the 
capacitor is definitely removed. If not, it is put again in the list.  

This script permits to eliminate all the unnecessary capacitors, if there are any. 

Of course, we are not sure, even after that script, that we have got the optimal solution. But at 
least we made our result stronger. 

 

 

 

 

 

 

 

 

 



8 Simulations settings 
 

8.1 Presentation of the area 
 

The simulations have been performed in a part of the French grid which cannot be explicitly 
mentioned here because of confidentiality reasons. The part of the grid we are going to deal 
with is also limited in terms of voltage, we will only look at the 400 kV, 225 kV, 150 kV and 
63 kV levels. 

The grid is basically composed of lines, substations and transformers. 

 
The region contains three important consumption areas corresponding to three big cities, with 
a big population and industrial areas. 

About the production, we can mention the two nuclear power plants of the area. The rest of 
the production is mainly hydro power plants and small thermal power plants.  

 

8.2 Presentation of the situation 
 

The situation was given before the beginning of the project, as we already said. 

 

8.2.1 Load 
 

It corresponds to a situation in 5 years, so of course the load is increased with a constant 
tan(phi), based on forecasts that have been performed previously in RTE. This increase is of 
course done in active power as well as in reactive power. This increase is the expression of 
the increase of the base consumption, due to the expansion of cities, the growth of the 
population, the change of lifestyle (for instance maybe the growth of the market of electric 
cars, even if it is limited in a five-years horizon).  

But besides an increase of the load due to the fact that we are dealing with a future situation, 
we also have to consider the intra-day load variation, since we want to set a difficult situation. 
The situation describes one of the worst possible cases, when the grid is the weakest. The 
temperature is a critical parameter: the situation corresponds to a day when the temperature is 
especially low: a temperature observed once every 10 years in average. At this temperature, 
the load is the highest due to all the heating used by the inhabitants. This load is applied in our 
situation. Of course, the fact the higher load is obtained in the coldest day in winter is correct 
because we are in France (this is even more true in Sweden obviously). In hotter climates 



where the cooler systems are common, the difficult situation would have been during the 
hottest day of the year, as we can see in the figure below (comparison between South and 
North of the US).  

 
 

 
Figure 9: Examples of intra-day load curves[5] 

 
 
 
In France, during winter, the shape of the load curve is a bit different: 
 
 
 

 
Figure 10: French load curve in winter[6] 

Translations: 
4h-8h: montée en charge du matin: morning load increase 
16 h: creux de l’après-midi: afternoon trough 
19h: pic du soir: evening peak 



 
 
During the night the load attains its lowest level. Between 4 am and 8 am, the load increases 
continuously. There is a small trough around 4pm, and the highest peak is obtained at 7 pm. 
This peak is due to the fact that the load is the highest at this moment because people are 
coming home from their work place. Usually they put their heaters or the television on when 
arriving home. The last explanation is the fact that during winter it is dark at this time 
therefore street lightings are on also.  

The highest peak during winter corresponds to the consumption level with which we are 
dealing in our difficult situation.  

 

8.2.2 Production  
 

Besides the load level, we also have to look at the production level. In a difficult situation, all 
the groups are not producing to their maximal capacity. In the situation used in our 
simulations, one of the two nuclear plants is considered as partly unavailable (one group is 
unavailable and the plant has two groups). Moreover, some thermal plants are unavailable, 
and they represent each of them a few hundred MW. It must be noted that the other nuclear 
plant is available. 

 

8.3 Parameters 
 

8.3.1 Capacitors 
 

The possible capacitors here are divided into three groups, depending on the voltage level of 
the substation: 

- 18 are on the voltage level 7 (400 kV). It can be noted that some of them (usually two) are 
on the same substation. The volume is always 150 Mvar. 

- 12 are on the voltage level 6 (225 kV). The volume is then 80 Mvar. 

- 6 are on the voltage level 3 (63 kV). There are two other levels in between (150 kV and 90 
kV but they are marginal on this area). The volume is 30 Mvar.  

 

 

 

 



8.3.2 ACMC thresholds 
 

Before we perform simulations with variations of some parameters, we have to settle the basic 
simulation which will be the reference. It was really long to settle all the parameters to have 
the most general simulation possible.  

 
First, the situation and the hypotheses were given so that was not on discussion. In the tree, 
the only thing to be discussed was the ACMC thresholds. The ACMC are the capacitor 
controllers. There is a controller for each capacitor. Basically, they have two voltage 
thresholds, a high one and a low one. If the voltage gets down the low threshold, the 
controller will connect the controller to the grid. If the voltage becomes higher than the high 
threshold, the controller will disconnect it. This permits to keep the voltage in a band. Indeed, 
if voltage collapses have to be avoided, a too high voltage is also a problem. 

At first the thresholds were too low, and most of the capacitors were not connected before the 
fault. So, after the fault, the dynamics were too fast, the capacitors connected too slow and we 
did not fully profit from them. We have to put on the operator’s shoes, since the ACMC 
values are here to simulate the operation of the grid. The ACMC are usually used on regular 
situations, but here we deal with a very unfavorable situation, therefore we can assume that 
the operator, in this situation and in prevision of a possible fault, would connect all the 
capacitors. To take into account this exceptional operation, we decided to lower the ACMC 
thresholds. 

At first, the values were, for the capacitors on the 400kV substations, 403 kV for the low 
threshold, 415 kV for the high threshold. We changed them to 413 and 420 kV. 
For the voltage level number 6 (225 kV), we changed them from 230-242 kV to 235-245 kV. 
Finally, for the 63 kV capacitors, from 63-67 kV, they were settled to 64-68 kV. With these 
new values, we were able to check that before the fault, all capacitor were connected. 

 

Moreover, there is a time after a cut-off of a capacitor when it cannot be switched on again, to 
avoid oscillations with a too high frequency (see figure below). Indeed, if the capacitor is 
really efficient and the thresholds values are a bit too close, we can be in a situation where 
switching the capacitor on leads to an immediate too high voltage, so the capacitor is 
immediately switched off. But then, in less than 10 seconds (one step of the ASTRE 
calculations), the voltage drops below the low thresholds so the capacitor is switched on 
again, which leads to an increase of the voltage, etc.  

In the figure below, you can see in blue the reactive power supplied by the capacitor, and in 
red the voltage at the node. Here, the minimum duration between the moment when the 
capacitor is cut-off and the moment it is switched on is set to 3000s. Of course, the behavior 
shown in this figure is not the best one, but it is the only solution to be able to keep the 
voltage in an acceptable range. 



 

Figure 11: Example of oscillations due to the ACMC 

 

 

Here, this time is set to 300 seconds. Of course this setting raises other problems. We can see 
that a capacitor in this situation,, will not have an efficient behavior, and will apparently not 
be chosen in our algorithm. Indeed, it is so efficient (when switched on, it leads to a too high 
voltage), so that most of the time it is switched off (for 300 seconds, and then switched on 
again for 10 seconds). Therefore, despite the fact that it is efficient, the voltage collapse may 
not be avoided. But in the other hand, we have to underline the fact that a too high voltage 
may also be a problem for the grid and the installations, so the solution which was to increase 
a lot the high threshold of the ACMC (so that the capacitor is not switched off) was not 
selected. 

 

8.3.3 ASTRE parameters 
 

In addition to the parameters of the situation (consumption level, unavailability of certain 
groups, etc.), there are some intern parameters of the margin computation.  



 

8.3.3.1 Stress of consumption 
 

First, the stress of consumption is set to 1200 MW. This stress is attained in 2000 seconds. 
The stress is about 10% of the consumption.  

The stress of consumption of 1200 MW will be equally applied in this area. Equally here 
means proportionally to the initial consumption.  

The stress is performed at  𝑑𝑄
𝑑𝑃

 constant.  

The stress is carried out with two other stresses on distant areas, negative this time, and equal 
to half of the stress on our area, to balance the system: we want to keep the global P=C 
equilibrium. 

 

8.3.3.2 Time lengths 
 

All the time lengths can be set, as shown in the figure below. 

 

Figure 12: ASTRE simulation's time lengths 

 

All the numbers are in seconds. 1000 seconds after the beginning of the simulation, the stress 
of consumption begins and lasts at the maximum for 2000 seconds, depending on which 
dichotomous point is treated here. Indeed, the full stress corresponds to 2000 seconds, so if 
we are testing the level 0.5, the stress will last 1000 seconds, as we saw on the figure 3. Then, 
after 1000 seconds of stabilization, the fault is applied, and the end of the simulation is 1000 
seconds after the fault. At this point, if there was no voltage collapse, the simulation stops 
with the result: acceptable  

 

8.3.3.3 Stopping criteria 
 



 In our simulations, three criteria are defined to describe the voltage collapse: 

- Criterion on 400 kV level: the voltage must be between 0.8 and 2 times the nominal voltage 
(here between 320 and 800 kV) 

- Criterion on 225 kV level: the voltage must be between 0.8 and 2 times the nominal voltage 
(here between 180 and 450 kV) 

- Criterion on all the loads: the voltage of the node to which the load is connected must be 
higher than 85% of its nominal value. 

 

When one of these criteria is not respected (during several consecutive steps), the simulation 
stops and the result is “unacceptable”. We can say that the grid is not able to bear the tested 
stress level. If at the end of the 1000 seconds after the fault, the criteria are still respected, the 
result is “acceptable”. 

 

8.3.3.4 Fault 
 

The fault considered here is the most dimensioning one, the loss of a nuclear group (the 
second group of the nuclear plant where the first one is already unavailable. Thus, the power 
plant does not produce any MW after the fault. 

 

8.3.3.5 Compensation 
 

The area participating in the primary frequency control is set as all the regions of France for 
all the simulations. 

 

8.3.3.6 Precision and tolerances 
 

The precision is set at 15 MW. To set this parameter, a consensus had to be found between 
accuracy of the result and time length of the simulation. The smallest capacitors have a 30 
Mvar volume (reactive power at nominal voltage). If we assume that a capacitor can bring a 
surplus of in average 0.6 MW/Mvar, we can see that maybe most of the small capacitor will 
be on the same steps: 0MW, 15 MW or 30 MW, sometimes higher. The problem is that it 
could be difficult to see the difference of efficiency between two small capacitors because 
they will be on the same step. Three arguments have been decisive in the choice of the 
precision value: 



• The small capacitors are not very numerous, and do not bring a big margin compared 
to the other capacitor which are bigger, so they are not the core of the solution. 
 

• When the precision is set to 15 MW, the real difference between two steps of the 
dichotomous calculation is actually between 7.5 MW and 15 MW. For instance, for a 
100 MW stress, the points of the dichotomous calculation will be for instance, in the 
right order: 100 MW, 0 MW, 50 MW, 75MW, 62.5 MW. The dichotomous calculus 
stops when the difference between two steps is smaller than the precision. Here the 
difference between two steps will be 12.5 MW.  
 

• Taking a smaller value of the precision (therefore having a more accurate result) will 
increase the time length of the simulations, which is already long.  

The tolerances are set to 50 MW and 50 Mvar. 

 

8.4 Simulations table 
 

Here are summarized the simulations I have run. In the corresponding paragraph, there will be 
a more detailed description of each simulation. 

Name Variable Modification Values 

basic Ø Ø Ø 

tan(𝛗) consumption on the 
area 

creation of a new hypothesis 
that describes the 
modification of the 
consumption for each 
substation 

tan(𝛗)+0.1 
tan(𝛗)-0.1 
contractual tan(𝛗) 
tan(𝛗)=0 
tan(𝛗)=0.1 
tan(𝛗)=0.2  

consumption in the 
neighbor areas 

consumption in the 
neighbor areas 

creation of a new hypothesis 
that describes the 
modification of the 
consumption for each region 

+1000 MW in two of 
them. 

Unavailability of 
power plants 

production level 
setting for some 
power plants  

creation of a new hypothesis 
describing the modification 
of the power plant level (set 
to 0) of the power plants 

 

Exchange stress 
instead of a load 
stress 

  

See in the 
corresponding 
section below 
 

 



9  Results 
 

9.1 Basic simulation 
 

9.1.1 Presentation 
 

The basic simulation will be the base to make comparison with all the other simulations. It 
was performed with the initial parameters as described in the previous chapter. 

 

9.1.2 Curve 
 

For reasons of confidentiality, only the curve will be shown, and not the list of chosen 
capacitors. 

 

Figure 13: Basic simulation's curve 
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The verif.py script result is that no capacitor can be uninstalled. 

 

9.1.3 Analysis 
 

For a 1200 MW margin, 1800 Mvar are necessary.  

We can see that the curve is quite linear. At the initial situation, without any capacitor 
installed, the grid can bear an extra 75 MW load stress. The margin increase when we install 
the capacitors. From the curve you can see that the chosen capacitors have different volumes: 
30 Mvar, 80 Mvar and 150 Mvar, so we can see that there is no preferential voltage level for 
the installation of capacitors. However, it has to be noted that there were not the same number 
of available substations for the different levels: 6 capacitors on the 63kV level, 12 on the 225 
kV one and 18 on the 400 kV one. On the 6 smallest capacitors, 4 were chosen at the end of 
the simulation. 4 of the 12 were chosen for the 225kV level and 9 out of 18 on the 400 kV 
level. In proportion, we can say that the 30 Mvar capacitors (on the 63 kV level) are more 
chosen than the ones on the 225 kV level. A possible explanation is that they are basically 
closer from the loads which consume reactive power.  

Moreover, it has to be mentioned that for the first steps, the best capacitors are not situated 
very close to the fault, which is consistent with the paradox explained at paragraph 4: the 
capacitors have to be installed not too close and not too far from where the voltage drops the 
most.  

On the curve you can see a black line which is the linear regression line of the curve (based on 
the least squares principle). The most interesting figure is its slope: 0.638.That means that “in 
average”, each installed Mvar brings 0.638 MW of margin. And since the curve seems linear, 
this number may be used in a general case, to have an approximation of the number of 
capacitor you need to install for a certain margin. 

We can compare with a previous study, which concluded that for a 1000 MW margin 1400 
Mvar were necessary. This is exactly the result that we have also, so this is an argument to say 
that our results are coherent. 

Though it cannot be seen in the curve, it is noticed in the result files that for several steps, 
some capacitors have a negative efficiency. This result can be puzzling at first, but this result 
is actually not problematic. Indeed, this capacitor can be switched on by its ACMC before the 
fault, during the load stress for instance. Because of that, another capacitor, better placed for 
the fault, will not be switched on before the fault, because the voltage at this node will be just 
over the threshold. After the fault, the dynamic of the voltage collapse may be too fast so that 
the capacitor is switched on too late and so the grid cannot bear this load stress anymore. This 
can be an explanation why the installation of a capacitor can have a negative impact on the 
grid. 

 



For the last comment, we can see that the verif.py script’s conclusion is that no capacitor can 
be uninstalled: they are all necessary to reach the 1 200 MW aim. 

 

9.2 tan(𝛗): 
 

9.2.1 Presentation 
 

This series of simulations are variations on tan(𝛗). This parameter is defined as the reactive 
power consumption divided by the active power consumption. It is defined for each 
consumption points in our grid, basically at every substation. Tan(𝛗) is an indicator of the 
reactive power consumption, and therefore is one of the most important parameters of the 
project’s simulations. Indeed, we have seen the link between reactive power and voltage 
collapse. Since we do not know exactly how will be the consumption in five years, this 
parameter has to be tested for different values. Will the consumption grow equally in 
proportion between reactive and active power? It is not easy to answer to this question. We 
will therefore test for two different values compared to what is expected, +0.1 and -0.1.  

Exactly, it is the active power which is changed to get the new value. Modifications are not 
performed on particular consumptions like industrial ones.  

Moreover, we will test it with a contractual value of tan(𝛗). Indeed, ErDF, in charge of the 
electric distribution in France, is a client of RTE and, among others, the value of the tan(𝛗) is 
set in a contract, and exceeding it leads to additional costs for ErDF. It is therefore important 
for RTE to know for each project what the impact of a change in this parameter is. Here, the 
simulation is done with the contractual value for each load. This corresponds to the worst 
possible situation for RTE without money compensations. 

Finally, we will perform three other simulations where tan(𝛗) in all the substations is equal to 
0, 0.1 or 0.2. These three situations is the translation of three different values for an 
hypothetic general contractual tan(𝛗) .  

 

 

 

 

 

 

 



9.2.2 Curves 
 

 

Figure 14: All the curves for the variations of the loads’ tan(𝛗)  
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Figure 15: Curves of the basic tan(𝛗), the tan(𝛗) +0.1, the tan(𝛗) -0.1 and the contractual tan(𝛗) 
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Figure 16: Curves for the basic tan(𝛗) and the homogeneous ones. 

 

For all the simulations, the verif.py script result is that no capacitor can be uninstalled. 

 

9.2.3 Analysis 
 

The first observation is that all the plots are more or less straight lines and are quite parallel. 
They start from different initial margins, from -320 MW up to 650 MW.  

Of course, there is a question that has to be asked: how could a negative margin be found, 
since the dichotomous calculation tests only the margin in a 0 – 1200 MW range? Actually, 
before each simulation, we first had to perform manually (with the HCI) a margin 
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computation on the basic situation. If the acceptable situation is not found (less than 0 MW), 
it is necessary to do something to solve the problem without ruining the parameters of the 
simulation. Here, and for all the other simulations where we had the same problem, it was 
decided to decrease a bit the load, but to increase the desired margin by the same value. For 
instance, for the “tan(𝛗) +0.1” simulation, the load in the observed area was decreased by 500 
MW, and increased by 250 MW in the two areas used during the load stress to keep the P=C 
equilibrium. Moreover, the load stress was increased to 1700 MW and its time duration was 
adapted to keep the slope constant.  

The first remark is that an increase of the tan(𝛗) means a bigger investment in capacitors to 
reach the same margin, and that at contrary a decrease of the tan(𝛗) means a decrease of the 
investments. This is obvious, since tan(𝜑) = 𝑄

𝑃
 . Increasing the tan(𝛗) implies that the 

reactive power load will be higher, for the same active power load. As we saw before, the 
voltage collapse is strongly linked to the reactive power flows. If the consumption is higher, 
we need to find new sources as capacitors.  

In the basic simulation, the average tan(𝛗) was about 0.12. This is why the order of the plots 
is coherent: tan(𝛗)=0 and tan(𝛗)=0.1, tan(𝛗)-0.1 are obviously easier situations, so the plots 
are above the basic one. tan(𝛗)+0.1 and tan(𝛗)=0.2 are below, because they are more difficult 
situations. The contractual tan(𝛗) correspond to the worst situation as described in the 
contract between RTE and ErDF, that is why it is below the basic simulation’s curve. 

The investments in Mvar for a 1 000 MW margin are specified previously in the table. For the 
tan(𝛗) +0.1 and tan(𝛗) -0.1 simulations, it is interesting to note that the investments are 
symmetric with regard to the basic simulation: 700 Mvar for the tan(𝛗) -0.1 simulation, 1 400 
Mvar for the basic one and 2 100 Mvar for the tan(𝛗) +0.1 simulation. It could be interesting 
to perform further simulations with different values of the tan(𝛗), for instance tan(𝛗) +0.05 
and tan(𝛗) -0.05 to verify the linearity of the investments. However, our simulations are an 
argument in favor of a symmetry of the investments: if an increase of the tan(𝛗) by 𝑥 leads to 
a increase of the investments (compared to the basic simulation) by 𝑦 Mvar, then a decrease 
of the tan(𝛗) by 𝑥 leads to a decrease of the investments by 𝑦 Mvar. Indeed, this can be 
explained by the fact that the variations of the tan(𝛗), plus or minus 0.1, represent variations 
of the reactive power consumption. In the basic situation, the reactive power load was 1 225 
Mvar. In the tan(𝛗) +0.1 simulation, it was 2 191 Mvar, and in the tan(𝛗) -0.1 simulation it 
was 260 Mvar. The differences ±0.1 of the tan(𝛗) correspond to a ± 965 Mvar change in the 
reactive power consumption. This number can be compared to the extra investment of 700 
Mvar. We can wonder why an increase of 965 Mvar of the load does not lead to an increase of 
965 Mvar of the investments. But if we install the capacitors, they will not produce exactly 
700 Mvar, because that is the reactive power supplied at nominal voltage. But the voltages are 
always different from their nominal values. So when we mention a 700 Mvar capacitors 
investment, it does not mean that the capacitors will provide 700 Mvar. 

 



The last comment will be on the “verif.py” results. We can see that no capacitor is uninstalled. 
It means that the found solutions are sound.  

 

9.3 Unavailable power plants: 
 

9.3.1 Presentation 
 

In this part we wanted to test the influence of the unavailability of power plants. Two 
simulations were performed. In the first one, only some power plants are unavailable, 
representing about 500 MW. Unavailable power plants reduce also the possible production of 
reactive power. In the second simulation, another nuclear power plant is unavailable, so the 
total amount of additional unavailable power supply is 1 400 MW.  

The unavailability of a power plant can be either wanted or unexpected. In the first case it can 
be a maintenance operation, as it has to be performed regularly, especially in nuclear power 
plants. The other case corresponds to a problem that occurred in the power plant and led to the 
shutdown of this one. Both are very important factors to determine if the situation is difficult 
or not. Indeed, it has been seen that in most of the blackouts that occurred in the past decades, 
the production capacity was often limited by critical unavailable power plants. 

 

 

 

 

 

 

 

 

 

 

 

 

 



9.3.2 Curves 
 

 

Figure 17: Curves of two simulations with more unavailable plants 

 

9.3.3 Analysis 
 

The three curves are quite parallel, even if the slope decrease a bit when the situation gets 
harder (so when the amount of unavailable MW is the highest). We can see that, as the 
tan(𝛗), the unavailability of the power plants is a very important criterion to determine the 
volume of Mvar that must be installed. Moreover, until now we have seen in the previous 
simulations that all curves are parallel, which is a very interesting result. Indeed, it is possible 
to have an estimation of the amount of Mvar that must be installed by just calculating the first 
point. Nevertheless, this does not give any clue about the localization of the capacitors. 

We have to mention the fact that for the second unavailability simulation (indispo2, in green 
on the previous figure) the simulations does not reach the 1 200 MW goal. It goes only until 
1 000 MW. This is due to the fact that after a large amount of installed capacitors, the 
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remaining ones are not numerous, and at a point, they may be at very bad localizations, where 
there is no voltage problems and no need to have an additional reactive power supply. In this 
case, the extra margin that they provide is really weak, or maybe even null.   

Here again, no capacitor uninstalled by the verif.py program. This means that our algorithm is 
not as weak as we could imagine. 

 

9.4 Consumption level in the neighbor areas: 
 

9.4.1 Presentation 
 

In this simulation the tested parameters were the consumption in the two areas from which the 
exchanges are the biggest (respectively 1500 MW and 3500 MW approximately). It was 
decided to increase the loads in both of the areas by 1 000 MW, and to decrease the load in 
two other distant areas by 1 000 MW (the same distant areas as during the load stress). 

Of course changing the consumption level in the neighbor areas has an impact on the 
exchanges. With this increase of consumption in the neighbor areas which provided power to 
our area, we can imagine that the situation will be more difficult. It is the case, and we had to 
decrease the consumption by 500 MW, as it has been done in previous simulations, since the 
initial margin is negative. 

 

 

 

 

 

 

 

 

 

 

 

 



9.4.2 Curves 
 

 

Figure 18: Curve of the simulation with different exchanges between areas 

 

9.4.3 Analysis 
 

First, like in all the other simulations, the two curves are parallel. The chosen capacitors are 
not very different from the basic simulation, but the order differs a bit.  

We can see that at the last steps, the slope clearly decreases. This fact can be linked to the fact 
that at this point, the left possible capacitors are scarce and not well placed (too far from 
where the problem occurs). This problem is not a problem from the method but from the real 
situation: there is not enough room in the substations. Maybe it could be interesting to buy 
some new building lands, but it is not always possible, and costs a lot, especially in urban 
areas. Anyway, these questions are not treated in this report, we consider the list of possible 
capacitors as a fixed input. 
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A particular point on the curve may draw your attention. It’s the point between 1 600 and 
1 700 Mvar, where the slopes strangely increase. It corresponds to a small capacitor which 
becomes very efficient. This is not abnormal, we can imagine that the capacitor installed at 
the previous step improved the situation of this small capacitor. In average, we can see that 
small capacitors are more efficient. Indeed, they are closer to the loads, since they are situated 
on lower voltage levels. On the other hand, they are not very numerous, since they are mostly 
in urban areas. 

 

9.5 Exchange stress 
 

9.5.1 Presentation 
 

This last simulation presented here consists in performing an exchange stress rather than a 
load stress. It means that the stress is not done within the area, but at the borders. The stress 
level remains the same. This simulation is very different from the previous ones. Indeed, we 
are not dealing with a situation which, in terms of production or consumption, is not very 
different from the basic one. Only the way of how the stress load is interpreted changes. 

This exchange stress can be seen as a stress load in a neighbor area, which would be entirely 
reflected on the exchange with our area. 

 

 

 

 

 

 

 

 

 

 

 

 



9.5.2 Curves 
 

 

Figure 19: Curve of the simulation with an exchange stress 

 

In this simulation again, no capacitor could be uninstalled by the verif.py module. 

 

9.5.3 Analysis 
 

As expected, the curve is different than from the other simulations. Here, it begins a bit over 
the basic simulation. It means that the situation is better if the stress is done as an exchange 
increase than as a load increase. The gap increases a bit but at the end, the two cures join. For 
a consequent stress, it does not matter if it is performed at the borders or spread in all the area. 
We can explain that by looking closer to where the investments are done. In this simulation, 
the installed capacitors are not the same, and we can see that the capacitors localized closer to 
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the border are chosen, which was not the case in the basic one. Moreover, the grid near the 
borders where the exchange stress is done is stronger than on other parts of the area: the lines 
are numerous and there are a lot of production which can maintain the voltage. This explains 
why it is easier to bear an exchange stress. It is a characteristic of our area. We can imagine 
another area where the situation could be inversed: an exchange stress could be more difficult 
to bear than a load stress. 

The fact that the curves join at the end means that at a certain point, the level of the stress is 
more important than how it is performed. For a 1 200 MW margin, we find the same volume 
of Mvar that should be installed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



10 Comments and perspectives 
 

I will list some general comments on the project, about its possible flaws for instance. I will 
also try to indicate which improvements and additional simulations could be done in the 
future. 

 

As we already said, the biggest problem of the method is that we are not sure to find the 
optimal solution, even if the writing of the “verif” script is an argument in the direction that 
our results are coherent. Maybe there would have been different ways to see the problem.  

I also tried to find ways to decrease the time length of the simulations (about 40 hours per 
simulation), but the possible solutions have raised other problems so they were given up. This 
subject is treated in details in the Appendix. 

 

In this project we only considered one fault. The list of capacitors found is therefore only 
efficient when this particular fault occurs. It is legitimate to wonder if the installation of these 
capacitors is a good investment for other faults. That could be the object of simulations: run 
the method with two or three different faults. We could consider a fault in another power plant 
at a really different point of the grid. We could also define the fault as the outage of a 
transmission line. 

 

For the next simulations, it could be interesting to test other parameters, or to perform a 
simulation on another area. It could also be interesting to increase the list of possible 
capacitors of our area with fictitious ones, to be able to make wider comments on the 
localization of the investments. Nevertheless, this would take a long time, each additional 
capacitor increasing the time duration by a non-linear factor (each additional capacitor leads 
to a greater additional time duration than the previous one).  

 

 

 

 

 

 

  



11 Conclusion  
 

The aim of the project was to implement a method for the localization of new capacitors that 
should be installed at a 5 year horizon, and to perform simulations to test the influence of 
different parameters. The parameters which have been tested and presented in this report are 
the variations of tan(𝛗), the unavailability of the power plants, the consumption in the 
neighbor areas and the way the load stress is applied.  

I have described the method, which seems acceptable both in its conception and its 
implementation. The obtained results are consistent with other results obtained previously, in 
other studies at RTE. Moreover, the method, which was discussed because of its flaws, was 
strengthened by an additional module which reinforced the results. 

 

The results presented in this report are interesting: it seems that the average efficiency of the 
capacitors do not change a lot. From the first point, which means a mere and single margin 
computation, it is possible to have an approximation of the volume in Mvar needed to reach 
the desired margin. Contrary to the volume, the localization of the capacitors depends a lot on 
the situation, on the fault and on the parameters. Therefore, it is not easy to determine where 
to install new capacitors. Nevertheless, even if it was not explicitly shown in this report 
because of confidentiality problems, it is more the order of the chosen capacitors that changes 
between simulations than the actual selection: there are some substations where the grid is 
weak and a capacitor would help whatever the situation or the fault is. 

The last simulation showed the impact of how, and more exactly where, the load stress is 
performed. The result seems to be that from a certain point the level of the stress becomes 
more important than the way it is carried out. 
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Appendix 
 

 

Faced difficulties and improvements of the model 
 
In this appendix I have summarized the main difficulties and the tricky points I met while 
improving the model. 
 

Problems with the dichotomous calculation  
 

This paragraph describes one of the most often met errors, where the unacceptable situation 
during the dichotomous calculation is not found. 

One part of these errors is due to the fact that the level 1 of the load stress is bearable by the 
grid. Since the dichotomous calculation does not go further than this level, the situation is 
acceptable for every point between the levels 0 and 1. This case is not a problem. Indeed, it 
means that the grid can bear the maximal required load. That means that the objective is met, 
and the simulation has to stop. When this occurs, the capacitor is installed and the simulation 
ends. 

Another possible case, which is a real problem, is when an error occurs during the ASTRE 
calculation in one of the points of the dichotomous calculation. Indeed, an error can occur for 
instance (actually, this one the only source of error I met during my whole project) if the gap 
between the demanded increase of the load and the actual one is too big. The increase of the 
load shown in the figures in paragraph 6 is what is asked to ASTRE, but not what ASTRE 
really does (see in the figure below). If it is greater than the tolerance (set to 50 MW and 50 
Mvar in all the simulations), then this error occurs: 

">>> order received at 03:09:33     

    t= 1700.0: active power of zone IAA1  (10671.5MW) different from demand 
(10616.2MW)  

 Impossible to reach !” 

And the dichotomous calculation goes to the next point, but below. 

This error is not always critical, as we will explain now.  

Two cases are possible. 

Case 1  

Stress level  result 



1    error  

0   acceptable 

0.5   acceptable 

0.75    acceptable 

0.875   unacceptable 

0.8125   unacceptable 

0.7812   acceptable 

0.7969   acceptable 

0.8047   acceptable, end. 

 

Here the fact that there is an error (for level1) does not interfere. The result is found:  

Acceptable level: 0.7812. 

Unacceptable level: 0.8125 

 

Case 2  

Stress level  result 

1   unacceptable 

0   acceptable 

0.5   error 

0.25   acceptable 

0.375   acceptable 

0.4375   acceptable 

0.4688   acceptable 

0.4844   error 

0.4766   acceptable, end. 

 



Here, the unacceptable situation is not found. Indeed, the stress level 1, which is the lowest 
unacceptable situation, cannot be the final result, because the two situations (acceptable and 
unacceptable) must have only one step in difference (like in case 1). The result given by 
ASTRE will be: 

Acceptable level: 0.4766 

Unacceptable level: not found. 

 

The problem comes from the two errors. At level 0.5, the situation should have been 
acceptable but the calculation failed. Indeed, in this test the real value of the highest 
acceptable situation was around 0.7. After a fail, the dichotomous calculation always goes on 
the point below, here 0.25. From this point, we know that it will not find the complete result, 
since we will not go higher than 0.5 anymore. Moreover, a second error occurred when we 
approached the 0.5 level again (0.4844). 

 

You can see below two figures illustrating the two cases. 



 

Figure 20: Case 1: The result is found in spite of the error 



 

Figure 21: Case 2: Unacceptable situation is not found 

 

 

To avoid these errors, another margin computation is run in case of the unacceptable situation 
is not found. This margin computation is run with a higher stress load (+50 MW). Of course, 
the time duration of the stress is also increased in the same proportion to keep the slope 
identical. Since the stress is changed, so are the points of the dichotomous situation. There is 
therefore a chance that the calculus will not meet any error this time. If after three increases of 
the load stress the margin computations have not any valid result, the simulation will give up 
and test the next capacitor. 

 

 



Decrease of the time duration of the simulations 
 

The decrease of time was an important preoccupation from the first tests. The simulations are 
relatively long.  

The first idea was not to test all the capacitors. For instance, if a capacitor is not efficient at all 
at the step n, is it really worth it to test it at test n+1? The tests showed that it was not possible 
to predict from the results at step n the results of the step n+1. Actually, most of the time, an 
inefficient capacitor will not become very efficient at the next step. But it has been observed 
some times, so not testing all the capacitors could lead to a different result. Therefore this idea 
was abandoned.  

 

Another idea went from the fact that during a dichotomous computation, most of the tested 
points are inefficient. Indeed, a capacitor always brings an additional margin between 0 MW 
and 200% of its volume (so 160 MW for a 80 Mvar capacitor).  

For instance, if at step 11 of a simulation, the reached margin is 800 MW, and the desired 
margin of the simulation is 1500 MW, the dichotomous calculation at step 12for all the 
capacitors will test the points: 1500 MW, 0 MW, 750 MW, 1075 MW, etc. You can see that at 
least the first three points are not necessary, we know for certain the results. Those points can 
represent a third of the points of the margin calculation, so it would represent an important 
time reduction for the model if it was possible to guide the dichotomous computation towards 
the interesting points. 

In the ideal situation, the dichotomous calculation would test the capacitors between the 
attained margin at the previous step and this margin +300 MW (200% of the 150 Mvar 
capacitor). Of course, some capacitors have a negative efficiency, so they would not pass the 
lowest level (equal to the margin attained at the previous step). This is not a problem 
however, because they will never be chosen at this step anyway. Actually, we could even 
defined the lowest level of the dichotomous calculation as the previous margin plus the 
threshold, since a capacitor will never been installed unless the margin is over this threshold. 
For instance, in the previous example where the reached margin was 800 MW at step 11, let’s 
imagine that the threshold is defined as 0.3. Then at step 12, for a 150 Mvar capacitor, the 
ideal dichotomous calculation would be between 850 MW (800MW +0.3*150 MW) and 1150 
MW (800 MW + 2*150 MW). In the basic model, it is tested between 0 MW and 1500 MW. 
We can see that this would lead to a big decrease in the wasted time. 

This is what I tried to do, but it was not easy. The dichotomous calculation cannot be guided 
at first glance. The first thing I tried was to begin the margin computation from a higher point 
than 0. This could have been done with an additional load stress simulation before the real 
computation. For instance, with the previous example, at step 12, an 850 MW load stress 
would have been applied to the situation. And then, the margin computation would have been 
performed from this point. This was a possible way to do it, but it would have given a 



different result, since the dynamics are different. Two different load stresses separated in time 
are different from the single load stress made by their addition. 

The other trail was to reduce the dichotomous calculation by the top. This idea was possible 
and has been implemented as a second version of the model. The principle is to reduce the 
load stress to the desired value, for instance 1150 MW in the example above. This is really 
easy to do, since the load stress level is a parameter given in the XML input files. In this 
second script, these two files are automatically re-written at each step, with the corresponding 
values. The value is defined as the margin reached in the previous step plus 300 MW. For the 
first step, the margin of ts1, which correspond to the basic situation, is calculated first, with 
the basic load stress (1500 MW in our example). Then, the other computations of this step are 
done with a load stress equal to the result of the ts1 margin computation, plus 300 MW. 
Of course, not only the stress level but also the time duration of the stress have to be changed. 
This is another parameter given in the XML files. Indeed, the result between two margin 
computations with different stress levels are the same only if the slope of the stress is the 
same. Here, it is a mere cross-multiplication. If the 1500 MW is performed with a 2000 
seconds time length, then for a 900 MW stress level, this time must be changed to 1200 
seconds. Then, the results will be the same.  

This version of the model was written and tested, but the results were not really convincing. 
The time lengths of the simulations were decreased by about 10%, which is really interesting. 
But the fact is that with a different stress level, the points of the dichotomous calculation are 
not the same. This led to different results: for instance, if capacitor 4 is installed at step 6, the 
result of the margin computation for capacitor 4 at step 6 is different from the margin 
computation for ts1 at step 7. They describe the exact same situation, but the stress levels are 
different. Ideally, the result would be equal, give or take the precision. Most of the time, this 
is the case. But some cases have been observed where the difference between the two results 
is higher than the precision, so the difference is real. Due to this fact, it was decided to carry 
out the simulations with the first version of the model, where the dichotomous calculation is 
not guided. 
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