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Abstract 
 

 

Providing reliable electricity to everyone is a very important matter nowadays. Both the 

transmission system operator and the distribution system operator are acting on the grid in 

order to insure it. The latter sometimes has to deal with problems regarding the voltage, 

especially in rural areas. Those issues are crucial because they might lead to a bad functioning or 

damage some appliances, so they lower greatly the quality of supply. Moreover, the installation 

of new small producers such as wind power plants and solar panels to this network has 

worsened the situation by complicating and multiplying the constraints. New methods are thus 

needed to bring more flexibility to the distribution grid and consequently solve the voltage 

problems and possibly others. 

 

The aim of this project was to test possible solutions to voltage problems in the low 

voltage network which is the part of the distribution grid directly connected to the final 

consumers. The main ones were the use of an on-load-tap-changer, capacitors and the control 

of the producers connected at this level. At first, statistical models for the loads and the 

producers were developed. The simulation itself was then designed and programmed. It is 

based on Monte Carlo using a load flow procedure and takes into account a 30 years evolution 

of the network. Finally, many cases were run to observe various behaviors and the most 

interesting ones were selected for the conclusions. 

 

The results showed that the on-load tap-changer is the possibility that adds the most 

flexibility to the system and seems thus the best option due to the high randomness of the 

evolution of such networks. The other options tested are efficient in specific cases and cheaper 

so they might be interesting when it is possible to forecast the new customers and producers of 

the area, which is unfortunately not often the case. Finally, the negative effect of unbalance on 

such networks has been highlighted and it would be very good idea to develop procedures able 

to give the best repartition of consumers among the phases at every bus in order to optimize 

parameters such as voltage and losses.     
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Nomenclature 
 

LV:  Low Voltage 

MV: Medium Voltage 

HV: High Voltage 

OLTC: On-Load Tap Changer 

DSO: Distribution System Operator 

TSO: Transmission System Operator 

PV:  Photovoltaic 

DEP: Decentralized Electricity Producer 
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1. Introduction 

1.1. Background 

 

The several components of a power system have a specific purpose. The generators produce the 

power, the transmission grid makes it available all around the country and the distribution grid 

links the transmission grid to the consumers. The last step might seem the simplest but it raises 

lots of issues. An important one is the respect of voltage limits: voltage is supposed to be within 

a range around the nominal value. A voltage too low involves a bad functioning or no 

functioning of the appliances supplied while a voltage too high might damage them 

permanently. It is thus very important to keep the voltage within the limits not to disturb the 

final consumers. 

The voltage issue arises more problems nowadays because of the growing number of renewable 

energy producers which are directly connected to the distribution grid. Those producers tend to 

increase the voltage at their connection point when they generate electricity, and in some 

scenarios of high production and low load, the upper limit of the voltage might be exceeded. 

The distribution grid needs thus new methods to be more flexible and be able to deal with both 

the new overvoltage problems as well as the usual under voltage problem in case of high load in 

winter, which is not always handled well. 

 

1.2. Problem definition 

 

The medium voltage grid already has several implemented methods to monitor the voltage: on-

load tap-changers on the transformers, capacitors banks. The possibility of regulating the 

reactive power of the decentralized producers has also been investigated with promising 

results. The low voltage network on the other hand has almost no way to control the voltage. 

Reinforcement of the lines is the main tool the Distribution System Operator uses currently. The 

possibility of using the methods of the medium voltage network and the reactive power 

regulation to control the voltage at this voltage level might be interesting. Changing the 

transformer between those 2 grid levels could also reduce the voltage drop. Other possibilities 

to investigate would be load shedding, or at least load shifting to reduce the load peaks where 

the under voltage problems appear, and production shedding in case of overvoltage; these 

options would however be reserved for exceptional conditions because they affect directly the 

customer (consumer and producer). 
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1.3. Objectives 

 

In this project, the main issue is to investigate the possibility of implementing on-load tap-

changers on the transformers reducing the voltage from medium to low voltage. The other 

methods mentioned in the previous section are also studied and compared among each other 

and with the current reinforcement method. The aim is to take into account both the efficiency 

on a purely technical point of view and the profitability of these solutions. Indeed, they seem 

good from the technical point of view but what makes them actually implemented on the 

physical network is their profitability compared to the currently used methods. 

Another important part of the study is to develop a simple statistical model for the loads later 

used to perform the simulations, based on actual consumption measurements. Indeed, loads in 

low voltage networks require specific models for accuracy and the statistical approach might 

work for this study even if it is not the one used by DSOs for their estimations.    

 

1.4. Overview of the report 

 

The report is divided into several parts. First, a large background is given about the French 

power system, the methods tested and the economic analysis. The second section deals with 

the models used in the simulation, especially the development of the load model. The third part 

describes the case study and the results obtained. Finally conclusions are drawn and 

perspectives given about future works related to the subject. 

 

 

 

 

2. Background 
 

This project was performed within the scope of IDEA (literally “invent the electric distribution of 

the future”). It is an Economic Interest Grouping composed of EDF R&D, Schneider Electric and 

the University of Grenoble. It was created in order to study the distribution network and many 

research projects have been carried out.  
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2.1. The French power system 

 

2.1.1. General description and issues 

 

A power system is always built the same way. On one side, there are the main producers such as 

hydro or nuclear power plants, which produce most of the required power for the whole 

system. Those plants are connected to a high voltage grid called transmission grid whose 

purpose is to transport the power everywhere in the system with few losses. The link between 

this grid and the customers is the distribution grid, which comprises a median voltage part 

connected to the transmission grid and a low voltage part connected to the customers. The 

small and medium producers are directly connected to this grid, on the MV or LV part 

depending on their rated power. They are called Decentralized Electricity Producers (DEPs). 

 

Figure 1: General diagram of a power system 

Historically, there were almost no DEPs in the power system and only large power plants were 

producing power. The result is that the power fluxes were unidirectional in the distribution grid: 
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indeed, the power always came from the transmission grid and was transferred to the 

customers. The issues were thus quite simple: the voltages only dropped from the HV/MV 

transformer to the consumer. The grid was dimensioned having that in mind and it worked well, 

tap changers helped increase the voltage to compensate as much as required. The safety 

devices such as circuit breakers were located and chosen to be efficient then. 

Recently, environmental concerns have triggered the development of renewable energies such 

as wind power or photovoltaic power. Those new power plants usually have much smaller rated 

values and are directly connected to the distribution grid, so they are DEPs. They bring about 

lots of new issues in the system. Some are connected through power electronics which 

produces unwanted harmonics. Many depend on external conditions to operate and are thus 

hardly predictable. The main difference it makes regarding the grid is the fluxes in the opposite 

direction that it creates. 

There are several consequences to that. The protection systems might not work anymore: the 

DEP’s injected currents can either prevent a necessary trigger of the system or trigger it while it 

was not supposed to, depending on the configuration of the network and the location of the 

fault. If there are lots of them, the current in case of high production might exceed the 

acceptable limit for the lines that were dimensioned to withstand the current in case of high 

loads. Finally, voltage problems might arise: injecting power increases the voltage at the 

connection point (and consequently around it). This is one of the problems we are trying to 

solve in this project and it is explained with more details in section 2.1.4. 

We assume in this project that the only type of decentralized generation in LV networks is the 

photovoltaic. Indeed, wind power plants are usually too big to be connected there and are 

connected to the MV network instead. 

 

2.1.2. Transformers 

 

Transformers are essential components of a power system. They are the links between the 

different voltage levels and thus the different subdivisions of the system. There are especially 

some at the limit between the transmission grid and the distribution grid, and others within the 

distribution grid between the MV and LV grids. Those have a feature that is important regarding 

our study: they are equipped with a tap changer. It is an appliance able to change the 

transformation ratio between the 2 sides of the transformers, which means that they help 

control the voltage level at the secondary side.  
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The ones between the transmission grid and the distribution grid have an on-load tap-changer 

(OLTC): the change of the tap setting happens while the transformer is connected to the 

network. This is very interesting because it is possible to decouple the voltages of each side of 

the transformer at all time, as much as the tap settings allow it of course. This is particularly 

useful for the transformers at this level because the voltage in the transmission network might 

vary throughout the day and this feature allows the voltage on the distribution grid side to be 

constant. This way, the customers do not experience the effects of problems in the transmission 

grid as long as they do not become too serious.  

 

The transformers linking the MV and LV networks have off-load tap-changers: the transformers 

have to be disconnected for the tap setting to be changed and the changeover has to be done 

manually. This is not very practical because disconnecting the transformer means a power cut 

for the customers connected to the transformer. Moreover, they are not always easily 

accessible. The result is that they are never changed once they have been installed. The only 

point to that is to set the tap setting before installing it the first time: if the maximal voltage 

drop is high it can help maintain the voltage within the limits.  

 

2.1.3. The distribution grid 

 

In order to understand the assumptions and results of the project, it is important to have 

enough knowledge on the grid itself. This part of the report presents the necessary information 

for the understanding. 

The French distribution grid is composed of 2 voltage levels: a MV one called HTA, and a LV one 

called BT. The MV network is described and then the LV network, which is our main interest, is 

more detailed including the planning rules. All the information can be found in [1] and [2]. 

 

The MV network 

 

Although the MV network is not the objective of our study, it affects the LV network a lot by 

being the upper level. The critical information for us is of course the voltage level at the 

connection point of the MV/LV transformer, but it might be necessary to model it in a more 

detailed way.  
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This network is mostly radial in normal conditions especially in rural areas, the root being a 

HV/MV transformer. It is however possible to connect lines coming from 2 different HV/MV 

transformers or from the same transformer in case there is a fault that leads to a disconnection. 

In that way, electricity can be provided to every customer in every situation. This configuration 

is called the emergency situation and allows more voltage drop because the total length 

between the transformer and the end of the line is greater than in normal conditions. 

 

Figure 2: Topology of the MV network 

Regarding the voltage, the nominal value is 20 kV and the limits are set at +/- 5%. To be more 

precise, in normal conditions the voltage drop between the HV/MV transformer and the 

farthest MV/LV transformer must not exceed 5% and in emergency situation the maximal 

voltage drop allowed is 8%. As the on-load tap changer of the HV/MV transformers sets the 

voltage to be between +2% of the nominal value (in case of high production of the decentralized 

generators connected to this network) and +4% of the nominal value (the regular case) at its 

secondary winding, the lowest voltage obtained on these networks is about -1% in normal 

conditions and about -5% in emergency situation in winter. On the other hand, in case of high 



13 
 

production, especially in summer when the solar panels are producing more than what is 

consumed, the voltage might go up to the high limit of +5%.       

 

The LV network 

 

This network is even simpler than the previous one: it is always radial and there are almost 

never possibilities to connect lines the way it is done in the MV network. It is indeed far less 

serious to have a few dozens of clients disconnected than a few hundreds or thousands as it is 

the case in the MV network, and it is not worth spending money for those really seldom 

situations. Rural networks, which are the ones we are interested in, usually have quite long 

lines, which is why voltage problems can appear. The lines in rural areas are usually overhead 

but the trend is to put underground cables for the new lines or the ones that need to be 

changed. 

The nominal value of the voltage is 400 V (line voltage) and the allowed range is +/- 10%. 

However, there is a voltage drop between the connection point of a client in the grid and the 

place he lives in that is estimated by the DSO to 1.5% in case of high load. So, the voltage must 

not be lower than -8.5% everywhere in the grid in order to maintain the -10% limit at the 

homes. 

 

The lines can be chosen between 2 types: overhead lines made of a mechanically interesting 

alloy of aluminium, magnesium and silicon (called Almelec) or underground cables made of 

aluminium. The utilized section can be seen on table 1. 

Table 1: Wires used in the LV network 

Type Overhead Overhead Underground Underground Underground 

Section of the 
phase conductors 

70 mm² 150 mm² 95 mm² 150 mm² 240 mm² 

Section of the 
neutral 

54.6 mm² 70 mm² 50 mm² 70 mm² 95 mm² 

 

They have almost all the same value of reactance but the resistance is very dependent on the 

thickness. For a given type of wire, the greater the section the lower the resistance. One of the 

implications is that the losses are reduced by using thicker lines because the copper losses are 

proportional to the resistance.  
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The sections of the lines installed depend on the clients. Indeed, there is an economical 

optimum regarding the price of the conductor and the losses over the lifetime of a line. A line 

with a small load at its end does not create considerable losses and investing in a thicker line is 

not profitable. For a line with a high load it is the opposite, and even if a thicker line is not 

necessary for voltage or current issues, it can be profitable to use it because the gain regarding 

the losses is high enough to compensate for the investment surplus. The rules followed by the 

French Distribution System Operator (DSO) are given in table 2. 

Table 2: Most profitable line sections 

 Overhead lines Underground cable 

Best section 
economically 

70 mm² 150 mm² 95 mm² 150 mm² 240 mm² 

Maximal power 
through the line 

 50 kW >50 kW  40 kW  70 kW >70 kW 

Moreover, the 95 mm² underground cable is only installed in non-evolving ways. 

This table does not give the best section that should be installed at all times but the best one to 

install if the replacement of a line or cable is required. Indeed, replacing a line is expensive, 

especially if underground cables are involved because of the digging. This means that the lines 

can have smaller sections than the ones advised by the table if they have been installed before 

reaching the maximal power limit.   

    

There are several sizes for the transformer. The most interesting one for us is the most used in 

rural areas. It is a 160 kVA, 20kV/400V one located on top of poles. It has been designed to be as 

small and light as possible. 

Transformers might need to be changed if the maximal power they are supposed to deliver is 

too great. The rule is that if the active power transmitted by the transformer exceeds 110% of 

the rated value, the transformer need to be replaced by another with a higher rated value. The 

rated value regarding active power is a bit smaller than the apparent power; it is for example 

135 kW for a 160 kVA transformer, which means that it must be changed if the active power 

exceeds 148.5 kW. A 250 kVA transformer should then be installed. 

When the transformer is changed, the off-load tap setting must be chosen. The off-load tap 

changer of the MV/LV transformer has 3 different settings: +0%, +2.5% and +5%. The last one is 

only used when there are no DEPs connected to the LV network concerned. The choice of the 

setting depends on the voltage drop in the worst case scenario, both the MV drop and the total 

drop from the HV/MV transformer to the connection point.  
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2.1.4. The voltage drop 

 

Voltage has a different value everywhere in the network. Both consumers and producers have 

an impact on voltage because they generate currents through the lines. Consumption decreases 

the voltage and production increases it. This is valid for both active and reactive power.  

 

A good way to illustrate it is Kapp’s formula. We assume that the 3-phase network is balanced 

and work with the 1-phase equivalent. The system is very simple: a transmission line with a 

constant voltage on one side and a load (or producer) on the other side. 

 

Figure 3: 1 phase diagram of the simple example 

 

Figure 4: Phasor diagram of the simple example 

The approximation is to assume that      ̅̅ ̅̅ ̅̅ ̅ and        ̅̅ ̅̅ ̅̅ ̅̅ ̅ are collinear. The voltage variation 

becomes thus: 

                                                           ̅̅ ̅̅         ( )         ( )                                         (2.1) 

where ϕ is the power factor of the load (or producer).  

Moreover, the definitions of the active and reactive powers are (a positive value is a load): 

                                                             ( )  and               ( )                 (2.2) and (2.3) 
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So                                                                    
       

   
                                                                    (2.4) 

Using the phase voltage    √  the expression becomes: 

                                                                    
       

 
                                                                       (2.5) 

 

This approximate expression of the voltage variation shows what was said earlier: any 

production, active or reactive, increases the voltage and any consumption decreases it. Another 

conclusion that can be drawn is that the voltage drop due to active production or load depends 

on the resistance of the line and the reactive one on the reactance of the line. This is important 

because in distribution networks and especially in the LV network, the resistances of the lines 

are greater than their reactances. The result is that active power, both production and 

consumption, has more impact on the voltage variations than reactive power. This is actually 

the opposite of the transmission grid where the resistance of the lines is small compared to the 

reactance and it is even often neglected. In our case, the reactance is smaller but not negligible, 

that is why it is still interesting to test the strategies using reactive power such as capacitor 

banks.   

 

Knowing that, it is easy to understand that lowest voltage is obtained in case of high 

consumption, which usually happens in winter for residential areas because some customers 

use electrical heating. Of course, the farther from the upstream network the greater the 

variation. That is why voltage problems appear in rural areas: the loads are spread in rather 

large areas and the lines are consequently rather long. Urban areas usually don’t have any 

voltage problems because the loads are close to each other, whereas they have high current 

problems because lots of clients are connected at the same places. This voltage drop is 

illustrated on below. 
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Figure 5: Diagram of the voltage drop in case of high load 

 

The highest voltage is on the other hand obtained in case of high production and low 

consumption at the same time. More power is generated than consumed, so according to the 

formula above the voltage increases. It happens usually on summer afternoons, when people 

are not at home and the renewable energy producers such as solar panels produce a lot. 

However, the variation is smaller because the voltage is higher (it is inversely proportional to 

the voltage). This is illustrated below. 
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Figure 6: Diagram of the voltage increase in case of high production and low load 

 

What this project is about is in fact how to affect the blue part of the last 2 figures (and to some 

extent the orange part for some solutions) in order to maintain the voltage within the limits. 

 

The 2 cases described here are in fact the ones that are used in the planning of the system. If 

the system is able to withstand those extreme cases there will be no problems. This is why they 

are the ones we use in our study. 

 

2.1.5. Unbalance 
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Most customers are connected to 1 phase of the network and not the 3 phases. It results of 

course in an unbalanced network where the position of the clients and their phase affects the 

system. Unbalance is a major factor for both the voltage drops and the losses. Indeed, the more 

unbalance the higher the neutral current. Moreover, the neutral wire is thinner than the phase 

conductors so the effect on voltage and losses is greater in the neutral.  

The repartition of the loads among the phases is for now not optimized. It is not convenient to 

determine at which phase a client is connected and thus they are connected randomly. In dense 

areas it results in rather balanced situations thanks to the high number of customers connected 

close to each other. In rural areas however highly unbalanced situation might appear: a small 

area with only a few clients (for example 3) might get all of them on the same phase or at least a 

bad repartition. Coupled with the length of the lines, the high neutral current has a large impact 

on both the voltage and losses.  

 

2.1.6. Information about the French power system 

 

In order to understand the load model developed in the next section, a few characteristics of 

the French power system need to be known, especially regarding the retailing. Until a few years 

back, the whole system was operated by a single public monopoly, EDF, from production to 

retailing. The market was then deregulated and this monopoly split into 4 main part, dealing 

respectively with production, transmission, distribution and retailing. However, this opening to 

competition did not change much and the production, distribution and retailing are still widely 

dominated by the historical companies. The main point for us is that the information given by all 

the historical companies is the most relevant one and is of course the one we will use for our 

study. 

Regarding the retailer, it offers 2 main price options for the consumers. The first one is a 1 price 

option, where the electricity price is the same all the time of year and regardless of the hour of 

the day. This option is chosen by about 60% of the customers. The second option has 2 different 

prices: a low price 8 hours a day, usually at night and in the beginning of the afternoon, and a 

high price the rest of the day. This option is chosen by people having an electrical water heater, 

which can be programmed to operate during those low-price hours. They take advantage of this 

system to run their appliances such as washing machines or dishwashers during those hours to 

save money. Houses with electrical heating also use this option in general. This distribution of 

clients is very important for our model because different behaviours need to be modelled in 

different ways.  
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2.2. Information related to the solutions 

 

2.2.1.  Reinforcement 

 

This is the current way of solving voltage problems in LV networks. The idea is very simple: 

replacing one or several lines by thicker new ones. By doing that, the resistance (and reactance 

but slightly) of the concerned line is diminished and according to (2.5) the voltage variation is 

also reduced. This works for both over and under voltage problems. Other advantages are that 

it makes the network more robust because thicker lines withstand higher currents and the 

losses are also reduced (still thanks to the lowered resistance).  

The main drawbacks are the investment costs and the necessary labour. The trend is indeed to 

put the new lines underground for practical reasons and to avoid faults due to external 

conditions. The result is that a trench must be dug, which costs money and can disturb the 

population. 

 

2.2.2. State estimator 

 

One of the reasons why the DSO does not know well what happens in the distribution network 

is that there are almost no measurements able to inform about the state of the system. For 

example, it knows there is a voltage problem when a customer complains about it. This bad 

knowledge of the network was not a big issue when there were no DEPs but now that more and 

more are connected. The need to make the grid more flexible in order to solve the new 

problems caused by the DEPs brings the need to know better the state of the system. All 

centralized solutions such as the Voltage Var Control (VVC) developed at G2Elab by Boris 

Berseneff [3] require a lot of information about the network at all times, for example the 

voltage levels.  

It is of course unrealistic to think that sensors can be installed everywhere so the idea is to 

develop algorithms able to reproduce as well as possible the state of the system based on a few 

measurements. Several studies have been performed [4] about those state estimators. Their 

principle is that there are on the one hand actual measurements and on the other hand pseudo-

measurements that are usually estimations of the loads. Numerical methods and neuronal 

networks are used based on those inputs to extrapolate the state of the grid. The effect of 

biased measurements and inaccurate pseudo measurements are reduced to some extent. The 

precision of the estimation depending on the sensors installed (precision, location, type) and 
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the accuracy of the load model has been investigated [5]. It is thus possible to obtain an 

estimator with the desired precision, keeping in mind that the more precise the estimator the 

more expensive to implement. 

A state estimator is required for some of our solutions. 

 

2.2.3. Transformer and on-load tap changer 

 

A few features of transformers and OLTC that are interesting for the understanding of our 

solutions are described here. 

Transformers are dimensioned for specific uses. There are very big ones able to transmit great 

amounts of power such as the ones linking the large power plants to the transmission network. 

Other ones used in domestic appliances are very small. Their characteristics are of course very 

different. Focusing on the various MV/LV transformers (20kV/400V), the ones with a higher 

rated value have lower impedances, which means that the copper losses and voltage drop are 

smaller. On the other hand, the iron losses are greater in transformers with higher rated values. 

Transformers are chosen based on the power transmitted by them but these properties could 

be interesting for our voltage problems. 

 

The OLTC has been described briefly in section 2.1.2. Here is more information about the device, 

especially the usual control systems. 

The way a tap changer operates is straight-forward. As the transformation ratio depends on the 

number of turns of the primary and secondary coils, changing one of these numbers changes 

the ratio. For example, decreasing the voltage at the secondary side can be done by increasing 

the number of turns of the secondary coil or decreasing the number of turn of the primary coil 

because it increases the transformation ratio. It seems technically simple but the constraints on 

the system are great. Most of these transformers make the changeover mechanically, which 

creates arcing and deteriorates the system. As a result, the device needs a lot of maintenance 

and even then the tap changer is the main reason of faults happening in transformers. The best 

way to slow down the deterioration and limit the faults is to make as few changeovers as 

possible. 

The control of such devices is usually quite simple. There is a node in the network, which can be 

the secondary side of the transformer or another one farther, where the voltage is set to a 

desired value. If the voltage at this point becomes too far away from this value for a certain  
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period (60 seconds for example), the tap setting is changed until the voltage gets back close 

enough to the set value. This is a good strategy when a bus can represent accurately enough the 

whole network, which is often true in MV networks. However it does not seem to fit very well 

LV networks where the voltage might vary a lot depending on the busses, even consecutive 

ones. 

 

2.2.4. Capacitor banks 

 

Capacitor banks are used mainly in MV networks. The idea for now is not to have an effect on 

the voltage but one on the losses. A MV network usually consumes more reactive power than it 

produces, so it needs to import it from the transmission grid. This increases the losses in the 

latter because the consumed reactive power flows through it to the MV network. By connecting 

capacitors in the MV network at the transformer, a part of the consumed reactive power is 

produced by the capacitors and does not need to come from the transmission grid, which limits 

the losses. To summarize, they contribute to the exchange of reactive power between the DSO 

and the TSO. Nevertheless, there is no direct impact on the losses of the MV network itself, the 

same reactive power flows through the lines. The banks usually have several settings in order to 

compensate as closely as possible the reactive power consumption. 

They have however an impact on the voltage because injecting reactive power always increases 

the voltage. It is something used for example in FACTS devices helping transmission networks to 

control the voltage. They are particularly efficient in those networks because the reactance of 

the lines is much greater than the resistance and (2.5) shows that reactive power has in this 

case the most impact on the voltage. In distribution grids where the resistance of the lines is 

greater than the reactance, strategies based on reactive power are less efficient but can still 

help. This is a good lead that we try to apply to the LV network in our study. 

 

2.2.5. Control of the reactive power of the DEPs 

 

Another interesting lead regarding reactive power based solutions is the control of the reactive 

power produced or consumed by the DEPs. It would be indeed good if the reasons of the new 

problems could be part of the solution. The principle is moreover very straightforward: if the 

voltage is too high, the DEPs could consume reactive power to decrease the voltage and if the 

voltage is too low, they could produce some to increase the voltage. It is a direct application of 

(2.5).  
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Several studies have been performed at IDEA regarding the implementation of this idea in the 

MV network. I mentioned earlier the work of B. Berseneff [3]. He developed an algorithm which 

takes into account the tap-changer, the capacitor banks and the DEPs and tries to maintain the 

voltage within the acceptable limits while minimizing the losses in the network. Another 

method was developed by G. Rami [6]. It is a very different approach because it is a local control 

this time, so it does not require a state estimator. The losses are not an objective either, only 

the voltage control is. The principle is summarized in the figure below. 

 

Figure 7: Principle of the local reactive power monitoring 

There are 3 possible states. If the voltage at the connection point of a DEP is close enough to the 

nominal value, it is the normal state and nothing needs to be done. If the voltage is still within 

the limits but is getting closer to them and exceeds the threshold of the desired voltage, the 

control algorithm acts on the reactive power of the DEP in order to counteract the voltage 

variation. It is the disturbed state. If all the reactive power possible is injected or consumed and 

the voltage still exceeds the limit, the state becomes critical. An action on active power 

becomes necessary to control the voltage. This state usually involves production shedding, 

which is the last resort of course. Finally, fuzzy logic is used to extrapolate a global response to 

local problems by changing the threshold levels but there is no global monitoring system, each 

DEP acts independently.    

 

2.3. Economic analysis 
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Finding a technical solution to a practical problem is never enough. If it is too expensive to 

implement it or at least more expensive than another acceptable (but not as good) solution, it 

will not be used. It is thus very important to assess the costs in order to choose the cheapest 

solution that fulfils the technical requirements. 

 

In electrical networks, there is a simple way to do that. It is based on a discount rate to assess 

the value of a cost in the future and thus to get an accurate amount on a long period of time 

(usually 30 years). The main costs here are the investments such as the implementation of new 

devices or the reinforcement of a line, the results of a fault (maintenance, non distributed 

energy …) and the losses in the system. They are all added with a coefficient based on the 

discount rate corresponding to the year they need to be paid and it gives the actualized cost for 

the whole period. Indeed, the value of the currency changes with time and this phenomenon 

needs to be taken into account when evaluating the costs over the lifetime of a device. The 

expression is written below. 

                                                                      ∑
 ( )

(   ) 

      
                                                                  (2.6) 

Cact is the actualized cost of the period of the study 
C(y) represents the total costs at the year y 
i is the discount rate, it is assumed to be 8% 
nyears is the length of the analysis in years 
 
For a simpler approach, the costs due to faults are often neglected because they are the hardest 

to estimate. It is also possible to get an approximate expression of the cost related to the losses. 

The idea is to consider that the load consumes at its maximum for a time duration H hours a 

year instead of the actual consumption. The calculation is then made based on only one value of 

the losses each year, the maximal one. It is finally possible to approximate this value for the 

whole period based on the characteristics the first year. The expression is drawn below with the 

same simple system as in section 2.1.4. 

We assume that the load increase constantly by t% (usually 2%). The maximal apparent power 

Smax at the year y is: 

                                                                 ( )       ( ) (   ) 
                                                 (2.7) 

With Imax the maximal current through the line, the maximal losses Pl at the year y are given by: 

                                                                      ( )          ( )                                                         (2.8) 

As     ( )  
    ( )

  √ 
, another expression of the losses is: 
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Finally, assuming that an investment I0 is made at the beginning of the study and only the losses 

have to be paid later, the actualized cost over the period is: 

                                           ∑
     ( )
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                   (2.10) 

Cl is the cost of 1 kW of losses during H hours. 

Noting    
(   ) 

   
 , ∑   

      
    is a geometrical sum and the final expression is: 

                                                                 
      ( ) 

  
 
           

   
                                           (2.11) 

This expression can be used to choose the thickness of a line while reinforcing it. Indeed, thicker 

cables are more expensive to buy at the beginning but they result in fewer losses and thus less 

money spent to pay for them. The simple reasoning above gives information about the total 

cost over the lifetime, including both the investment at the beginning and the losses and 

allowing the most profitable solution to be picked. Of course many assumptions were made to 

derive this expression, such as the constant voltage, but the results are good enough to make 

the choice.  
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3. Models and tools used 
 

3.1. Load modelling 

 

Load modelling in LV network cannot be dealt very easily. On the one hand, the model is 

assumed to be a constant power one, which means that the power consumption does not 

depend on state of the system especially the voltage. This part is easy, but the difficulty is to 

determine accurate values of those powers. Indeed, the loads depend on many factors such as 

season, hour considered or type of client. Moreover, it is very random when single customers 

are modelled, so we need to use a model specialized in LV grid studies. 

The main models currently used by the DSOs have the same principles. They are based on 

Typical Load Patterns which are developed by observing measurements and finding several 

behaviours that are shared by groups of clients. A new customer will then be assigned to one of 

these groups depending on his own characteristics (main appliances he owns, consumption 

habits). The model is adjusted to the customer considered and also the temperature for 

customers heating their home electrically. The models are of course a bit different for all DSOs, 

especially regarding the level of details involved. This kind of model seems thus to be relevant 

for our studies. However, it might be a bit too complex because there are many different 

categories (66 in the model used by the French DSO) and we have chosen to try another 

approach: a simple statistical model.  

The main idea was to consider the load as a mean value with asymmetrical noise. This way, 

loads could be specified by a single parameter, the mean consumption. We did not really know 

what to expect and if we would find something relevant enough for our study, this was one of 

the challenges or the project. We did find a model that seems to work in our case, but it is a bit 

more complex than we hoped. However we kept in mind the original idea.  

 

3.1.1. Main description of the model 

 

In order to develop this model, I was given 70 2-years measurement curves from customers 

supposed to be representative of the diversity of the consumption behaviours. The clients were 

from different regions in France and equally divided into the 2 main price options: 1 price and 2 

prices. As we don’t need to run a dynamic simulation, the model does not need to take into 

account time correlation which makes it much simpler. It just gives a load value corresponding 

to a specified client depending on the hour and season.   
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The observation of the curves has shown that the behaviours of those 2 groups of clients are 

different and need to be treated separately. The 2 prices model even needs different 

approaches depending on the season (electric heating or not) and the type of hour considered 

(low-price or high-price). However the 2 models share some characteristics.  

The 1 price model is based on the log-normal distribution and is described first. Then the 2 

prices model is described, it is also based on this distribution but with further modifications to 

take into account the appliances mentioned in the section about the tariff options. 

 

1 price model 

 

As anyone can imagine, one of the main factors determining the consumption is the hour 

considered. A customer is more likely to consume more electricity when he is awake at home 

than when he is out or sleeping. The observations made on the measurements confirm this 

theory: consumers usually have their peak load around 7pm or 8pm and the average 

consumption depends on the hour or the day. So the model needs to take that into account and 

be different each hour. 

We observe the distribution of the load for each client and each hour. We want to find a 

statistical distribution that is as much as possible like the one from the measurements. A few 

examples of obtained plots can be seen below. They are from different clients at different 

hours. 

 

Figure 8: Comparison of several distributions in 2 examples 
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The plots show the main behaviour observed, which is actually the basis of the model. 2 slightly 

different behaviours that appear often enough are described later in this chapter. 

This main behaviour is mostly the same irrespective of the hour, only the values change for 

reasons described above. The same distribution is thus used every hour, and the choice made is 

the log-normal distribution, for several reasons. The main one is of course the similarity to the 

measurements curve. Especially, it is the distribution that has the best behaviour regarding the 

probability of high loads, which is very important because those high loads are responsible for 

the peak load and thus for the main problems occurring on the network. Another reason for our 

choice is that the parameters of the distribution only depend on the mean and variance of the 

curve. As a result, the approach is very simple: it suffices to specify a desired mean for the 

client’s consumption and a variance with a relevant order of magnitude to get the 

corresponding distribution. With other distributions it would have been needed to estimate the 

parameters of the distribution thanks to numerical methods, which would have both increased 

the calculation time and lowered the accuracy of the parameters.  This choice is also consistent 

with previous studies performed on statistical load modelling [7]-[8] 

As just mentioned, both the mean and variance are required to get the distribution. The choice 

of the mean is quite straightforward but the choice of the variance is not, and it is important to 

get it right in order to have a relevant behaviour. The observation of this characteristic on the 

actual measurements gives information and can be seen below at 2 different hours. 

 

Figure 9: Evolution of the variance versus the mean load 

The plots show scatter diagrams of the variation of the variance depending on the mean for the 

35 one-price clients. 2 things can be noticed. The first one is that the randomness of this 

parameter is quite high and the trend obtained by curve fitting is only a good order of 

magnitude. To try to reproduce the various behaviours, a random coefficient needs to be 
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applied to the value of the trend curve. The second noticeable point is the trend is very different 

an hour from another, which confirms the need to treat each hour differently even if the 

distribution chosen is the same. 

The 2 different behaviours mentioned earlier can be seen below. 

 

Figure 10: Different behaviors for 1-price clients 

The log-normal distribution can be recognized in both those plots but it is not the one obtained 

with the mean and variance of the real measurements (denoted automatic log-normal 

distribution in the plots) as it is for the main behaviour, it is altered. 

In the first case, the change is a slightly higher probability of high loads, which modifies the 

mean and variance of the curve. To take this phenomenon into account, it is enough to use the 

same distribution as before and add a small probability to consume a high loads. For simplicity 

those high loads are chosen uniformly within a range depending on the mean of the 

consumption.  

The second case is in fact what happens with the 2 prices option. The basic consumption whose 

behaviour is well described by the log-normal distribution is still present but an appliance 

consuming a relatively constant power when on is added a certain percentage of the time. 

Washing machines or dishwashers are examples of such appliances because they consume a lot 

when they need to warm up water. The result is that when it happens, the shape of the basic 

consumption is shifted of the power consumption of the appliance. This corresponds to the 

bump that can be seen of the plot, and the height of this secondary bump depends on how 

often the appliance is on at the hour considered: the more often it is on, the higher the bump. 

For the 1 price clients, the bump is always quite low because that kind of clients usually does 

not own such appliances or use them seldom. 
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A parallel can be established between the latter idea and the study performed in [9]. Indeed, 

they study a model called Gaussian mixture where the distribution is the combination of several 

normal distribution with different means and variances. Our model can be seen as the 

combination of several log-normal distributions, one for the basic load and one (or more for the 

2 prices model described later) due to the use of specific appliances. Our model is of course 

much simpler because the aim was not to spend most of the master thesis working on this 

problem but only to get something good enough to be able to perform simulations in our simple 

case with only a few clients. However, it confirms the validity of the idea. 

Examples of histograms of the 3 different models can be seen below. 

 

 

Figure 11: Examples of simulated curves; main behavior (top left), with high loads (top right), with an appliance (bottom)  
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The 1 price customers can thus be described by 1 main behaviour and 2 secondary ones, all 

based on the log-normal distribution. The final model takes all of them into account with 

different probabilities, the main behaviour being of course the most likely. 

 

It is important to have a relevant model for individual clients because of our simulation: some 

busses of the network might have only 1 or 2 clients. However, it is also critical to have a 

realistic behaviour when looking at the whole network, so the sum of all the clients. Indeed, the 

more customers the less the randomness, it is the coincidence effect. If the sum of clients 

described by the previously developed model does not behave like the sum of actual clients, the 

model is not relevant. 

We need thus to compare those 2 sums. Looking at sums of actual measurements we notice 

that they also follow a log-normal distribution, and luckily for us the sums of generated curves 

also do. It can be seen below. 

 

Figure 12: Histograms of the sum of the 35 clients; real curves (left), simulated curves (right) 

  

The last thing to check is whether the actual and generated curves follow the same trend, which 

means the same variance when with the same mean. The variance versus the mean of sums of 

real measurements and obtained curves is plotted below. 
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Figure 13: Comparison of the evolution of the variance of the sum of clients 

The model results in a linear variation of the variance for every hour whereas the actual curves 

have a different behaviour, a power function between 1.2 and 1.3 depending on the hour. It 

means that for enough clients, the model will underestimate the randomness of the sum of the 

loads, which lowers its relevance. However, as we consider a rural area, there are only a few 

clients and we remain within an acceptable error range in our case. Studying networks with 

more clients such as urban areas would require a more detailed model or even a different 

model to be accurate enough. 

 

One quick word can be said about the seasonal influence. This type of clients is not really 

temperature sensitive because none has electric heating. There is a small variation of average 

consumption between summer and winter probably because people spend more time inside 

and need more light in winter. The behaviour remains nevertheless the same and a simple 

coefficient increasing the average load in winter is sufficient to take into account this small 

difference. The figure below shows the weekly average consumption of one of the clients to 

illustrate this variation. The low peaks that can be seen are not relevant because they 

correspond to holidays and the customers were not home. 
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Figure 14: Example of weekly average consumption 

 

To conclude, the model developed for the 1 price model clients seems thus satisfactory for our 

specific study. Based on the log-normal distribution, it reproduces the behaviour of single 

customers quite well. However, the randomness is so high in reality that the model, which 

cannot represent it in an easy way, tends to underestimate it especially when the number of 

clients increases. It is not a big problem in our case study with a few customers only. 

 

2 prices-model 

 

 

As mentioned earlier, the model for this tariff option looks like what happens in 1 price option 

loads when the clients owns an appliance such as a washing machine. The main differences are 

the height of the bump, which corresponds to the on-time of those types of loads, and the 

number of such phenomena. In this case, there are often 2 main bumps, sometimes more, and 

their height is usually higher than the ones that can be observed in the previous price option.  

For accuracy’s sake, the model is a bit different depending on the type of hour: on-peak hour (so 

high price) and off-peak hour (so low price). Indeed, the appliances that can be programmed are 

more likely to operate during off-peak hours. Moreover, electric water heaters are always 

programmed to turn on when the off-peak hour signal is sent, which means that we know more 

accurately how the consumption of this appliance varies: it has a high probability to be on at the 

beginning of the off-peak hours and the later it is from it, the lower the probability. The main 

difference between those 2 cases is thus the presence of electric water heater and the 
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probability of the appliances higher during off-peak hours. Examples of actual and generated 

curves can be seen below. The generated curves are not supposed to copy the real ones, just to 

reproduce the same kind of behaviour. 

 

Figure 15: Examples of on-peak hour behaviors: from a real curve (left), simulated (right) 

 

Figure 16: Examples of off-peak hour behaviors: from a real curve (left), simulated (right) 

 

The seasonal influence is this time more important to consider closely. The same principle as the 

first model can be applied for the basic log-normal consumption, but the customers heating 

their home thanks to electricity are very temperature sensitive. Electric heating is thus another 

appliance to add for those customers in winter. The main question here is to evaluate how 

electric heating behaves hour by hour, if it is at the same level all day long or if it is consuming 
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more at some periods of the day. Moreover, as we want to evaluate the effect of our solutions 

in the worst case scenario, we need to simulate the coldest day of the year and this behaviour 

of electric heating needs thus to correspond to this day. 

 

To evaluate it, the 3 days with the highest consumption for each client with electric heating are 

observed. They are compared to a regular summer day of the same client in order to see if the 

peaks are the same in both cases or if there are new ones due to heating. One example can be 

seen below. 

 

Figure 17: Examples of daily consumption of a client; the coldest day (left), a regular summer day (right) 

The majority of the few curves I had (only 18 clients with electric heating) show an 

approximately constant consumption during the day. Some have different characteristics, such 

as a higher load in the evening or a lower one in the afternoon. However, there were almost no 

patterns that could be seen on several clients, so we decided to keep the constant heating 

which was the only real pattern that came up. The other point that could be deducted from 

these observations is the order of magnitude of the consumption of electric heating. Based on 

the curves, a distribution is chosen where the load is between 2 kW and 6.5 kW. We must keep 

in mind that those figures and the distribution might be a bit inaccurate because obtained 

thanks to only a small sample.  

 

The 2 prices-option load model is thus an extension of the 1 price-option one: the basic log-

normal part is completed with specific appliances such as electric water heater, washing 

machine and electric heating. The issue of underestimated randomness is still present and still 
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not a big problem for the same reasons. The new probable inaccuracy comes from the lack of 

data regarding electric heating. 

 

Reactive consumption 

 

We did not have any data about the reactive consumption of the clients, so it was not possible 

to develop a specific model for that. However, in distribution grids active power prevails on 

reactive power regarding voltage drop, so it is more important to have an accurate model for 

active load than one for reactive load. 

The reactive load of a client is chosen to depend on its active load. Most customers are assumed 

to be residential, which means that they consume mostly active power. So those clients are 

given a random tan(ϕ) between 0 and 0.1. The few others have a higher reactive consumption 

but it must stay within the allowed range: the tan(ϕ) must not exceed 0.4. They are thus given a 

random tan(ϕ) between 0.2 and 0.4. We have chosen 90% of residential clients for our study. 

Another point which is actually not very important is that heating (both water and air) is a 

mainly resistive load, even if heat pumps are getting more popular. As a result, when one of 

those appliances is on, the tan(ϕ) is reduced a bit. 

 

3.1.2. Implementation of the model in our case 

 

The previous study allowed us to reproduce as well as possible the behaviours of real 

customers. To use it in our study case, we need to organize them. The easiest way is of course 

to consider each client of the grid and assign the model developed with its own characteristics. 

Here are the main points about this. 

 

Some of the parameters are quite straight-forward. Each client is given a type (1 or 2 prices 

option, electric heating or not) with probabilities according to the national statistics. A bus and a 

phase of connection in the grid are also specified. 

We assume that the basic log-normal consumption varies depending on the hour the same way 

for all the clients. For example, the peak happens between 7pm and 8pm, there is another one 

around 12pm and the minimum occurs at about 4am. This is obtained by looking at the global 

average every hour on the 1 price real customers. From there, each client in the simulation has 
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a coefficient that relates to his mean consumption based on these global means. This coefficient 

is chosen according to a distribution once more based on the real curves. However it is not very 

precise because only 35 points could be used to extrapolate it.  

The variance of the log-normal distribution is also a parameter to take into account: we have 

seen that it is possible to get a trend of it based on the mean but a random parameter around 

this trend is a good thing to try to approach the high randomness of such loads. Each client is 

thus given a coefficient for this purpose. 

Then the specific loads are chosen. Some 1 price option clients have one, arbitrarily chosen to 

be a washing machine. The size and frequency of utilization are given randomly within realistic 

ranges. The 2 prices option clients all have a washing machine and a dishwasher (once again 

arbitrary choice) that work the same way but have different ranges. They also have of course an 

electric water heater for which the size and the average daily on-time are chosen the same way 

as the other appliances. Finally, the size of electric heating is chosen for the clients having it.  

The subscription of the client depends on its type, the coefficient of its average consumption 

and the other appliances (washing machine or not for 1 price clients, size of the electric heating 

for 2 prices clients). For example, all clients with electric heating have a subscribed power of at 

least 9 kW and the ones with a heater larger than 4.65 kW have a subscription of 12 kW. The 

rules were chosen so that the probabilities of those subscribed powers correspond to the 

national statistics. 

The last parameter, for the 2 prices option clients only, is the off-peak hour’s slot. There are 

indeed 4 different time slots: 10pm-6am, 11pm- 7am, 12am- 8am and 1am-7am + 1pm-3pm. 

The customers are equally split into those 4 time slots in order to avoid having all the electric 

water heaters on at the same time and thus limit the peak consumption. 

 

For every test, a load value is got for each client thanks to the model adapted to the 

characteristics of the client, the hour and season considered. The loads of all the customers are 

then forwarded to the load flow program.  

 

3.2. Photovoltaic modelling 

 

Modelling the production of PV plants is much easier as we can consider that all the producers 

in the same area have the same behaviour. It is a really reasonable assumption because the 

main factors influencing the level of production are sunlight and temperature, and it is relevant 
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to assume that they are the same everywhere in a small geographical area, which is the case in 

our study. It is thus possible to obtain a model just by observing a single producer.  

 

To develop such a model, we were given data of 2 years measurements of a single PV producer 

in Lyon whose maximal production level is 5kW. The direct observation of the curve shows what 

could be expected: everyday there is a peak between 12 pm and 2 pm and the production 

decreases almost symmetrically around it. The value and time of the peak depends on the day. 

A first approach could thus be to estimate the production as a daily peak characterized by its 

time, its value and the decrease around it. It would probably be the good one for a dynamic 

simulation where a whole period of time is studied. For us, time dependency is not a problem 

because we just pick randomly points in time and another approach closer to the one picked for 

load modelling is chosen. 

Indeed, we observe the distribution of the production each hour, in summer and winter. 

Summer is described first and then winter is deduced. 

 

3.2.1. Summer model 

 

The distribution of the measurements looks the same irrespective of the hour, as it was the case 

for loads. There is a uniform part for low production and a peak approximately normal for high 

productions. The characteristics of those elements depend on the hour considered, but they are 

of course consistent with the daily peak: the distributions are the same and with the highest 

production at 12 pm, 1pm and 2 pm and around those hours the mean of the peak decreases. 

Examples at 12 pm and 4 pm can be below. 
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Figure 18: Distribution of the production; at 12pm (left), at 4pm (right) 

The model is simply the combination of a uniform part and a normal part. Coefficients adapted 

to each hour are determined just by looking at the real curves and the result is quite close to the 

measurements. It can be seen on the previous figures. 

To implement the model, we need to resize it to give a value between 0 and 1 instead of 0 and 

5. Then the production of every PV panel is the product of this value with its rated value. The 

picked coefficient is thus a percentage of the rated value that corresponds to the sunlight and 

temperature conditions.  

 

3.2.2. Winter model 

 

There are 2 main differences with the model for the summer. First, as daylight is shorter, there 

are fewer hours where the installation produces power. The second and most important one is 

that even during the production hours, the panel provides electricity only about 30 % of the 

time. Those 30 % of the time, the behaviour of combined uniform and normal distributions still 

applies and the corresponding coefficients are got the same way.  

To conclude, this model is really simple: a value corresponding to both a temperature and a 

sunlight level is picked for the area and all the PV panels produce accordingly.  
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3.2.3. Implementation 

 

The implementation is also quite straight-forward. Every producer has a few parameters that 

describe him completely: connection bus and phase, rated power. Then the process is the same 

as for the loads: the production value is given by the model and forwarded to the load flow 

program. Regarding the rated powers, they are picked according to the national statistics up to 

10 kW. The producers are connected to 1 phase if the rated power is below 6 kW and to the 3 

phases otherwise. 

Table 3: Statistics used to pick the rated value of the PV producers, based on figures of the DSO 

Rated value (kW)  1 1<     3 3<     6 6<     10 

Probability (%) 0.2 95.3 3.7 0.8 

 

3.3. The load flow 

 

Unbalance plays a crucial part in the voltage variations. Indeed, the same load connected at 1 

phase instead of 3 results in a voltage drop multiplied by about 6. In practice the difference 

between balanced and unbalanced cases is not that high because many loads are connected to 

the grid and naturally tend to balance the system but the effect of unbalance is still not 

negligible, especially if the loads are badly distributed among the phases. As a result, it is 

necessary to perform our study with an unbalanced 3-phase load flow instead of the usual 

Newton-Raphson based balanced loadflow. 

 

The tool used is one developed by an intern at IDEA within the scope of a PhD. It is specialized in 

radial and slightly meshed networks, which allows using different techniques than for universal 

load flow programs. The core of the algorithm is to create 2 matrices representing the topology 

of the network; the first one is called Bus Injection Bus Current (BIBC) matrix and the second 

one Bus Current Bus Voltage (BCBV) matrix. More details about the method can be seen in the 

report [10]. 

The implication for us is the way the lines are modelled. Indeed, it is not the classical Pi-model 

but one based on mutual impedances. It can be seen below. 
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Figure 19: Model of the lines for the unbalanced load-flow (phases a,b,c and neutral n) 

The parameters of a line are thus given by the following impedance matrix: 

      (

            
            
            
            

) 

We were given data regarding those impedances for the lines used by the French DSO so there 

were no problems related to this model. The mutual impedances are in fact all the same and the 

phase conductors are identical, so the matrix is actually simple and can be rewritten: 

      

(

 

        
        
        
        )

  

Zp is the impedance of a phase conductor 

Zn is the impedance of the neutral 

Zm is the mutual impedance 
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4. Case study 
 

4.1. The network 

 

We have seen in the first part of the report that voltage problems appear when there are long 

lines involved and thus they mainly occur in rural networks. The idea of the simulation is to 

study the evolution of the voltage in a realistic network representing the kind of rural networks 

subject to problems. The network chosen can be seen below. 

 

Figure 20: Network chosen for the simulation 

This is clearly a rural network due to the length of the lines. It is even a quite long one but it is 

what we need because a network too short might underestimate the voltage problems that 

arise. The topology shows 2 possibly problematic areas. The first one is located at bus 6 because 

it is far away from the transformer. The 500m line is especially a concern because an 

unbalanced load at its end could cause a really high voltage drop. The second area is around 

busses 12 and 15, where the distance is shorter but there are many busses where clients are 

connected between there and the transformer. This means that the total load there might be 

high, and coupled with the total length of the lines in this area the voltage drop could also be 

quite high. From now on, the area from bus 4 to 6 is referred to as the first branch and the area 

from bus 9 to 15 as the second branch. 
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As only the topology is given, all the other parameters of the network can be chosen. It is done 

for many of them during the initialisation process described later. However, we have decided 

that the type of lines (overhead or underground) should be the same for all the simulations. The 

lines 1, 2, 5, 6 and 7 are underground cables and the other ones are overhead. The idea is that 

most rural networks are still mainly connected through overhead lines but the trend of putting 

underground cables instead have led to the replacement of  few lines already.   

 

4.2. The procedure 

 

Our main concern is to see how our solutions can affect the planning of the system. As we have 

seen in the background section, planning taking into account voltage problems depends on the 

2 extreme situations: the high load in winter where the voltage is minimal and the high 

production coupled with low consumption in summer where the voltage is maximal. The idea is 

thus to simulate those 2 cases every year for 30 years. As a result, the main algorithm is 

described in the figure below. 

 

Figure 21: Main procedure of the study 

All the steps are described in this section 
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4.2.1. Initialization 

 

Our case study only has the topology of the network fixed. All the other parameters have to be 

initialized: clients, PV, sections of the lines, off-load tap setting. The choices are explained 

below. 

 

The first step is to choose the clients. The set of initial clients is picked in a database made by us. 

The idea was to get various cases in order to test accurately our different solutions. Some might 

be efficient in some situations only, others never or always, and to show that many possible 

cases need to be simulated. To create this database, many initial clients were picked randomly 

and the ones possibly interesting were kept. They have from 15 to 35 clients who are picked the 

way described in the load modelling section. The obtained set of clients can be very different: 

for such a small number the percentages regarding for example the number of double-price 

clients are not necessarily the same as the national statistics targeted. The hour at which the 

consumption peak arise can vary (it is usually at the beginning of the off-peak hours or around 

7-8 pm). The unbalance level is also different depending on the case, sometimes the clients are 

well spread among the buses and phases and others several customers are connected to the 

same phase, which increases a lot the voltage drop. Finally, the voltage problems might appear 

at different places: we have seen that there are 2 main buses where there can be issues and 

their characteristics are different. To conclude about the clients, the database contains a variety 

of initial possibilities that allow us to test the usefulness of the solutions in particular situations. 

 

The second step is to add the PV producers in the network. The choice is once more based on 

random picking regarding the rated value and the position of the producer. The rules followed 

are described in section 3.2.3. Another characteristic is that the insertion rate at the beginning 

can be specified, allowing us to test situations where there is almost no DEPs as well as some 

where there are already lots of them.  

 

The sections of the lines are chosen according to table 2. An algorithm based on recursive 

programming calculates the maximal load at every bus and the rule in the table gives directly 

the section of the upstream line. We assume thus that the sections correspond to the most 

profitable ones, which is in most cases the smallest one because of the relatively low load. The 

underground cables have however the additional rule that the 95 mm² cables are reserved for 
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non-evolving ways. As a result, only lines 5 and 6 have this section at the beginning, the other 

underground cables (lines 1, 2 and 7) have at least a section of 150 mm².  

 

The choice of the off-load tap setting is quite straight-forward. Once again we use the rule of 

the DSO, described in table 3, based on simulations at year 0. 

 

4.2.2. Reinforcement: choice of the lines and new sections 

 

When a voltage problem appears, reinforcement is the basic solution. However 2 main 

questions arise: which lines should be changed and which sections should be chosen? It is 

indeed much easier to know the answers to those questions when the reinforcement is required 

due to current limits: only the lines where the current actually exceeds the limit need to be 

changed. Moreover the optimal thickness can be easily obtained by approximating the current 

30 years later to get the technically acceptable solutions and by calculating the total cost over 

the lifetime for those thicknesses thanks to the expression described earlier in the report. For 

voltage problems, all the lines from the transformer to the problematic node can be a solution 

and there are no requirements about the section of the lines. Choices had thus to be made, they 

are described below. 

 

First it must be decided if a new line should be overhead or underground. As mentioned 

previously, the trend nowadays is to bury the power lines. The French DSO only keeps overhead 

lines for lengths superior to 250m when connecting a new client [2]. We have thus chosen the 

same criterion for reinforcements: if the line is shorter than 250m, the replacing one is chosen 

among the underground cables otherwise it remains an overhead line. 

 

The choice of the thickness is explained here. It must be kept in mind that reinforcement means 

almost always digging in the ground, which costs a lot of money. If a line is reinforced with a 

median thickness and it needs to be reinforced again a few years later it is not a good approach 

because a second digging has to be done, even if it was the most profitable thickness according 

to the economic calculation. The thickest cable should have been chosen the first time even if it 

was not the most profitable one. The idea is thus to choose the most profitable section that 

increases the voltage with enough margin not to be obsolete only a few years later. The 

criterion chosen is that the margin should be at least 1% for the low limit and 0.5% for the high 
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limit. It results very often in the thickest cable chosen, but otherwise the same line needs to be 

reinforced twice in a few years as explained, so it is necessary. 

 

The choice of the lines is also tricky. A first approach could be to reinforce as many lines as 

necessary from the problematic node to the transformer. The main problem with this one is 

that it is usually not efficient to reinforce the furthest lines from the transformer because less 

current flows through those lines and the impact on the voltage drop is small, requiring the 

reinforcement of several lines. The opposite in another approach: reinforcing from the 

transformer to the problematic node. It is of course better than the previous one because fewer 

reinforcements are needed when the first problems arise. However, it is not always the optimal 

choice: for example, if the furthest line is long enough, it might be sufficient to change it (and 

keep it overhead), so there would be no need to dig and it would be cheaper. 

The chosen approach seems to solve the issues of the previously explained ones. The idea is to 

take the cheapest way of solving the problem. To evaluate the cost of the different possibilities, 

the expression of the cost over the lifetime is used separately for all the lines able to improve 

the voltage problem considered. The gain on the voltage is also observed for each of these lines. 

Then, all the possible combinations of lines are tested: the total cost is the sum of the cost of 

each line of the combination and the gain on the voltage is approximated to the sum of the gain 

of each line of the combination. Finally, the chosen combination is the cheapest one among the 

ones whose total gain on the voltage is high enough to solve the problem. 

A simple example is given to illustrate this way of choosing. The values are made up; the 

important point is the method. The system is described below. 

 

Figure 22: System of the example 

An under voltage problem appears at bus 4 and the voltage must be increased by 1%. The 3 

lines can be part of the solution, so their efficiency and cost are simulated: 

Table 4: Results of the reinforcement of single lines 

Line reinforced 1 2 3 

Gain on the voltage (%) 1.1 0.7 0.5 

Cost (k€) 50 25 20 

 The combinations acceptable to solve the problem are:  
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- Line 1, it costs 50 k€ 

- Line 1 + Line 2, it costs 75 k€ 

- Line 1 + Line 3, it costs 70 k€ 

- Line 2 + Line 3, it costs 45 k€ 

- Line 1 + Line 2 + Line 3, it costs 95 k€ 

The cheapest is the 4th combination, so lines 2 and 3 are reinforced. 

 

4.2.3. Winter procedure 

 

Each year, the 2 worst case scenarios are simulated. We begin with the high load case in winter. 

We assume that the simulation happens the coldest day of the year and that electric heating is 

consuming at its maximum. The model developed and described in the previous section has 

been made for this situation. 

The first thing to take into account is that we know by assumption that we are the coldest day, 

but we do not know when that day the lowest voltage actually happens. Moreover, we would 

like to know approximately how long the system is in constraint that day. As a result, the best 

way is to simulate the system every hour that there is a risk of exceeding the limit. The time laps 

simulated are thus 1pm to 3pm (some clients might have off-peak hours there) and 6pm to 3am 

(before 10pm it is the usual evening peak and after it is the beginning of the off-peak hours). 

Indeed, unlike what one could think, the highest consumption peak often happens during the 

off-peak hours because people choosing this option need to consume more during those hours 

for it to be profitable over the 1 price option. It depends however on the distribution of the 

clients and that is why we need to simulate many hours. It can even change during the 30 years 

period because of the new customers. 

The voltage at the primary side of the transformer is assumed to be at 99% of the nominal 

voltage. It corresponds as we have seen in the background section to a reasonable value.   

The simulation itself is based on Monte Carlo methods. As we have a statistical model, we need 

to make several tests in order to get accurate enough results. We have chosen to make 200 

tests each hour concerned every year. 

Each test comprises several steps: 

- First, a load value is picked for each client the way described in the section about the 

model. The coefficient representing the sunlight and determining the production level is 

also picked the way described in the corresponding section. 
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- The load flow then is calculated based on the values picked previously, giving the voltage 

levels at every bus and the losses in the system (copper losses in the lines and the 

transformer and the iron losses of the transformer). 

- If one or several busses have a too low voltage, reinforcements are made according to 

the procedure described in the previous section. As a reminder, voltage is considered 

too low if it is lower than 91.5% of the nominal voltage. 

After the tests performed, we have to decide if reinforcements are required for the system. 

Indeed, if only 1 test needed the reinforcement of 1 or several lines, the voltage constraint 

statistically happens very seldom and it is acceptable. We need a rule based on our 200 tests to 

make the decision. Once more, we base our argument on the way the French DSO decides. It 

accepts a risk of being constrained 10% of the time a day where the temperature is called TMB. 

This temperature has by definition a probability of being attained once a year, which 

corresponds to the coldest day we have chosen. As a result, we can apply the same rule and 

reinforce a line when it has been reinforced 10% of the time according to the 200 tests. 

The time the system is in constraint that day is given by counting the number of tests that 

needed reinforcements.  

  

4.2.4. Summer procedure 

 

We simulate this time any summer day: indeed, both the loads and producers have a unique 

behavior the whole summer and there is not one worst day or period due to weather conditions 

like in winter. The main difference for us is that the rules for the reinforcement are not the 

same. 

The same idea applies here. Several tests (600 this time) are simulated at all the risky hours. For 

high voltage problems, the constraints happen between 11am and 4pm when there is enough 

sunlight. The simulations are thus made for this time lap.  

The supply voltage from the MV network is assumed to be at 105% of the nominal voltage. It is 

indeed the acceptable limit which can be reached in case of high production at this voltage 

level.   

The tests are made the same way, only the models are different of course for both the 

producers and consumers.  
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The information about the constrained time is more complicated to get here. Indeed, more 

tests would be required to get accurate information because we do not simulate a worst day 

but the whole summer. The idea is to observe the distribution of the highest voltage of every 

test and try to extrapolate it. Looking at this distribution, we can see that it has the shape of the 

PV model, which means that the highest voltages follow a normal distribution. The algorithm 

selects thus those highest voltages corresponding to the normal distribution part and estimates 

the mean and variance of this distribution. The integral of the part of the normal distribution 

exceeding 110% of the nominal value gives us the expected constraint probability and thus the 

expected constrained time. 

The rule about reinforcements uses this calculated value. Indeed, the one in winter corresponds 

to a risk of being constrained 2.5h a year. We apply this to the summer case: if the voltage 

exceeds the high limit more than 2.5h over the summer, the reinforcements are applied to the 

system.    

  

4.2.5. Update of the loads and producers 

 

In order to assess the efficiency of the solutions, the system must be simulated over a long 

period, 30 years in our case. The system evolves in such a time frame, especially the loads. The 

average increase of the total loads is 2% in France. The simplest way to implement it in the 

simulation would be to increase with 2% every load each year. However, it would not be 

accurate with our load model: the clients would not really represent real ones after a few years. 

Moreover, it would mean an increase proportional to the already installed load whereas in 

reality the new loads might be in an area with a small total consumption. Another way is thus 

necessary for our study. 

 

The best way to be realistic is in fact to try to reproduce what actually happens. The habits of 

the consumers evolve, for example if they buy new appliances, and new consumers become 

connected to the grid. The evolution of the load is thus performed by 2 means: creation of new 

clients or modification of the parameters of the already existing ones. 

The first type of modification can be done in 2 ways. The simplest one is just to create a new 

client, whose characteristics are chosen randomly based on the same criteria as the initial 

clients, and to connect it to an already existing node in the network. It represents the new 

homes constructed close enough to a bus. The second way to do is to create a new client, again 

based on the same criteria, but this time too far away from all the existing nodes. It becomes 
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necessary to create a new line as well to connect the client. To implement that, we had to draw 

the network on paper and get the coordinates of each node. Then every new client of this type 

has coordinates picked randomly within a reasonable area (but far enough from every existing 

node) and a simple algorithm finds the shortest way to connect it to the grid: either to a node or 

to a line by creating a new node at the projection on the line.      

The second type of modification is more straight forward. Either the average of the base 

consumption is increased or one of the other characteristics is modified (heating, time of water 

heating …). 

 

The difficulty is then to adjust those changes and new clients to obtain the 2% average increase. 

Indeed, new clients are picked randomly, and increasing the basic consumption or another 

parameter is not directly quantifiable. The modifications are thus adjusted by picking load 

values (based on the model) to see if enough new load was added or not. This process is 

repeated until the objective is reached.  

The need of evolution of the network is also true for the PV. The idea is the same: add new 

production until the objective is reached. It is however much simpler because we know the 

rated value of each producer and we know they are strongly correlated, we only need the sum 

of those rated values and do not need to simulate anything. Moreover, every new PV producer 

is connected to an existing node. Indeed, in LV networks they usually are consumers that invest 

on their roofs, the PV farms that would need a new connection point are mostly too big and 

need to be connected to the MV network. The other difference is that the increase rate can be 

chosen: it is indeed likely to be very high in some areas and low in others.   

 

4.3. The solutions 

 

The procedure described is made first without considering any voltage control. It corresponds to 

the reference case. Then the same system, which means the same initialization and the same 

updates of the loads and producers, is simulated with each solution implemented. The 

reinforcements are still part of the procedure but only happen if a solution is not able to solve 

the problems. 

The background information necessary for the understanding of our solutions is given in section 

2.2. The aim of this section is to describe them and the way we chose to implement them. 

  



51 
 

4.3.1. On-load tap changer 

 

The device has been described in sections 2.1.2 and 2.2.3. The idea here is to implement it 

instead of the off-load tap changer of the transformer linking the MV and LV networks. The aim 

is of course to decouple to some extent the voltages of the 2 parts of the distribution network. 

The thing about the off-load tap changer is that because it is never changed, the tap setting is 

the same in winter when under voltage problems might appear and in summer when over 

voltage might appear. The tap is currently set to help with under voltage issues, so if there is a 

large voltage drop in winter only a few DEPs can be installed. The OLTC would allow having a 

low tap setting in summer to let more DEPs  and a high tap setting in winter to limit the under 

voltage problems. 

The main issue about that solution is practical: most MV/LV transformers of rural networks are 

located directly on poles. They were designed to be as small and light as possible. Implementing 

transformers with OLTC would probably not be possible on those poles and it would not be 

convenient. Moreover, the fragility issue mentioned earlier is serious here because of the 

number of transformers that could be equipped. It would be crucial to limit the changes (for 

example 2 each year corresponding to a summer setting and a winter setting) to limit the 

maintenance. Finally, the investment is expensive because new transformers must be bought 

and they cost more than usual ones. 

In order to keep the solution as simple as possible and limit the technical requirements, the tap 

settings chosen are the same as the ones of the current off-load tap changers: +0%, +2.5% and 

+5%. This is also a way to limit the number of changeovers as we have seen that they are the 

main cause of faults.  

   

As mentioned earlier, the usual control system is not accurate enough for LV networks. We 

need a state estimator to know more precisely the voltage levels everywhere in the grid. We did 

not implement the estimator because we already have perfect information about the loads and 

the load flow gives us directly what we want. However, the precision chosen for the estimator 

has an impact on the behaviour of the device. To take that into account, we assumed that the 

estimator is precise at 1% and we consequently shifted the threshold of this value. 

As we run a static simulation, the control strategy implemented is very simple. In summer the 

tap setting is the lowest (+0%) in order to leave as much room as possible for production and in 

winter the tap setting is chosen based on the lowest voltage of the grid: if it is lower than the 

limit, the tap is increased until the voltage gets back within the limits or the tap is at +5%. 
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It is however important to imagine a realistic control strategy that would be implemented in 

practise. Our idea is to have one tap setting for the summer (+0%) and one for the winter 

(+2.5% or +5% depending on the maximal voltage drop) and the tap is changed at specified 

dates (one in October and one in April for example). An interesting advantage of such a strategy 

is the few changeovers that it involves. More complex strategies could be developed, for 

example to optimize the losses in the system, but it is beyond the scope of our study. 

 

4.3.2. Capacitor banks 

 

We have seen that the capacitor banks can be used to increase the voltage by injecting reactive 

power. We have chosen to try 2 different designs: installing them at the MV/LV transformer or 

at the end of a line. 

 

The first design increases the voltage at the secondary of the transformer so all the nodes of the 

LV network have their voltage increased. It actually does not act on the LV network but on the 

transformer and the MV network. The effect on the LV network is in fact similar to the one 

obtained by increasing the tap setting of the tap changer (but not necessarily the same value), 

only the way to do it and the voltage gain change. The only parameter that can be chosen is the 

amount of reactive power injected. Based on a few simulations we have chosen a capacitor 

producing 30 kVAR: the effect on the voltage is not negligible (usually a gain of about 2%) and 

the size remains reasonable compared to the rated value of the transformer. For simplicity 

everything is connected or disconnected, there is no median setting.  

The difficulty regarding the implementation here is that we do not simulate the MV network 

where this solution has an important impact. We need to find a way to take this into account. In 

practise, the effect is that the voltage drop in the MV network is reduced which means that the 

voltage at our transformer in higher. Moreover, this effect is increased by the fact that if this 

solution is implemented, it will be done in several LV networks connected to the same MV 

network. The limitation of the voltage drop in the MV network thanks to this solution depends 

thus on all its connected LV networks requiring the solution, and the farther from the HV/MV 

transformer, the more impact.  

To estimate this voltage increase, a few simulations were made where an impedance is added 

before our transformer. This impedance represents one the MV network until the HV/MV 

transformer, assuming that our LV network is one of the furthest from the HV/MV transformer. 

The gain on the voltage is about 0.1 % on the MV network just taking our LV network into 
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account. Assuming that 10 to 20 LV networks are connected upstream having capacitors 

connected, the increase of the MV network voltage can be approximated to 1%. Of course, a LV 

network connected closer to the HV/MV transformer will benefit less from this effect because 

the impedance of the MV network upstream is smaller.  

To conclude, the effect on the MV network is approximated by increasing the MV voltage by 1%. 

We must however keep in mind that this value depends on several parameters and might be 

different according to the LV and MV networks considered.      

The control system used is quite simple: using the state estimator with once again a precision of 

1%, the capacitor bank is connected when the lowest voltage becomes too low. As for OLTC, this 

rule is enough for our static simulation. However, a practical implementation would require a 

real strategy. 

A simple strategy based on a hysteresis cycle can be imagined. If the voltage becomes too low 

(lower than 91.5% of the nominal voltage) for a determined period of time, the capacitor 

connects to the grid. One the other hand, if the lowest voltage remains higher than a threshold 

for a certain period of time, it disconnects. The threshold should be chosen to optimize the 

losses, but it is also beyond the scope of our study. As a result, the bank would probably be 

connected a few hours each day having a low temperature, when the constraint appears and 

then disconnected for the rest of the day.  

 

The second design has a different impact on the networks. The capacitors are located where the 

first voltage problem appears, which is at the end of a line (bus 6 or bus 12 for our network). As 

a result, the reactive power injected has an impact both on the LV network and the MV 

network. The reactive power flows though some lines of the LV network so the voltage is 

increased locally at all the busses it crosses. Then the same effect as the other design applies on 

the transformer and the MV network. The bank could be 1-phase or 3-phase connected, but a 

few simulations have shown that the voltage increase is comparable. The 3-phase connection is 

thus chosen because the 1-phase one requires information to determine at which phase the 

capacitors should be connected. We have however done an example where the 2 are 

compared.  

The rule to choose the size of the bank is that it should increase the voltage at the connection 

point of at least 3%. It results in most cases to banks injecting 10 to 20 kVAR, which is less than 

the previous design. As a result, there is not as much impact on the MV network and we have 

decided to increase the MV voltage by only 0.5% in this case. Once again, this value depends on 

the LV network considered and the number of them equipped with such devices. 
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Finally, the control strategy is the same as the previous design but it is not based on the state 

estimator. This solution only requires the voltage at the connection point. We still assume a 

precision of 1%, for the local sensor this time. 

 

This solution implemented like that can only help under voltage problems. In order to make it 

useful to help also with overvoltage problems, we also try it while changing the off-load tap 

setting: if it is +2.5% and only high voltage problems appear, we try to implement the capacitors 

and change the off-load tap setting to +0%. This way there is a gain of 2.5% on the high voltage 

which allows a lot more DEPs to be installed. However, this might lead to under voltage 

problems that would not have happened with the former tap setting. 

  

4.3.3. Control of the reactive power of the DEPs 

 

We have chosen to implement a variant of the strategy described in section 2.2.5. It is in fact a 

simplification because we do not use the fuzzy logic for the thresholds; they are the same for all 

the DEPs and are set so that a producer becomes in disturbed state when voltage at its 

connection bus becomes closer than 1.5% to the limit. The DEP begins thus to consume reactive 

power when the voltage at its connection bus exceeds 108.5% of the nominal voltage and 

begins to produce reactive power when the voltage is lower than 93% of the nominal voltage. 

The amount of reactive power produced or consumed is of course limited. The limits are chosen 

according to a rule applied in the MV network: all the producers must be able to produce 

reactive power up to 40% of their rated power and to consume reactive power up to 35% of 

their rated value. We kept those values for our implementation. The critical state where there is 

an action on the active power is for now not tackled. 

The amounts of reactive power produced or consumed are in this case small compared to the 

capacitors solution, so the impact on the MV network is considered to be negligible.  

 

4.3.4. Change of the transformer 

 

This solution is the simplest. We have seen that the voltage drop within the transformer is 

reduced by installing one with a higher rated value. As a result, the idea is to change the 160 

kVA transformer installed and replace it with a 250 kVA one. It is done as soon as the first 

voltage problems appear.  
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4.3.5. Load balancing   

 

The idea here is that the DSO is beginning to install smart meters called “Linky” instead of the 

classical meters at the connection point of each client. Thanks to them, it will be much easier to 

know at which phase a client is connected and to change the phase. It is thus interesting to try 

to evaluate the effect of balancing the loads as well as possible to limit the voltage drop peaks. 

No algorithm was developed here, just manual adjustments on a few cases. The phases of both 

the initial clients and the new ones were chosen and compared to the same clients and same 

evolution but with phases chosen randomly. 

 

4.4. Case results 

 

The simulation detailed above was run in many cases: various initial clients taken from the 

database, initial producers, evolutions... We tried to find different situations showing the 

interest of each solution and to see which parameters have the most influence. A few of them 

are presented below. The first one shows a test where there are only under voltage problems, 

the second one only has overvoltage problems and the third one has both. The 2 last ones are 

more specific: one compares a 1-phase capacitor and a 3-phase capacitor and the other one 

shows what can be achieved by balancing the loads. 

3 types of curves are shown to illustrate the results. The first one is the worst voltage, both high 

voltage in summer and low voltage in winter. It shows well how it evolves both in normal 

condition and with possible solutions implemented. It also shows at the end if the system is 

close to the limit or if there is still room for new customers. 

The second type of curve shows the necessary reinforcements. The aim of these plots is to show 

for how long the solutions are able to postpone the investments. Indeed, most of the time the 

solutions are not efficient enough to prevent the constraints until the end of the study and then 

some reinforcements are necessary to respect the voltage limits. It is thus a good way to 

evaluate the efficiency of the solutions. 

The last type of curve shows the maximal losses, once more both in summer and winter. The 

goal here is to assess the impact of the solutions on the losses, which gives an idea for the 

economic approach on the extra money needed during the study. It is explained later why a real 
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economic calculation was not performed here but it is an index thanks to which some order of 

magnitudes can be drawn.  

 

4.4.1. Case 1 

 

As mentioned above, this first case only has under voltage problems. We chose this test 

because it is a typical unbalance problem that we observed in many other ones. There are 

indeed high loads badly spread among the phases at bus 6. The 15 clients can be seen in the 

table below with their subscribed power. 

Table 5: Initial clients of case 1 

Bus 5 6 7 8 9 10 11 12 15 

1 price 
clients 

1(3kW)  1(6kW)  1(6kW) 1(6kW) 
1(6kW) 
1(9kW) 

1(9kW) 1(3kW) 

2 prices 
clients 

 
2(9kW) 

1(12kW) 
 1(9kW)  

1(6kW) 
1(9kW) 

1(6kW)   

 

The maximal total load the first year is only 46 kW because of the few clients. However, the 

voltage drop is high at bus 6 and thus the off-tap setting is +2.5% and line 5 needs to have a 

section of 150 mm² (whereas in most cases 70 mm² is enough at the beginning). There is an 

insertion rate of 70% of PV (so there is 32kW installed) which is quite high, but it is well spread 

and no overvoltage problems appear. It is thus not useful to know exactly the position of the 

producers except that there are 5kW installed at bus 6 at the beginning (for the reactive power 

control). 

There are 17 new clients, 4 of which are 2 prices ones. They are well spread among the busses: 5 

in the first branch, 11 in the second branch and 1 at bus 8. The installed capacity of PV 

producers increases by 2%, so the insertion rate remains around 70%. The new producers are 

also well spread and about 8kW are installed in the first branch during the study.  

The result curves can be seen below. Only the ones related to low voltage are shown because 

the other ones are not interesting in this case. 
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Figure 23: Minimal voltage in case 1 

 

Figure 24: Reinforcements in case 1 

The main plot to watch for the efficiency of the solutions is the one showing the reinforcements. 

It is quite eloquent in this situation: 2 groups of curves can be observed, one with the reference 

case, the reactive power control and the change of transformer and the other with the OLTC 

and the capacitors.  

The reference case needs a line reinforced at year 12 which is enough until year 21. During this 

period, the minimal voltage drops slowly and gradually, which is why only 1 line reinforced 

prevents the problems. The reactive power control and change of transformer (happening at 
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year 12) are able to withstand this slight drop until the 20th year, so they postpone the first 

reinforcement. This can be seen easily on the voltage plot: the reactive power control reduces 

the voltage drop of about 0.5%, and for the other solution when the transformer is changed the 

curve is almost the same as the one for the reactive power control.  

However, the minimal voltage drops a lot at year 21 because of 1 client. The drop is so high that 

several lines need to be reinforced and the 2 solutions mentioned are not able to compensate 

it. Indeed, the change of transformer only has a gain of about 0.5% and the reactive power 

control is only active at bus 6 (it is the only bus having a voltage below 0.93pu) so only a few 

producers can inject reactive power. The other reinforcements happening later correspond to 

voltage problems in the second branch of the network, and once more the 2 solutions 

considered are not really efficient for the same reasons. 

 

The 3 other solutions are on the other hand very efficient. The OLTC and the capacitors at the 

transformer increase the voltage everywhere and are able to withstand the effect of the client 

at year 21. However, they are then at the limit and the slight drop after that leads to the need to 

reinforce one line. The OLTC is slightly more efficient than the capacitors but they are more or 

less comparable. The capacitors at bus 6 (15kVAR in this case) have a different impact on the 

system because they act locally where the problem is. As a result, they are more efficient to 

withstand the voltage problem at bus 6 (a gain of 3%) and no reinforcement is needed in the 

first branch. They have however a limited impact on the voltage of the second branch and at the 

end reinforcements are required in this branch whereas they were not with the other 2 

solutions increasing the voltage in the 2 branches. 
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Figure 25: Maximal losses in case 1 

The effect on the maximal losses also depends on the solution. The change of transformer has 2 

different effects: the iron losses are increased (about 200W) and the reinforcements made later. 

The reactive power control tends to change slightly the losses by changing the reactive power 

fluxes in the first branch. The absence of reinforcements is once more a reason for the increase 

between year 12 and 20.  

The OLTC slightly reduces the copper losses and increase the iron losses due to higher voltages, 

but the absence of reinforcement tends to increase the maximal losses towards the end of the 

study. The capacitors at both places are different. They increase the losses of 500W to 1kW, 

which is not negligible. Indeed, the reactive power injected by them is much greater than the 

one consumed locally and the losses in the transformer are increased because of the extra 

reactive power flowing through it, as well as in all the lines of the first branch when the 

capacitors are at bus 6. The absence of reinforcements also adds to this effect.  

 

General observations on low voltage problems are given below.  

This example shows well the effects of the solutions on low voltage problems. The OLTC and 

capacitors at the transformer are interesting for their ability to increase the voltage everywhere 

and thus to prevent problems at several places of the network. The capacitors at the end of a 

line are the best when there is only one problematic area but are less efficient otherwise: it 

would then be necessary to install several capacitor banks in the network. They also increase 

the maximal losses; we have seen cases where the increase is up to 2kW. The control of the 
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reactive power of the DEPs is usually not very good at preventing under voltage problems 

because of the few producers involved in the reactive power injection. We have however 

observed a few cases where the repartition is favourable and the gain on the voltage is not 

negligible. Finally, the change of transformer is not very efficient, the gain on the voltage being 

around 0.5% only. 

Another interesting observation is the evolution of the lowest voltage over the years. It shows 

that most of the time there is a low slope, so most of the new clients do not affect the voltage 

very much. However, from time to time (usually once or twice during the 30 years) there is a 

new client that has a really bad effect on the voltage, from 1% to 3% variation just because of it. 

Moreover, this large variation is often due to a bad choice of the phase causing unbalance, 

which encourages us to see the impact of balancing the network. This also highlights that the 

planning of a network with long lines is not easy because it is hard to predict when and where 

such clients might pop up. 

 

4.4.2. Case 2 

 

The second case only has overvoltage problems in the reference case. This test involves 

problems in the first branch, but also in the second branch. The 15 clients with their subscribed 

power and the producers with their rated value in kW can be seen in the table below. 

Table 6: Initial clients and producers of case 2 

Bus 4 5 6 7 8 9 10 11 12 13 14 15 

1 price 
clients 

 1(6kW) 1(6kW)   1(3kW)   3(6kW) 1(9kW)   

2 prices 
clients 

 2(9kW) 1(9kW) 
1(6kW) 

1(12kW) 
 1(6kW) 1(9kW)    1(9kW)  

Total PV 
installed 

5.5  6.5 3.5 2.5  2 4.5  2  3.5 

 

The maximal total load the first year is only 52 kW because of the few clients. The voltage drop 

in winter at bus 6 is high enough for the off-load tap setting to be +2.5%. There is an insertion 

rate of about 60% of PV (there are 30kW installed) which is lower than case 1, but their 

repartition is this time not favourable, especially the phases at bus 6.  

There are 11 new clients, 5 of which are 2 prices ones. Only 2 of them are in the first branch but 

they are both 2 prices clients and have an impact on the voltage. The installed capacity of PV 

producers increases by 3% this time, so the insertion rate ends up around 80%. 8.5kW are 

installed in the first branch and 31kW are installed in the second branch. There are thus 
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overvoltage problems in the 2 areas: the first branch mainly because of the initial producers and 

the second branch due to the new ones.   

As explained before, the capacitors are tested here with the reduction of the off-load tap setting 

to +0% instead of +2.5% to be able to be implemented for high voltage problems. 

The result curves related to the summer are shown below. 

 

Figure 26: Highest voltage in case 2 

 

Figure 27: Reinforcements due to overvoltage in case 2 
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The curves can be split into 3 categories. First, the reference case and the change of transformer 

require not only many reinforcements but there are still problems despite them in the second 

branch. The change of transformer postpones a bit the investments but not significantly. Then, 

the OLTC and the capacitors have a similar behaviour which is a resolution of the overvoltage 

problems thanks to the tap setting at +0%. They are however close to the limit at the end of the 

study. Finally, the control of the reactive power of the DEPs is the most efficient because there 

is still some margin at the end. It is active from the beginning because the highest voltage is 

already higher than 1.085pu.  

The plots related to the winter are shown below. 

 

Figure 28: Lowest voltage in case 2 
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Figure 29: Reinforcement due to under voltage in case 2 

The curves can be split into 4 categories this time. The reference case and change of 

transformer do not have any under voltage problems due to all the reinforcements necessary 

for overvoltage ones. The control of the reactive power of the DEPs only needs one line 

reinforced at the end thanks to the off-load tap setting at +2.5%. Moreover, the under voltage 

problem appears at bus 6 where there are several producers, so there is also an impact of the 

reactive power injection on the low voltage. The capacitors at the transformer do not 

compensate for the decrease of the tap setting and cannot withstand the new client at bus 6 at 

year 18. Finally, the OLTC and capacitors at bus 6 (15 kVAR again) avoid problems in winter: the 

OLTC thanks to the +5% tap setting and the capacitors because low voltage only happens at bus 

6.  

The plots regarding the maximal losses are shown below. 
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Figure 30: Maximal losses in case 2: summer (left) and winter (right) 

The observations regarding the losses in winter are consistent with the previous case. The main 

difference comes from the reinforcements made. At the beginning all the curves are the same 

because there are no problems and neither the capacitors nor the reactive power control are 

active. The capacitors at bus 6 are once more the worst regarding these losses. 

It is more interesting in this case to watch what happens in summer. The first thing that can be 

noticed is that they are much smaller than the ones in winter and they increase much less. 

There are 2 main reasons for that. Higher voltage means lower copper losses. Unlike in winter 

where there is only consumption and no production (except the afternoon but the low peak 

really seldom happens there), there are both production and consumption and the consumption 

limits the fluxes of power through the lines. Finally, there is less production in summer than 

consumption in winter (the insertion rate is below 100%). 

The differences among the solutions mainly come from the absence of reinforcements. The 

higher losses with the change of transformer come from the iron losses; it can be seen with the 

sudden increase at year 15 when the transformer is changed. Finally, the reactive power control 

has a similar effect than the capacitors at the end of a line in winter. Indeed, more reactive 

power is consumed and the reactive current is thus increased in the lines. The effect is however 

small compared to the mentioned capacitors, only about 200W extra losses are observed.    

 

General observations on high voltage problems are given below.  

This case is typical of what happens when the off-load tap setting needs to be at +2.5% for 

under voltage issues and many producers pop up. There is not much room left for the 

production and problems can arise. Changing the tap setting to +0% and installing capacitors 

mostly solve the high voltage problems but might translate the issue to under voltage. Indeed, 
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capacitors at the transformer usually do not completely compensate one tap setting and 

capacitors at the end of a line might be inefficient for the same reasons as explained in the 

previous case. The OLTC on the other hand do not generate low voltage problems because of its 

ability to keep a high setting in winter. The reactive power control of the DEPs is very efficient; 

the gain is usually more than a tap setting. Finally, the same conclusions can be drawn about the 

change of transformers: the gain on the voltage is too small to have a real impact on a long term 

basis.  

 

4.4.3. Case 3 

 

This case presents both problems, which happen in both branches. The 30 clients and the 

producers can be seen below.  

Table 7: Initial clients and producers in case 3 

Bus 3 4 5 6 7 8 9 10 11 12 13 14 15 

1 price 
clients 

 
2(6kW) 1(6kW) 1(6kW) 2(6kW) 

1(3kW) 
1(6kW) 

2(6kW)   
2(3kW) 
1(6kW) 

1(6kW) 
1(9kW) 

1(6kW)  

2 prices 
clients 

 
1(9kW) 2(9kW) 1(9kW)  1(9kW) 1(9kW) 1(6kW) 1(12kW) 1(9kW) 

1(6kW) 
2(9kW) 

 2(9kW) 

Total PV 
installed 

7  5 2.5  3 4 7 3.5   1.5 5.5 

 

The maximal total load is this time quite high, it is 86kW. Line 1 has thus a section of 240mm² at 

the beginning unlike the previous cases where it was only 150 mm². The voltage drop is 

however not so high thanks to a rather good balance in the network. The off-load tap setting 

needs nevertheless to be +2.5%. The insertion rate is a bit below 50% (there are 39kW installed) 

and the producers are mainly located in the second branch. 

There are 17 new clients, 4 of which are 2 prices ones. 6 of them are in the first branch and 9 of 

them are in the second branch. As a result, the addition of those many clients leads to under 

voltage problems. The installed capacity of PV producers increases by 3% this time, so the 

insertion rate ends up around 65%. 13kW are installed in the first branch and 28kW are installed 

in the second branch. The phase repartition is not so good, so the problems appear at the end 

of the 2 branches, both in winter and summer.   

The curves related to the summer are shown below. 
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Figure 31: Highest voltage in case 3 

 

Figure 32: Reinforcement due to overvoltage in case 3 

The main difference between this case and the previous one is that the capacitor-based 

solutions do not have a lower off-load tap setting. Indeed, there are also under voltage 

problems and lowering the tap setting would worsen those problems. As a result, they do not 

do anything in summer. Moreover, there are more reinforcements than in the reference case 

because they avoid the ones in winter, so all of them need to be done that season whereas in 

the reference case some are needed in winter before. The change of transformer seems quite 

efficient until year 26. Indeed, the increase of the highest voltage is gradual and coupled with 
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the ones needed in winter, even the small gain of this solution is efficient. Finally, the same 

behavior as case 2 is observed for the OLTC and the control of the reactive power, avoiding 

reinforcements. 

The curves for the winter are shown below. 

 

Figure 33: Lowest voltage in case 3 

 

Figure 34: Reinforcements due to under voltage in case 3 

The same behaviors as case 1 can be observed for most solutions. The change of transformer 

postpones slightly the reinforcements, the capacitors (15kVAR for those at bus 12) are rather 
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efficient (keeping in mind that many reinforcements are done because of the summer) and the 

OLTC is quite good. The control of the reactive power needs more reinforcements than the 

reference case: as none is needed in summer, more are needed in winter. It is the same 

phenomenon as for the capacitors in summer. 

The total reinforcements and the maximal losses in winter are shown below. 

 

Figure 35: Total reinforcements in case 3 

 

Figure 36: Maximal losses in winter in case 3 
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The maximal losses in winter are greater than in case 1 because of the much higher load. The 

OLTC has losses about 500W higher than the reference case because of the reinforcements 

avoided. The capacitors are just above the reference case because they have as many 

reinforcements, so only the extra losses due to the reactive power injected can be seen. The 

control of the reactive power is also very close for the same reasons. Finally, the change of 

transformer is good regarding the losses: the resistance of the new transformer is smaller and 

for high currents when the total load gets closer to the limit, the difference on the losses 

becomes great. However, it is true at the peak load but throughout the year and especially 

when the load is low, the greater iron losses might prevail on the lower copper losses and the 

efficiency reversed. Moreover at year 28 the maximal total load exceeds the allowed power 

through the 160kVA transformer and it has to be changed for all the solutions anyway, which is 

why the other solutions have decreasing losses at that time. 

Overall, the best solution here is the OLTC because it acts efficiently on both types of problems. 

The change of transformer is this time not such a bad idea until the year 24. The other ones are 

worthless here because the problems at both sides are big and they can solve only one of them. 

 

General observations on the cases with both problems are given below. 

The best solution in all the cases we have done is the OLTC. The explanation is simple and 

already given above: the off-load tap setting is usually at +2.5% in those cases, and the OLTC has 

the ability to gain on the voltage both in winter with the tap at +5% and in summer with the tap 

at +0%. Even if it might not be sufficient to avoid all the reinforcements, it prevents most of 

them. The control of the reactive power is usually the second best solution, by being very 

efficient in summer and having sometimes an interesting impact in winter (which was not the 

case in this example). It depends however on the repartition of the producers and the 

consumers and the type of area concerned. The capacitors are totally useless in summer in 

those cases because the tap setting cannot be decreased, so they are usually not interesting. 

Finally, the change of transformer is once more limited and does not seem a viable option in 

general. 

 

4.4.4. Case 4: unbalance 

 

 In this case, the only goal is to evaluate the gain that can be obtained by balancing the loads. 

We do not simulate the various solutions seen before, just the reference case and the same 

case with phases changed manually for the clients in the first branch, where the under voltage 
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problem appears. The changes are done both in the initial clients and the new ones. The 20 

initial clients can be seen below. 

Table 8: Initial clients in case 4 

Bus 4 6 8 9 10 11 13 14 15 

1 price 
clients 

2(6kW) 
1(3kW) 
1(6kW) 

1(3kW) 1(6kW) 1(3kW) 1(3kW)  
1(3kW) 
2(6kW) 
1(9kW) 

1(6kW) 

2 prices 
clients 

2(9kW) 
1(6kW) 
1(9kW) 

1(6kW) 
1(12kW) 

  
 
 

1(9kW)   

 

The type of initial clients is similar to case 1: the total load is small (45kW) but there are enough 

consumers in the first branch to cause a rather high voltage drop at bus 6. Moreover, 3 of the 4 

clients at bus 6 are on the same phase. The off-load tap needs thus to be at +2.5%. We only care 

about the consumers here, so there is no need to know about the producers. 

The new consumers are mostly in the second branch, but there are 2 new clients at bus 5, 2 

prices ones (at year 10 and 15) and none is connected to the phase not used at bus 6. 

The voltage and reinforcements are shown below. 

 

Figure 37: Minimal voltage in case 4 
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Figure 38: Reinforcements in case 4 

The results are quite eloquent. Balancing the loads provides a gain of 0.5% to 1% at the 

beginning and up to 3% at year 15 when the client at bus 5 gets connected. Whereas the 4 lines 

of the first branch need to be reinforced in the reference case, the balanced case only requires 1 

reinforcement at year 15 and postpones the second to year 24.   

This case is probably a bit extreme but it highlights well the effect of unbalance. In most cases, a 

gain of 1% on the voltage can be achieved, sometimes more like this example. It is also true for 

the producers: the more balanced the producers, the lower the voltage in summer. 

Finally, the losses in winter are shown below. 
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Figure 39: Maximal losses in case 4 

The effect of unbalance on the losses is also blatant. About 1kW can be spared, even without 

the reinforcements. The reason is simple: the current providing power to the consumers is 

better spread among the conductors, and as the losses are proportional to the square of the 

current, the sum of the losses in all the conductors is reduced. Moreover, the neutral current is 

also reduced and the resistance of this conductor is high so the losses are much lower. 

However, this is true for the maximal losses but it is not true in general because the loads vary 

all the time and at other hours the previous configuration could have been better regarding the 

losses. To obtain relevant information about the effect of balancing on the losses, it would be 

necessary to simulate a whole year and not only some hours, but it seems promising. 

 

4.4.5. Case 5: 3-phase or 1-phase capacitors 

 

This last example shows what can be achieved by installing 1-phase capacitors instead of 3-

phase ones at the end of a line. We only compare the reference case and those 2 possibilities 

here. The 15 initial clients are shown below.     

Table 9: Initial clients in case 5 

Bus 4 5 6 7 8 10 12 13 14 15 

1 price 
clients 

1(3kW) 
1(6kW) 

1(6kW) 1(6kW) 
1(3kW) 
1(6kW) 

1(3kW)  1(6kW)  1(6kW) 1(6kW) 

2 prices 
clients 

 1(9kW) 
1(9kW) 

1(12kW) 
  1(6kW)  1(9kW)   
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The voltage problems are once more at bus 6, where 2 of the 3 initial customers are connected 

to the same phase. We only consider winter here because the capacitors do not act on high 

voltages, so there is no need to describe the producers. 

There are 7 new clients, 2 of which are 2 prices ones. Moreover, one of those 2 gets connected 

to bus 6, at year 13, and not to the unused phase. This means there is once more unbalance at 

this bus. 

The sizes of the capacitors are 10kVAR for the 1-phase one and 15kVAR for the 3-phase one. The 

usual plots are shown below. 

 

Figure 40: Lowest voltage in case 5 
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Figure 41: Reinforcements in case 5 

Looking at just those 2 plots, there is almost no difference between the 2 ways of connecting 

the capacitors. It is logical because they were both dimensioned to increase the voltage by 3%. 

The same effect is thus achieved using a small capacitor when 1-phase connected. 

There is however a small difference regarding the losses. 

 

Figure 42: Maximal losses in case 5 
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The 1-phase capacitors have slightly smaller losses than the 3-phase ones. It is due to the 

unbalance at this bus: only 1 phase suffers from the voltage problem and injecting reactive 

power there tends to balance the system, reducing thus the losses. 

 

To conclude about this case, using 1-phase capacitors can sometimes achieve the same 

efficiency as 3-phase ones with smaller devices (so cheaper ones) and slightly lower losses. It 

would however be reserved to specific cases where balancing the loads is not an option. 

 

4.5. Limits of the study 

 

We mentioned at the beginning that the idea of behind this study is to study both technical and 

economic interests. The technical usefulness of the solutions has been shown in the several 

examples above. However, an economic analysis over 30 years based directly on the previous 

simulations is not relevant and here is why. 

The first limit is the hypothesis that currently the only way to solve voltage problems in LV 

networks is reinforcements. There are no written rules, but in specific cases, there a few other 

possibilities. For example, it might be economically more interesting to split a LV network into 2 

and thus install a second MV/LV transformer instead of reinforcing several lines. As a result, in 

the previous cases where almost all the lines need to be reinforced or at least all the lines of the 

problematic branch, the DSO would most likely have another way of solving the problem for less 

money. An order of magnitude of the cost of a reinforcement is 100€/m, so reinforcing lengths 

such as 1800m (case 3) would cost around 180000€ and it seems completely unrealistic for such 

a small load. Those choices depend however on each case and it is not really possible to 

implement a general rule in such a work. To summarize, the 30 years study tends to 

overestimate the investments when there are many problems by reinforcing lines that would 

probably not be reinforced in practise thanks to another action. 

The second point, also related to the simulation itself, is that we increase the production with a 

fixed rate. Even if we reach the limit, we allow more producers to connect to the network, 

which of course leads to many overvoltage problems. In practise, there is a study performed for 

the new producers to see their impact on the network and thus estimate if investments are 

necessary. Moreover, the investments if required are often paid by the producer. So there is 

some kind of self-regulation that limits the connection of new producers when the network gets 

close to the limit. The reinforcements might be overestimated also because of that. 
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Finally, it is not easy to estimate the investment costs required to implement the solutions 

tested. For example, the transformer equipped with an OLTC would need to be developed and 

on such a small device the extra money due to the OLTC is not easily estimable. Another 

example would be the costs to implement the state estimator which are really hard to predict. 

To conclude, the only interesting thing that can be deduced for the economic part is the order 

of magnitude of the losses. Indeed, avoiding the reinforcement of some lines keeps the losses at 

the same level while they are reduced otherwise. Some solutions such as the ones modifying 

the reactive power flow might also increase them. The cost due to those extra losses can be 

estimated and compared to the approximate cost of the reinforcement to give a first idea of the 

profitability of the solution. If the extra cost due to the losses is small compared to the cost of 

the reinforcement, the solution might be interesting, but if the difference is small the solution is 

probably not profitable because the investment costs need to be added.  

 

4.6. Basic economic approach 

 

This section deals with the very basic approach described just above: to compare the order of 

magnitude of the cost of the extra losses with the investments for the reinforcements avoided 

by the solution. We assume that the system has an equivalent consumption of 2500h at its 

maximal value per year (parameter H of section 2.3). It is a common value for rural networks 

and even if this way of evaluating the costs is a bit restrictive, the order of magnitude should be 

correct. We also assume that the cost of the losses is 0.06€/kWh. 

As we have seen in the several cases, the OLTC does not increase the losses in another way than 

by avoiding reinforcements.  It even tends to reduce slightly the currents due to slightly higher 

voltages. In the worst case scenario, the extra losses are about 500W. It represents thus about 

1250kWh per year, which costs 75€. As a result, the cost due to extra losses, even in 30 years,  is 

almost negligible or at least small compared to the price of a reinforcement which is more about 

10k€ for the cheapest ones. It is thus really hard to tell the profitability of this solution because 

it is almost completely determined by the investment costs which might be high in this case. 

However, reinforcing several lines is so expensive that one can imagine the investment costs to 

be cheaper than the reinforcement’s costs when the network is really problematic. 

The capacitors have a different effect on the losses. The same one as with the OLTC is also true 

here: the reinforcements avoided keep thinner cables and thus higher losses. The order of 

magnitude is also the same. There is however a second effect: when the capacitors are 

connected, the losses increase due to the extra reactive power flowing through the lines. It is 

usually less than 2kW more. This phenomenon happens only a limited amount of time, a few 
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hundred hours a year, because the capacitors are only connected when there is a constraint. 

Assuming it is 500h, which is a very large slot, it corresponds to 1000kWh. The total extra cost is 

thus about 2250kWh per year, which costs 135€. It is once more quite small compared to the 

cost of reinforcements, all the more serious that 2kW more during 500h is a very pessimistic 

estimation especially with capacitors connected at the transformer which do not increase the 

losses that much. The investment costs are this time also the main parameter for the 

profitability of the solution. They are however probably smaller than the OLTC, which tends to 

show that these solutions are economically viable. 

 A similar effect can be seen with the control of the reactive power: the combination of the 

absence of reinforcements and the extra losses when the DEPs produce or consume reactive 

power. As the main application for this solution would be the improvement in summer, the 

main effect can be seen by looking at the losses at this period of the year. The highest increase 

observed is about 200W, which one can assume to last about 500h per year, once more a quite 

large time slot. It only represents 100kWh which costs 6€. This effect is small compared to the 

one due to the avoided reinforcements. The total extra costs due to the increase of the losses 

are thus once more small compared to the price of the reinforcements and the investment costs 

are the determining factor. As for the capacitor based solutions, they seem low enough to make 

the solution profitable. 

Finally, it is not interesting to evaluate the economic performances of the change of transformer 

because it is not technically efficient enough. 

To conclude about this part, the extra losses do not cost a lot and the investment costs are the 

real parameter responsible for the profitability of the solution. The capacitors and the control of 

the reactive power seem to be cheap enough and the OLTC is probably profitable when several 

reinforcements are required otherwise.     
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5. Closure 
 

5.1. Summary 

 

This work investigates several possibilities to solve voltage problems in LV networks. The usual 

under voltage ones due to high load and the recent overvoltage ones due to the DEPs disturb 

the consumers and lower the reliability of the network. Finding new ways to deal with them, 

especially more profitable ones than the current reinforcements, is thus important to prevent 

the future issues that will arise. 

In order to perform the study, several steps were necessary. The first main point was the 

development of a load model based on real curves. A statistical model based on the log-normal 

distribution was thus chosen, with many parameters to try to represent the variety and the 

randomness of the customers. A PV model was also developed based on one measurements 

curve. Then, the simulation itself was designed, based on Monte Carlo to use the statistical 

models previously chosen. It simulates an evolving network for 30 years and looks at the 

dimensioning periods: summer and coldest day in winter. That way, it was possible to assess the 

effect of the several solutions on the planning of the network. Many cases with different 

consumers and producers were tested in order to determine in which situations the solutions 

are efficient. Finally, the economic analysis planned at the beginning was not performed due to 

its irrelevance if done directly based on the simulations. However, some orders of magnitude 

were found and give a first idea of the profitability.   

 

5.2. Conclusions 

 

The only relevant conclusions are the ones regarding the technical impact of the solutions. The 

economic ones are just a first approach giving an idea. The usefulness of each solution is given 

separately and some other comments are written below. 

The use of capacitors at the transformer is a good solution when there are only under voltage 

problems and that those are spread at several places. With a size of 30kVAR, the gain is about 

2% on the voltage which corresponds to postponing the reinforcements of 10 to 15 years in 

most cases. Moreover they do not have a really bad influence on the losses, at least not in the 

LV network. As a result, this solution seems profitable thanks to that and the limited 

investment. More could be achieved with bigger capacitors but the losses and the price of the 
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device would increase, making the profitability less likely. With a relevant economic approach, 

the best size could be calculated. 

The use of capacitors at the end of a line seems the best solution when there are only under 

voltage problems and that they are restricted to a single area. With a gain of 3% on the voltage, 

which corresponds to 15 to 20kVAR depending on the case, the reinforcements are postponed 

of 15 to 20 years in most cases. It is thus more efficient than capacitors at the transformer and 

has lower investment costs thanks to the smaller device. The losses are a bit higher in this case 

but it remains reasonable, so it seems to be the most profitable solution in this case. If there are 

problems at several places, it could be possible to install several capacitors but the effect on the 

losses coupled with higher investment costs might lead to a less profitable configuration than 

the capacitors at the transformer. 

The control of the reactive power of the DEPs appears to be very efficient to solve overvoltage 

problems. With our simple control strategy and the reasonable limits of production and 

consumption, a gain of about 3% on the voltage is achieved, which is the best of our solution. It 

corresponds to an insertion rate of DEPs increased by 15 to 20%. Moreover, the investment 

costs seem small and the increase of the losses limited as well. It seems thus to be the most 

profitable solution in these cases. On the other hand, the effect on under voltage problems is 

often very limited, only a few specific cases show an interest of this solution so the capacitor-

based solutions are better for this issue. 

The change of transformer does not seem a viable solution. The gain on the voltage is only 

about 0.5%, which postpones the reinforcements of 5 years in most cases. Moreover, the 

impact on the losses is negative due to the increase of the iron losses which are all the time. 

This solution appears thus neither technically efficient nor profitable. 

 The OLTC is quite efficient in all cases. The gain is on the voltage is 2.5% on each side, so under 

voltage problems are postponed of 10 to 20 years and the insertion rate is increased of about 

10 to 15%. However it seems more expensive than the capacitors and the control of the reactive 

power, and might even be unprofitable when only one reinforcement is avoided. The main 

interest of this solution is thus situations where both problems appear because the other 

solutions are inefficient by acting on only 1 of the 2 problems. The efficiency of the OLTC could 

be increased even more by adding other tap settings, for example -2.5% and +7.5%, but then 

other problems could appear. For example, with a tap setting at +7.5% in winter, there could be 

overvoltage problems at 2pm despite the high load if it is a very sunny day. So the choice of the 

acceptable tap settings depends on the network and would require a detailed enough study. 

Finally, balancing the loads seems to be a very interesting thing from a planning point of view. 

Indeed, the investments required for this are going to be done anyway (the smart-meters at 
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every consumer’s connection point) and the gain on the voltage is not negligible. The main issue 

about that is the impact on the losses: their maximum is lowered but the basic approach used in 

the other solutions to extrapolate the annual losses is not relevant in this case, so it would 

require a specific study. 

 

Another interesting point that can be taken from this study is that the planning in LV networks 

such as the one used in this project is very hard.  Indeed, it is difficult to predict when and 

where the problems might come up due to the wide space available for new consumers and 

producers. For the same initial configuration, several solutions might be the best choice 

depending on the evolution over the years. It is thus important to study deeply the considered 

network to try to anticipate the locations where the new customers are likely to go and deduce 

the most probable issues consequently. 

 

5.3. Future studies 

 

As already mentioned, the technical conclusions drawn from this study are not enough to make 

them used in reality. The economic analysis is essential and the one performed here is very 

approximate. So it is very important to go further about this by evaluating the investment costs 

of the various solutions and finding rules regarding the simulations allowing getting more 

realistic scenarios. It would also be interesting to extend the simulations to other topologies of 

network: even if many different cases were performed here, other shapes might give slightly 

difference results. Especially, a less extreme network representing more common rural 

networks might have fewer problems and some solutions might not be profitable in such cases.  

  

Other solutions could be tested. The few tests performed about the balancing of the loads and 

producers are very promising. The voltage variations are reduced and the losses might be too. 

So it would be a good idea to try to study further this possibility. Another direction that could be 

followed is the investigation of load and production shedding. Those possibilities solve for sure 

the voltage problems but the challenge is once more to evaluate the cost of such actions. The 

customers would indeed have to be compensated for the inconvenience. Moreover, strategies 

would need to be chosen in order to determine which customers are concerned and how the 

shedding is applied.  
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