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This paper presents a theoretical analysis of voltage regulation methods based on power converters that inject power on the LV side of the MV/LV transformer. Different converter connections are explored, either series, parallel or mixed. Analysis have been conducted in order to check the efficiency of the different solutions and their limitations, considering the structure complexity and the installed power. Concerning the purely reactive compensation systems, the results show that the mixed compensation structure based on both series and parallel has the greatest impact on grid voltage regulation, but that a structure allowing to exchange both active and reactive power could be even more effective. A prototype has been developed to present a simple and efficient way to do this regulation.

Introduction

With the increasing number of residential photovoltaic panels (PVs) and electric vehicles (EVs) connected to the low voltage (LV) grid, its operation is increasingly affected by voltage variations in the power supplied to LV consumers [START_REF] Bouckaert | Net zero by 2050: A roadmap for the global energy sector[END_REF]. The distribution system operator (DSO) responsible for ensuring the operation of the grid according to the EN50160 European standard [START_REF]CENELEC: Voltage characteristics of electricity supplied by public electricity networks[END_REF] is therefore interested in exploring different devices and methods that can help regulate the voltage in the grid. Today, most of the MV/LV transformers in the distribution grid have a manual regulation due to off-load tap changers that require the interruption of customer services in order to increase or reduce the voltage at the secondary of the transformer.

With the increase of PVs and EVs connected to the LV grid, voltage constraints (undervoltages or overvoltages) may appear, requiring grid reinforcement i.e. the increase of the transformer capacity and/or the lines sections. Alternative solutions to this issue could be: the addition of onload tap changers [START_REF] Guillaume | Study of new Smart technical solutions for voltage control of LV distribution networks in France: Tests and performance analysis of LV regulators and MV/LV transformers with OLTC[END_REF], reactive power regulation by inverters connected to residential PVs [START_REF] Albuquerque | Photovoltaic solar system connected to the electric power grid operating as active power generator and reactive power compensator[END_REF], vehicleto-grid (V2G) applications [START_REF] Choi | Reactive power control of grid-connected inverter in vehicle-to-grid application for voltage regulation[END_REF] or external devices associated to specific methods to regulate the voltage in the grid.

The first solution is costly and justified only in specific and highly constraints cases. The second method uses a fixed regulation at the end of the power lines that may be not sufficient and the third one lacks formal rules and regulations. The fourth solution could be of interest for the DSO if their cost remains lower that reinforcing the grid.

In particular, a voltage regulation device connected to the secondary side of the MV/LV distribution transformer, acting as an on-load tap changer could be a valuable solution. In this application, access for operation, control and maintenance is facilitated for the DSO, which implies fewer supervision and regulatory difficulties in comparison with applications at the consumers' terminals.

Although reactive compensation is widely used in MV grids and at the end of distribution lines, little is known about the effects of reactive compensation by the LV side of the distribution transformer. With this thought in mind, this article highlights a singular placement where the reactive compensation is applied, keeping in mind the advantages of this technique for the DSO, that it will not be compelled to intervene in the customers' homes to provide the expected voltage regulation.

Within this context, this paper's goal is to analyze the effect and limits of reactive power compensation on the voltage regulation in LV distribution grids with high insertion of PVs and EVs by inserting power electronics devices at the secondary side of the MV/LV transformers. In this case the power converter was considered as a black box because in terms of reactive power compensation, many structures can be used but in the preliminary analysis there was no need to choose a specific structure. In the following analysis, the compensation methods compared are applied in parallel to the grid, in series and combined (series and parallel).

Finally, a solution based on a direct voltage injection has been presented and implemented practically.

Voltage regulation methods and devices

The application of a voltage regulation system in the grid is usually based on devices connected on the medium voltage (MV) side of the MV/LV transformer. These can be further divided into two categories:

• Transformer and autotransformer-based devices, such as the On-load Tap Changer (OLTC) [START_REF]On-Load Tap-Changers for Power Transformers[END_REF] and the Step Voltage Regulator (SVR) [START_REF] Wareham | Step Voltage Regulators, présenté à Cooper Power Systems[END_REF]; • Power electronics-based devices, such as the Static Var Compensator (SVC) [START_REF] Guillardi | General-compensation-purpose Static var Compensator prototype[END_REF], Dynamic Voltage Restorer (DVR) [START_REF] Sahoo | Modeling of facts and custom power devices in distribution network to improve power quality[END_REF] and the Unified Power Flow controller (UPFC) [START_REF] Jijun | Principles and functions of UPFC[END_REF][START_REF] Haque | A UPFC for Voltage Regulation in LV Distribution Feeders With a DC-Link Ripple Voltage Suppression Technique[END_REF].

The preference of the DSO to regulate the grid voltage on the high voltage (HV) or MV sides [START_REF] Chollot | New Approach to Regulate Low Voltage Distribution Network[END_REF] is due to the fact that historically there were fewer voltage issues on the LV grid, which were generally oversized to anticipate future connections of new costumers. Furthermore, on the MV side, the lower current that passes through the regulating devices produces fewer problems upon their operation. However, these devices are quite expensive when considering the LV grid scale application and, in some cases, they are not well adapted to the LV grids needs due to the latter being composed mainly of lines with resistive properties which can impact the influence of reactive based solutions.

There are then other structures designed to assist a traditional transformer with manual regulation to comply with the grid voltage requirements. In the LV grid these structures are usually positioned close to the loads that are most troublesome for the grid voltage, and can range from the injection of reactive power by inverters connected to PVs and V2G applications, as mentioned in the introduction, to autotransformers [START_REF] Wareham | Step Voltage Regulators, présenté à Cooper Power Systems[END_REF].

Nevertheless, the study of structures and methods for voltage regulation near the transformer are interesting for the DSO due to their practical implementation, maintenance and also costs, since these structures are employed on a smaller scale compared to the number of households under voltage constraints connected to the MV/LV transformers. And although there are already effective voltage regulation devices available that can be used either to replace the transformer or close to it, such as OLTC and UPFC, those demand a large investment for their implementation, since there are close to 800,000 MV/LV transformers (in France) [START_REF]The advanced management of distribution grids[END_REF]. A device with a relative lower cost can therefore be an interesting solution.

In order to address this issue and to evaluate the viability of LV grid voltage regulation at the MV/LV transformer side, the next section presents the procedure to estimate the tangible voltage variation at the transformer side that can be obtained through the injection and consumption of reactive power under different power structure connection topologies and their limits. Indeed, their main interest is to reduce the number of power converter levels and avoid the necessity to have a storage device or an insulated supply.

Methodology

Among the options that do not use transformers in the regulation of the LV grid voltage through reactive compensation, which are mainly based on power electronics structures, we can mention capacitor banks [START_REF] Valenzuela | A reactive power compensation method for a smart grid connected inverter using a residential PV lSystem[END_REF], inverters connected to batteries [START_REF] Pelleter Erwan | Multi-level Converter Dimensioning with Structure and Losses Consideration for DFACTS Applications[END_REF], the Dual Active Bridge (DAB) converter [START_REF] Veeramraju | A Comprehensive Analysis on Complex Power Flow Mechanism in an AC-AC Dual Active Bridge[END_REF] and the matrix converter [START_REF] Monteiro | Matrix Converter-Based Unified Power-Flow Controllers: Advanced Direct Power Control Method[END_REF].

Some of these structures are currently available for purchase by DSO, while others are still the subject of academic research. And although some of these structures can do voltage regulation without using only reactive power injection such as the matrix converter and the DAB, this section will firstly focus on the structures that do so.

The reactive power compensation in itself is based on the injection or consumption of reactive power to vary the grid voltage indirectly, because the variation of reactive power in the grid affects the current and therefore the voltage.

In order to evaluate the potential for voltage regulation, either indirectly through parallel reactive power injection or directly through series voltage injection in distribution grids a theoretical study was first performed.

From three-phase plus neutral LV grid topology widely used in France, an equivalent single-phase circuit model was constructed, presented in Fig. 1, containing:

• A simplified model of the MV/LV transformer (voltage source , with secondary winding composed of resistance and inductance );

• An equivalent aggregated load representing all the loads connected to the grid ( , ), including PVs (considered as negative active power) and EVs.

The voltage and current delivered to the grid after the voltage drop in the transformer windings are given by and , respectively.

Fig. 1: Single-phase equivalent circuit of the LV grid From this single-phase circuit, it is possible to estimate the voltage for different values of power consumed ( ) and power factor ( ( )) of the load. On the other hand, there can be current unbalances between phases, caused by the presence of many single-phase loads. The following study will assume that the downstream load values are held between 20% and 80% of the transformer's nominal power in regard to its normal operating range. Also, we seek to verify the compensation limits achievable with a power limit of 10kVAR for a 50kVA transformer. This value has been defined based on the assumption that it is desirable to perform the necessary voltage compensation while limiting the installed reactive power, in order to limit the cost of the power electronics device and volume constraints for implementation of the device inside the existing LV power stations. We also intend to avoid a massive reactive power exchange that could lead to a transformer overload in some cases.

Given the parameters of the grid and the transformer, it is possible to obtain the voltage value at the terminals of the load described by and . This value must then be kept within the limits of the EN50160 standard, which is equivalent to ±10% of . Knowing the value of the non-compensated voltage , we can then proceed to compensate it by injecting reactive power in parallel, in series and in combined mode limited to 10kVAR (threephase).

In this regard, the Fresnel diagram represented in Fig. 2 helps us to obtain the equations that result in the voltage values that need to be compensated in order to increase or decrease the voltage using only the reactive power exchange. Table I shows the characteristic values of the MV/LV transformer chosen for the subsequent analyses. One can notice that most of these transformers are delta-coupled on the MV side and star-coupled on the LV side, with three off-load taps.

Table II shows information about the constitution (power demand , ) and operation of the LV grid.

Table I 

Parallel reactive power compensation

The parallel compensation is the traditional solution used in HV and MV grids to control the voltage by reactive power injection. The purpose is to vary the transited reactive power and to adjust the voltage by interaction with the upstream impedances. Fig. 3 shows the equivalent singlephase circuit of the grid with the reactive power injection ?@ @AABA .

Fig. 3: Single-phase equivalent circuit of the LV grid with the parallel compensator This solution is easy to insert in the grid as the main power flow does not pass through the structure and can be easily disconnected in case of issues. However, it depends greatly on the reactive part of the upstream impedance for its effectiveness.

Series reactive power compensation

The series compensation consists of injecting a series voltage ( CB DBC ) in quadrature with the current in the LV grid, between the transformer and the load, as shown in the single-phase diagram in Fig. 4.

Fig. 4: Single-phase equivalent circuit of the LV grid with the series compensator As in the parallel configuration, we will consider a pure reactive power injection. The exchange of reactive energy in series makes this converter behave like a variable reactance that can be capacitive (if reactive energy is injected), and therefore decrease the upstream impedance, or inductive (if reactive energy is consumed), and therefore increase the upstream impedance.

It is worth noting that power electronics-based structures connected in series with the grid present some drawbacks. Indeed, as they are connected in series, these structures will have to endure the full current of the grid, especially in case of faults or short circuits, thus inducing large constraints in the power semiconductors.

Also, due to the inherent current limiting behavior of many power electronic systems, these series connected structures can induce an additional series impedance, limiting the short-circuit current and therefore impacting the correct reaction of the protection devices. Therefore, a classical way to mitigate the problem, is to use of a coupling transformer between them. This will allow both a voltage adaptation as the series injection voltage is generally low and also allow a current continuity even in case of short-circuit or issue with the converter.

In order to exchange reactive power, both solutions need to synchronize to the grid voltage through a PLL (Phase-Locked-Loop) and then have a closed loop control in order to control both the reactive and active power exchange. Through this medium it is possible to ensure the correct compensation, to maintain the capacitive DC bus and compensate the losses, if no power source is available on the DC side of the system [START_REF] Haque | A UPFC for Voltage Regulation in LV Distribution Feeders With a DC-Link Ripple Voltage Suppression Technique[END_REF].

Having presented the compensation structures to be analyzed, the next section presents the results of the behavior of the two methods, as well as the addition of the combined compensation method for comparison.

Results and discussion

Parallel compensation

The following plots show the capabilities of the regulation systems based on the injection of reactive power. First, it can be seen in Fig. 5 the voltage range ∆ achievable for an injection of 10kVAR in parallel for a 50kVA transformer, which represents 20% of the transformer power.

The darker shaded area corresponds to the variation range for increasing the grid voltage .

The reference values shown are centered on zero, which represents the voltage without any compensation. The dashed lines indicate the upper (V TAP+) and lower (V TAP-) voltage limits corresponding to the standard steps that the transformer's tap can realize (+2.5% or -2.5%, respectively) if the voltage is regulated using the transformer's manual tap and not an external device.

In the Fig. 4, the darker area of the plot corresponds to the positive values of ∆ , that is, the ones that can be added to the voltage to increase it. We can see that there is an overlapping of the ∆ values for different values of :;4( ). This means that for different :;4( ) profiles we have the same ∆ range. The extreme values of ∆ validated via simulation using the EMTP software are represented by the yellow dots. It is visible that they coincide with the ranges predicted in theory. Fig. 5: Plot with the theoretical behavior of the parallel reactive power compensation on the LV side of a 50kVA transformer For the parallel compensation, it can be observed that, when the injected power is limited to 10kVAR, it is not very efficient to increase or decrease the voltage (maximum possible variation of ± 0.71% of the nominal voltage). The inefficiency and the overlapping are due to the fact that the inductive part of the upstream impedance (F = G, transformer and MV grid reported to the secondary) is small, which means that the R/X ratio of the line is rather high and the voltage regulation on the secondary side of the V TAP + V TAP -transformer is not very sensitive to the reactive power variation. Therefore, these solutions could be significantly more efficient if they were connected at the end of the power lines where the inductance value is at its maximum rather than located near the transformer.

Series compensation

Now, we study the effect of the series injection of reactive power. In order to verify the potential of the series compensation method, the maximum and minimum voltage range was compared to the voltage variation ∆ achieved through a manual tap change which is generally ±2.5% of the nominal voltage per phase, as stated previously (given by the limits V TAP+ and V TAP-in the plot in Fig. 6).

In the plot on Fig. 5 It can be seen that with the series compensator, it is easier to lower the voltage by one tap notch (about 5.75V in this case) or even more. Indeed, the voltage drops are also due to the active power and a compensator injecting reactive power has only limited effect in this situation.

From the analysis of the previous results, the following conclusions can be drawn:

• The injection of reactive power in parallel on the LV output of the transformer is not very efficient because the reactive part of the upstream impedance is too low; • The injection of reactive power in series is more effective to decrease the voltage. However, its ability to raise the voltage, even if much higher than the parallel solution is limited, especially if :;4( ) is low;

The injected power, whether in parallel or in series, corresponds to the power that must be made available by the converter and reflects on its size and cost. In the case of parallel compensation, a greater injection of reactive power results in a greater variation in the grid voltage. For series compensation, the same is true, but the voltage variation is more sensitive to the grid parameters.

In both cases, in order to achieve values higher than those indicated by the transformer's tap, the converter must be oversized to meet the voltage demands.

Thus, we can see that these two solutions could be complementary. Indeed, the parallel injection needs a higher upstream impedance, which the series compensator is able to produce with relatively low input power.

Combined reactive power compensation

After a brief analysis of the behavior of series and parallel compensators in the distribution grid, it can be said that neither option can fully meet the requirements of the grid. The combination of series and parallel compensators could then be a promising solution.

The equivalent single-phase circuit with the integration of series and parallel compensators is shown in Fig. 7. This means that the series compensator can effectively modulate the transformer secondary voltage as an added impedance to the transformer's, while the parallel compensator can take advantage of this added impedance to improve its effectiveness in modulating the voltage at the load. Using the same reactive compensation calculations for the series compensator, it is possible to calculate the impedance associated with the reactive power injected (or consumed) by the series compensator.

This impedance can then be considered in the estimation of the non-compensated voltage , as if it were part of the equivalent impedance of the transformer. Then, the new equivalent impedance of the transformer (impedance of the transformer plus the impedance of the series compensator) and the new voltage are used to calculate the power to be injected (or consumed) by the compensator in parallel.

Among the advantages of this configuration, we can mention the larger voltage variation than the ones presented in the plots of the sole parallel or series compensation using the same proposed power of 10kVAR. Fig. 8 shows the results of the effect of the modified upstream impedance by the series converter, followed by the injection of reactive power by the parallel one. The ∆ values represented correspond to an injection of 800VAR in series and 10kVAR in parallel at a :;4( ) = 0 (upper orange triangle) and at a :;4( ) = 0.2 (lower pink triangle). The orange areas represent the voltage variation ∆ that is reachable with parallel compensation if there is an increase in series impedance equivalent to 800VAR with a fixed parallel power injection (to increase the voltage) of 10kVAR. Fig. 8: Voltage variation potential for the combined compensation mode for a power consumed per phase up to 800VAR and a threephase power injection in parallel of 10kVAR

In this plot, we can see that the ability to increase the voltage by parallel compensation is more efficient with the increase of the series impedance, even for a low value of :;4( ). On the other hand, as a reflex of the series compensation behavior, in the pink areas, the higher the :;4( ), the easier it is to lower the voltage with the consumption of reactive power in parallel.

As seen on the previous plots, there's a decrease in the performance when increasing load power. For the increase in the grid voltage that means that for a higher power load , and thus a higher current , the reactive power of the series compensator must also be increased to maintain the efficiency of the parallel compensator.

Whereas for lowering the grid voltage, the efficiency of the combined compensation method becomes more efficient if the series power is consumed (-800VAR) rather than injected, in conjunction with an increase in :;4( ) and the consumption of the 10kVAR in parallel. That being said, it is possible to conclude that despite being more effective than the series and parallel compensation methods, the mixed method is not as effective the higher the load, as shown in Fig. 8.

In general, it is at high power that the voltage drops are the most critical and need a higher efficiency in terms of regulation. Also, it needs to implement two converters and a coupling transformer making it very close, in terms of hardware and associated control with a standard UPFC [START_REF] Jijun | Principles and functions of UPFC[END_REF][START_REF] Haque | A UPFC for Voltage Regulation in LV Distribution Feeders With a DC-Link Ripple Voltage Suppression Technique[END_REF].

Combined active and reactive series injection

The UPFC has the ability to improve the efficiency of the voltage regulator by exchanging active power with the grid in addition to the reactive power.

The main issue regarding this structure is however its price. Nevertheless, the sizing of the system can be limited to the degree of compensation needed. Indeed, only the ratio of voltage injected in terms of power is needed. If a 2.5% of compensation (one TAP setting) is needed, the power will be limited. In comparison with the 20% of power for almost one TAP setting over the whole power range for the previous solutions.

The UPFC is a versatile structure that can be composed of converters such as the back-to-back [START_REF] Nasiri | Integration of smart grid technologies for voltage regulation in low voltage distribution grids[END_REF], the matrix [START_REF] Monteiro | Matrix Converter-Based Unified Power-Flow Controllers: Advanced Direct Power Control Method[END_REF], DAB [START_REF] Veeramraju | A Comprehensive Analysis on Complex Power Flow Mechanism in an AC-AC Dual Active Bridge[END_REF], or others, as long as they are bidirectional. The control of these systems has already been broadly presented in the past, especially for D-FACTS [START_REF] Kakkar | Recent trends on FACTS and D-FACTS[END_REF] systems. But their effect on the grid, which is the voltage regulation, is their most significant feature.

A simplified converter allowing to inject a controlled voltage in series with the grid was built and presented on Fig. 9, whose results concerning the voltage regulation of the grid are plotted in Fig. 10. This converter is fitted to increase or decrease up to 2.5% of the main voltage. The single-phase converter was sized for a line current of up to 16A at 100W (2,5% of the nominal power).

We can notice that the system is able to reach the maximal compensation wanted (±2.5%) over the whole power range (Fig. 10). The variation of the characteristic is linked to the output impedance of the system.

Conclusions

In this study was conducted a theoretical evaluation that can possibly help guide the DSO in their choices when it comes to investing in equipment and reinforcing the LV distribution grid.

The analysis of the different types of voltage regulation thanks to reactive and or active power injection by series and parallel compensation allowed us to note the difficulty of regulating the voltage of a grid with an essentially resistive characteristic (high R/X ratio and low :;4( )).

From the analysis of the previous results, the following conclusions can be drawn:

• Reactive power injection in parallel with the MV/LV transformer is not very effective close to the transformer because the upstream impedance is low. • Reactive power injection in series is more effective for lowering the voltage. However, its ability to raise the voltage is limited because the upstream impedance and the :;4( ) are too low to be exploited efficiently.

It is therefore possible to see that these two solutions could be complementary. In fact, parallel injection needs a higher upstream impedance, which the series compensator is able to produce for relatively low powers (relative to the transformer's nominal power).

One solution could therefore be to combine a small series compensator with a parallel compensator. The series compensator can modulate the impedance of the transformer to maximize the efficiency of the parallel compensator in increasing and decreasing the grid voltage. We can also notice, that these solutions can easily reduce the voltage employing reactive compensation in the LV grid rather than to increase it. This limitation could be overcome by setting voluntarily the transformer's manual tap to the higher level ( +2,5%) and use the compensation device to actively control the voltage and keep it within the standard limits.

However, it can be seen that the complexity in terms of hardware of this dual solution is close to the UPFC, with an effectiveness of mixed compensation as limited as for the series compensation at high power. Thus, the control of the active power must be considered in addition to the reactive power.

Lastly, a simplified structure allowing to inject a voltage in series with the line one has been developed and its behavior validated. The validation of the prototype's behavior, in addition to the analysis based only on voltage compensation by reactive power exchange, highlights the fact that only reactive compensation (traditionally employed in the MV grid) is not sufficient to control the voltage, especially close to the MV/LV transformer. Thus, we conclude that effective and costefficient solution to solve this case must be sought among different power electronics strategies and topologies.
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 2 Fig. 2: The Fresnel diagram of the transformer output voltage value

  power of the transformer • : phase-to-phase assigned voltage on the primary side • : phase-to-phase voltage on the secondary side, ! = √3 • n: transformer turns ratio • Tap levels: + 2.5%, + 0% and -2.5% • : short-circuit voltage in percentage of the assigned voltage of the transformer • Losses: Joules losses for the assigned current

  , the yellow blocks represent the ∆ values depicted corresponding to an injection of 10kVAR in series with the load. Here, the ∆ extremes validated by simulation in the EMTP software for the different :;4( ) values are represented by the blue dots.
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 6 Fig. 6: Plot with the series reactive power compensation on the LV side of a 50kVA transformer
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 7 Fig. 7: Single-phase equivalent circuit of the LV network with the series + parallel compensation device
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 910 Fig.9: Test bench with a one-phase converter prototype connected in series with the grid through a coupling transformer injecting +2.5% of the voltage in the grid, seen here by the voltage measured at the load

Table II : Characteristics of the LV grid loads

 II 

			•	,-./ (or also > ): voltage limits at any point
				in the LV grid according to the EN50160
				standard
			• 1 2 : Active power consumed by the aggregated
				load. Values stablished between 20% and 80%
				of
			• 8. (9 2 ): Fixed linked between 1 2 and < 2 • < 2 : Reactive power consumed by the loads according to the ratio < 2 = 1 2 × 8. (9 2 )
	Variables	Values	Units
	,-./	230 ± 10%	V
	1 2	20% 3 4 ≤ 6 ≤ 80% 3 4	kW
	8. (9 2 )	0 ≤ :;4( ) ≤ 0.2	-
	< 2	× :;4( )	VAR
	With: