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ABSTRACT 

This article presents the results of a study of the French 

utility Enedis about the interest of LV voltage regulation 

technologies. In addition, tests to evaluate the 

performance of these technologies, conducted by EDF 

R&D, the research and development unit of the EDF 

Group, are described. 

LV VOLTAGE REGULATION 

The current context of the energy transition is favorable to 

the massive development of new uses on the LV network : 

insertion of decentralized renewable generation (mainly 

PV), charging stations for electric vehicles, demand 

management ... We know that this implies new constraints 

on the LV network. In particular, the combined action of 

increasing or maintaining electricity consumption during 

peak hours on the one hand and the significant increase in 

intermittent decentralized generation connected to low 

voltage on the other hand can significantly accentuate the 

difference between high voltages and low voltages 

encountered on LV networks in cases where generation or 

consumption is majority or even alone. However, for LV 

networks, the European standard EN 50160 allows voltage 

variations up to 10% of the rated voltage. If the voltage is 

outside the range [Un-10% ; Un+10%], this one is 

considered in constraint. In order to be able to comply with 

the regulatory voltage range at all times for the supply of 

LV customers, it is necessary to think about new smart 

solutions covering the needs for dynamic LV voltage 

management. 

Like any European utility, the French distribution system 

operator Enedis must address this issue and look for 

technically and/or economically interesting solutions as an 

alternative to often expensive solutions in order to deal 

with network configurations under excessive stress due to 

too much variability of the LV voltage. Today, two levers 

are used by the utility to cope with the constraints that can 

be caused by the significant variability of the LV voltage : 

- the manual change of the voltage adjustment tappings 

of the MV/LV transformers : the utility can intervene 

manually, and off-load, on the off-circuit tap changer 

of the transformers ; 

- reinforcement of the network : once the voltage 

adjustment tapping is optimized, if the network is still 

in constraint during the network study, then the classic 

solution for the utility is to strengthen the network to 

remove these constraints. 

It therefore makes sense to study the technical and 

economic interest of emerging smart solutions as 

alternatives to conventional network reinforcement 

solutions. Whatever the type of solution chosen, it should 

facilitate the massive integration of decentralized 

renewable generation facilities and charging stations for 

electric vehicles, while minimizing the costs to the 

community and ensuring compliance with the 

requirements of power supply quality. 

PERIMETER/OBJECTIVE OF THE ARTICLE 

In this framework, two complementary actions were 

carried out by Enedis in relation with EDF R&D, the 

research and development unit of the EDF Group. 

Enedis evaluated the technical and economic interest of 

three technologies for regulating LV voltage. Their 

technical operation, specifications and associated use 

cases have been studied with a reading grid to compare 

their technical characteristics, operation mode, level of 

maturity, associated use cases and their level of 

deployment. 

These three technologies are : 

- LV voltage regulation solutions by soliciting the 

reactive energy of LV producers connected to the 

network or by reactive power injection on a node of 

the network ; 

- MV/LV transformers with on-load tap changer 

(hereinafter referred to as OLTC), where appropriate 

associated with a LV state estimation algorithm ; 

- The so-called LV online voltage regulation, that is to 

say, whose devices are located on a node of the 

network, between the starting point of the LV 

outgoing feeder and the customer's supply point. 

In addition, Enedis asked EDF R&D to analyze, on the 

basis of tests, the performance of representative equipment 

already available on the market (or at least in the process 

of industrialization), in order to form an argued technical 

opinion on these new equipments. Thus, three OLTC 
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transformers and two LV online regulators, with different 

operating principles, were analyzed. 

This article presents successively the main lessons of these 

two studies, focusing mainly on the OLTC transformer and 

the LV online regulator solutions. 

STUDY PERFORMED BY ENEDIS 

Reactive power compensation 

Reactive power regulation for LV producers 

Reactive power compensation solutions of the type 

Q=f(U) or tanφ<0 are low-cost solutions for the 

community to achieve voltage regulation at producer level 

for high voltage problems : indeed, it involves absorbing 

part of the reactive power at the injection point on the LV 

network. The tanφ solution has a zero cost since it is a 

command set implemented at the producer level, while the 

Q=f (U) solution has a (moderate) cost due to the 

installation of a device control at the inverter level. 

Without giving here any quantified gains, we will note that 

the solution tanφ<0, corresponding to a constant 

absorption of reactive power by the modulation of the 

active power of the producer, is the one that maximizes the 

gains obtained by avoiding the costs of reinforcement of 

the LV network. It should also be noted that the losses of 

producible are negligible and do not affect the gain (and 

choice) of the solution. In addition, the impact of the 

insertion of LV producers on network constraints at the 

MV level is much lower than on the LV level, so there are 

few MV network reinforcements expected due to LV 

generation in the medium term. 

It remains to study the impact of the network losses 

generated by solutions Q=f (U) or tanφ<0 to validate the 

interest of the reactive power regulation for producers 

connected in LV. 

New solutions for reactive power compensation 

We recall the equation of the voltage drop along a network 

characterized by a resistance R and an inductance L, 

transiting an active power P and a reactive power Q : 
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Thus, when a given active power transits on the LV 

network, the voltage regulation is carried out by adding a 

device that acts on the reactive power Q (absorption or 

injection) and therefore drives the voltage drop V along 

the network. 

Two equipments have been tested in real conditions on 

demonstration networks : 

- The first one, consisting of capacitors and inductances 

installed in parallel and connected to the network by 

means of power electronics (IGBT). 

The reactive power compensation is achieved by the 

dynamic control of the inductive and capacitive elements 

via the power electronics, according to a law Q=f (U), with 

regulation occurring when the voltage comes out of a 

defined range so as not to react unexpectedly. 

- The second one, inspired by STATCOM technologies 

deployed on the transmission networks. 

The STATCOM is based on VSC (Voltage Source 

Converter) technology, an AC/DC power converter in 

IGBT bridge. This converter connects a voltage source, 

generated by a DC capacitor, to a point on the network. It 

acts according to the voltage levels on both sides of the 

VSC : if the AC voltage of the network is greater than the 

DC voltage of the capacitor, then the STATCOM absorbs 

reactive power and the AC voltage of the network drops ; 

if the AC voltage of the network is lower than the DC 

voltage of the capacitor, then the STATCOM injects 

reactive power and the AC voltage of the network 

increases. 

MV/LV transformers with OLTC 

The principle of an on-load tap changer consists in the 

dynamic modification of the transformation ratio of the 

transformer. The value of the output voltage of a MV/LV 

transformer with OLTC depends on a setpoint value that 

can be fixed or variable. 

Fixed setpoint voltage 

In this mode, the set voltage is not intended to change 

except to take into account a structural evolution of the 

network (significant modification of the loads or producers 

of the network for example). When this is the case, the 

change can then be made, depending on the device set up, 

either by direct intervention on the equipment or by 

sending a signal from a utility's control center (which 

requires additional instrumentation). 

The control can be activated when a LV voltage sensor 

installed at the secondary of the transformer indicates a 

value outside the regulatory range. This method has the 

major disadvantage of relying on only one measurement, 

which does not detect any local voltage increases on the 

network. 

Variable/dynamic setpoint voltage 

In this mode, the setpoint voltage can be determined from : 

- the knowledge of the network : by sensors installed at 

the output of the transformer, on strategic points of the 

network predefined by planning studies and therefore 

subject to change according to changes in the network 

structure and the nodes of injection and absorption ; 

- a method for calculating the setpoint : based on a 

history, time or date, with self-learning algorithms. 

This method requires additional infrastructures : LV state 

estimation algorithm, LV simulator fed by forecasts, 

sensors, communication system... It is adapted for seasonal 

changes (winter/summer changeover) or for setpoint 

changes depending on the day of the week 

(week/weekend) or the time of day (12:00/19:00 for 

example). 

The regulation can be activated after calculation of a LV 

voltage setpoint value taking into account both the 

measurement of the LV voltage at the secondary of the 

transformer and the voltage measurements made by 

sensors scattered at strategic points of the LV network. 

This LV network instrumentation can be interesting if it 
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relies on a communicating metering infrastructure like 

Linky being deployed by Enedis and on transmission of 

voltage measurements every 10 minutes to the LV state 

estimation. The regulation can also be activated once a 

luminosity threshold has been reached, for networks with 

high penetration of PV generation. 

The technical-economic study carried out by Enedis 

focused on three OLTC transformers. 

LV online voltage regulators 

Online LV voltage regulation is a control method that is 

still very little used on Enedis networks, and whose 

technical and economic efficiency must be demonstrated 

when it is used. Indeed, this means currently applies in 

very specific cases (long lines in rural areas) and for very 

few customers supplied with a poor quality level, which 

represents a low deployment potential. These are to be 

considered as transition solutions used to delay network 

reinforcement. Currently, Enedis solves the ultimate cases 

of low voltage issues for customers for whom conventional 

solutions are too expensive, thanks to the use of four types 

of LV voltage regulating devices, knowing that only one 

of them is used in practice. Relatively expensive, these 

devices are rather intended for rural networks with little 

evolution. 

It therefore seems interesting to identify new equipments 

easier to install, especially with a more interesting price. 

With this in mind, the technical-economic study carried 

out by Enedis focused on two LV online voltage 

regulators. 

Main lessons resulting from the study 

In a non-exhaustive way, the Enedis study highlights the 

following results relating to the two types of solutions 

studied : 

Reactive power management solutions 

The reactive power compensation solutions by the control 

of the inverters of the producers connected to the LV 

network appear today as the best solutions, thanks in 

particular to their very low cost of implementation 

compared to their action on the voltage level along a LV 

outgoing feeder. 

Local regulation solutions by reactive power injection on 

a node of the network, via STATCOM-type power 

electronics devices for example, are still expensive and 

experimental in LV but the fall in the power electronics 

costs deserves to continue an active watch on this type of 

solution. 

Direct voltage regulation solutions 

Online direct voltage control solutions by installing 

equipment on a node of the LV network currently seem 

unprofitable for low power but, for high power, they can 

compete with the use of a MV/LV transformer with OLTC, 

positioning itself as the starting point of the LV outgoing 

feeder so as to regulate a whole cluster of customers. 

Direct voltage control solutions at the substation by means 

of a MV/LV transformer with OLTC (regardless of 

whether the voltage set point is fixed or variable) remain 

relatively expensive and still have, for the moment, a low 

potential of deployment. 

Association of regulation solutions 

Given the likely rise in LV voltage problems related to PV 

consumption and generation, the Enedis study also 

highlights the possibility of combining and coordinating 

different types of solutions to better act on the voltage of 

the LV network and make more profitable investments in 

these new devices, such as : OLTC transformers and 

inverter control ; OLTC transformers and online 

regulators ; online regulators and control of inverters. 

INVESTIGATIONS PERFORMED BY EDF 

R&D ON MV/LV OLTC TRANSFORMERS 

Three MV/LV transformers with 400 kVA power 

(numbered T1, T2 and T3) equipped with OLTC of the 

electromechanical type have been tested in the EDF R&D 

test laboratories. The regulation range of equipment 

versions tested (manufacturers can offer other versions 

adapted to the needs of their customers) was imposed in 

order to facilitate their comparison : the regulation had to 

be configurable in the interval [Un-7% ; Un+7%] with 

9 symmetrical taps and a step of 1.75%. 

Transformer T1 

A 2x700V/410V transformer of reduced volume, called 

Booster, is installed in the tank of the main transformer. 

The Booster comprises in phase 2 primary windings 

(2x700 V) inserted in series in the primary MV windings 

of the main transformer. The terminals of the secondary 

windings (410V) of the Booster are connected in parallel, 

via a system of contactors, on the LV phases and the 

neutral of the main transformer. This contactor system, 

controlled by a control device, makes it possible to modify, 

as a function of the setpoint value, the primary voltage of 

the Booster transformer, which is inserted in series on the 

MV phases. The MV voltage of the main transformer is 

thus modified and the transformation ratio then corrects 

the LV voltage value. 

Transformers T2 and T3 

The operating principle of the OLTC of these two 

transformers is very similar. 

The regulation device consists of a tap changer connected 

to the MV windings of the transformer, modifying the LV 

voltage by changing the transformation ratio. The change 

from one tap to another is made according to a principle of 

translation by a mechanism driven by a motor and the 

switching is done by means of vacuum bottles (1 or 

2 bottles per phase) to drive or cut the current, with 

insertion of a resistance or a reactance to limit the current 

when switching from one tap to another. The assembly is 

controlled by a control box that can communicate with a 

control center to repatriate information (voltage values, 

setting position ...). 

It should be noted that a solution based on a tap changer 

connected to the LV windings has been examined and then 
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abandoned given the excessive thresholds of each voltage 

step due to the low number of secondary turns of the 

MV/LV transformers. 

Tests performed 

The objective of the tests was to test the OLTC to verify 

that the introduction of this additional component does not 

induce a weak point within the transformer. 

Thus, a first series of functional tests was conducted on the 

EDF R&D experimental platform so-called Concept Grid, 

located on the EDF Lab Les Renardières site. It should be 

remembered that this is an experimental test facility 

designed to anticipate and accompany the evolution of 

electrical systems and that its particular design places it 

midway between laboratory tests and field experiments. 

Concept Grid thus offers the possibility of conducting, in 

complete safety, complex test campaigns that it would be 

impossible to perform on a real network. The tests carried 

out are as follows : installation and commissioning to 

check the ease of equipment implementation ; variation of 

the MV voltage in order to observe the change of the taps 

(change of tap by step and change of multiple taps) ; 

uncertainty of the LV voltage measurement to determine 

the uncertainty margin between the voltage measurement 

performed by the transformer control unit and the high and 

low threshold voltages ; unbalanced variation of the LV 

voltage to evaluate the behavior of the regulation 

algorithm when the voltage of a phase is outside the 

permissible thresholds ; equipment immunity in case of 

frequency variations or frequency with limit values and in 

case of voltage dips and short interruptions to check the 

absence of malfunction and failure in these disturbed 

situations ; application of harmonic voltages to check the 

immunity of the control unit in terms of voltage 

measurement and operation ; several hundred cycles of 

variation of the LV voltage to check the endurance of the 

OLTC. 

In addition, relevant individual tests were selected to 

evaluate the performance level of the OLTC and check the 

absence of negative impacts due to its integration into the 

transformer : functional tests of the taps ; transformation 

ratio ; resistance of the windings ; load and no-load current 

and losses ; insulation resistance and dielectric tests of the 

control unit ; temperature rise test ; partial discharges ; 

power frequency and lightning impulse MV withstand 

voltage. 

Main lessons resulting from the tests 

The obtained test results made it possible to evaluate the 

performances of each OLTC transformer according to a 

multi-criteria analysis : dimensions and weight, facility of 

installation and commissioning, efficiency of the voltage 

regulation (precision and dynamics), energy performance 

(efficiency), proposed functions and control unit HMI, 

dielectric behavior (adequacy to the constraints of Enedis 

networks). 

A score was thus assigned to each equipment 

(0 : unsatisfactory, design to be reviewed) ; 1 : passable, 

minimum required ; 2 : satisfactory ; 3 : very satisfactory). 

The following figure shows the scores obtained : 

 
The performance of the three OLTC transformers comply 

with the characteristics announced by the manufacturers. 

Nevertheless, we note that their scores are quite disparate. 

If they all settle easily in the networks and if they answer 

well to the problematic of the voltage regulation, their 

respective designs induce differences in terms of size and 

weight, efficiency and dielectric withstand. 

INVESTIGATIONS PERFORMED BY EDF 

R&D ON LV ONLINE REGULATORS 

Two online LV regulators (numbered R1 and R2) have 

been tested in EDF R&D test laboratories. 

Regulator R1 

The principle is that of a Thyristor Switched Capacitor 

(TSC), a type of static reactive power compensator 

commonly used on transmission networks. Several 

capacitive branches are arranged in parallel with a phase 

of the network. They can switch independently thanks to a 

triac (anti-parallel thyristors), thus providing a progressive 

adjustment of the reactive power supplied. A low value 

inductance is placed on each branch to limit the inrush 

current of the capacitor at the time of insertion. Note that 

it is only possible to inject reactive power, the absorption 

is not expected (no installed inductive elements). In case 

of high voltages on the network (due for example to a 

decentralized generation too high and not compensated by 

the local loads), the only margin of flexibility is thus to 

disconnect. The TSC is driven in voltage by a setpoint 

received from an aggregator that communicates in Zigbee 

with the TSC and in GPRS with a server through which the 

operator can modify in real time the voltage instructions of 

the regulator. 

Regulator R2 

The principle is that of a Dynamic Voltage Restorer (DVR) 

with a series type control : a single-phase insertion 

transformer is placed in series on the LV outgoing feeder 

to boost (Boost mode) or lower (Buck mode) directly the 

feeder voltage. The primary voltage of the transformer is 

controlled by a direct AC/AC converter providing a 

continuous adjustment of the secondary voltage. A control 

panel with a microprocessor measures the output voltage 

and controls the converter to maintain the proper voltage 
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level. In the event of an electronic fault, the regulation 

stops but the feeder remains energized and an alarm can be 

sent remotely. The DVR has a large adjustment range and 

can also solve flicker problems. 

Tests performed 

Two types of tests were conducted at Concept Grid. The 

regulator has been submitted to individual tests while 

applying several stress profiles via a power amplifier 

controlled by a real-time simulator : 

- Steady-state tests : evaluation of the regulation range 

to test the ability of the device to regulate the voltage 

according to different types of loads ; evaluation of 

the control interface for the setpoint change ; energy 

performance (efficiency) ; emission and immunity to 

harmonics. 

- Transient tests : investigations to evaluate the 

frequency response and any possible attenuations 

generated by the regulator on the PLC-type tariff 

signals used by Enedis ; evaluation of the dynamic 

performance in terms of setpoint tracking and 

variation of the input voltage (response time) ; 

operation mode of the bypass. 

In addition, tests on the network were conducted to 

evaluate the performance of the regulators in real 

conditions : installation of the equipment at the top of a 

pole, application of load curves reproducing the daily 

variations of loads that can be encountered on a LV 

outgoing feeder on which are connected conventional 

consumers and decentralized generation facilities. 

Main lessons resulting from the tests 

The obtained test results made it possible to evaluate the 

performances of each regulator according to a multi-

criteria analysis as for the OLTC transformers : ease of 

installation and commissioning, reliability, efficiency, 

precision and dynamic regulation, controllability and mass 

power. 

The following figure shows the scores obtained : 

 
It can be seen that the two evaluated equipments have 

similar scores. Their performances are quite satisfactory 

and comply with the characteristics announced by the 

manufacturers. If they meet the same general problem of 

voltage regulation, they do not address the same use cases. 

Because of its ability to address high and low voltage 

issues, the controller R2 can be used locally at the most 

problematic nodes in the network. 

The regulator R1 can only increase the voltage and must 

therefore be combined with other equipments (OLTC 

transformers for example) for high voltage problems. It is 

rather intended to correct the voltage plan in a more global 

way by combining several equipments installed along a 

LV outgoing feeder, resulting in an increase in the overall 

cost of the solution. 

CONCLUSIONS 

The study mentioned in this article showed us that there is 

no immediate need for the French utility Enedis to install 

OLTC transformers and LV online regulators on its 

networks. 

Nevertheless, as the new uses on the LV networks are 

constantly progressing, such smart devices could be of 

potential interest in the future if the reactive power 

compensation solutions consisting in controlling the 

inverters of the producers connected to the LV networks 

(solutions considered today priority because the most 

economic) become not enough to solve the problems of 

high and low voltages likely to be encountered on the LV 

networks. 

It is therefore appropriate, as anticipation, that the utility 

Enedis and EDF R&D continue their active watch on these 

equipments. 

0

1

2

3
Installation

Reliability

Efficiency

AccuracyDynamics

Controllability

Mass power


