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Abstract: If left uncontrolled, electric vehicle charging poses severe challenges to distribution grid op-
eration. Resulting issues are expected to be mitigated by charging control. In particular, voltage-based
charging control, by relying only on the local measurements of voltage at the point of connection,
provides an autonomous communication-free solution. The controller, attached to the charging
equipment, compares the measured voltage to a reference voltage and adapts the charging power
using a droop control characteristic. We present a systematic study of the voltage-based droop control
method for electric vehicles to establish the usability of the method for all the currently available
residential electric vehicle charging possibilities considering a wide range of electric vehicle penetra-
tions. Voltage limits are evaluated according to the international standard EN50160, using long-term
load flow simulations based on a real distribution grid topology and real load profiles. The results
achieved show that the voltage-based droop controller is able to mitigate the under voltage problems
completely in distribution grids in cases either deploying low charging power levels or exhibiting low
penetration rates. For high charging rates and high penetrations, the control mechanism improves the
overall voltage profile, but it does not remedy the under voltage problems completely. The evaluation
also shows the controller’s ability to reduce the peak power at the transformer and indicates the
impact it has on users due to the reduction in the average charging rates. The outcomes of the paper
provide the distribution grid operators an insight on the voltage-based droop control mechanism for
the future grid planning and investments.

Keywords: electric vehicles; demand response; demand side management; voltage-based droop
control; distribution grids; voltage violations

1. Introduction

The electrification of the transportation sector provokes many challenges in the power
system operation, most notably in the low voltage (LV) distribution networks [1–3]. If
left uncontrolled, private electric vehicles (EV) are more likely to be charged at high
coincidence when most of the EV owners return home from their work. As a result, EV
charging raises the already existing peak demand at the distribution transformers in this
period leading to many operational problems: voltage drops; increased power losses;
increased probability in overloading of distribution transformers and cables; higher risk
of service interruptions [1,2,4–8]. Demand side management (DSM) strategies exploit the
flexibility of EV charging to reduce these adverse impacts on the grid operation [9–12]. In
this manner, DSM approaches enable the efficient use of existing network capacity and
reduce the cost-sensitive grid reinforcements even at high EV penetrations.

Voltage-dependent charge control methods are discussed as a feasible solution for
the voltage deviations arising from EV charging [6,13–16]. Depending only on local
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voltage measurements at the point of connection, these controllers work on a simple droop
control mechanism, which can be easily installed in already existing electric vehicle supply
equipment. In contrast to other approaches, a voltage dependent control mechanism
demands no communication infrastructure [17]. It can be easily integrated into the existing
network at low costs and is robust as it is not subject to potential communication failures.
The potential of this approach to improve grid voltage profile has been demonstrated
using LV distribution grid simulations. Relevant publications are reviewed hereafter, an
overview of the referenced work and existing approaches in literature being provided in
Table 1.

Table 1. An overview of literature on voltage-based charging control and the proposed study.

Ref. Penetration Nominal Charging Power (kW)

[6] 50 %, (60 %, 70 %) 6.6
[13] 10 EVs 4
[14] 39 EVs 3.3
[15] 43 EVs 3.7
[16] 80% undefined
[this paper] 5%, 10–100% 3.3, 6.6, 11

(in steps of 10%)

The impact of the voltage droop charging method for EVs in a large LV residential
grid comprised of 1020 households is assessed by Al-Awami et al. [6]. The authors consider
three different EV penetrations (50%, 60%, 70%) assuming a charging power of 6.6 kW. The
mobility behavior of the EVs are modeled using a Gaussian distribution. Voltage variations
in extreme nodes, average charging time and total loading in the grid are evaluated for a
period of a single day. The results indicate that this method is capable of eliminating the
voltage violations caused by EV charging in cooperation with voltage control devices.

Geth et al. [13] evaluate the voltage droop charging method in a residential feeder
for two scenarios. In the first scenario, only one out of 20 EVs is controlled by the droop
mechanism. In the latter, all EVs are controlled by the droop mechanism. The paper
demonstrates the potential voltage improvements with droop controlling in a distribution
grid and evaluates the impact on the average charging rates. Comparing the two scenarios,
the authors conclude that the effectiveness of the method improves with increasing number
of controlled electric vehicles.

Leemput et al. [14] evaluate the voltage droop method for EVs using long-term
simulations (for a period of a half year), considering a scenario with a total number of
39 EVs and a charging power of 3.3 kW. The LV grid model consists of a main feeder with
39 households and five other parallel feeders. These parallel feeders are modeled in a
simplified manner with a total load equal to the aggregated load of the main feeder. The
compliance with the EN50160 voltage standards [18], charging time of the EVs and the
maximum transformer power are discussed in detail in the results. The authors conclude
that the impact on the charging time is very limited and, the droop control alone does not
provide the results in compliance with the EN50160 standard.

Álvarez et al. [15] study four voltage dependent solutions for controlling the charging
of EVs in a real Danish network. The network consists of a main feeder with 43 households
and three other feeders that are represented by a single aggregated load. 43 EVs and
a maximum charging power of 3.7 kW are considered. The simulations are conducted
assuming a typical winter day, i.e., a high load case. The impact of the proposed methods
on the voltage profiles of several important nodes are analyzed in the paper. They conclude
that a simple droop controller together with a hysteresis comparator improves the power
quality of a power system.

An analysis on the voltage droop charging method for EVs on a Victorian LV grid
with an EV penetration of 80 % is presented by Xia et al. [16]. The voltage improvements
on all the nodes and the total grid power are evaluated for a single day.
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Three-phase home charging with 11 kW power is now preferred in most European
countries, owing to the availability of three-phase electricity at households. None of the
available research investigates the applicability of the voltage droop control mechanism
for 11 kW EV charging. Therefore, it is unclear whether the conclusions drawn hold
equally with regard to 11 kW charging. Furthermore, most of the references discussed,
only evaluate the results for a small set of EV penetrations. Except the work by Leemput
et al. [14], which considers a simulation time of half a year, the presented publications
base their results on single day or weekly simulations. Only the authors in [14] present a
comprehensive analysis on the voltage profile and evaluate the compliance with the voltage
magnitude standards as defined in ENE50160. Therefore, no comprehensive assessment on
the benefits and limitations of the voltage-based control for charging EVs in a distribution
grid has yet been provided. Our goal is to find, if the LV distribution grids are able to
comply with the voltage magnitude standards with droop controlled EV charging for all
combinations of penetrations and currently available residential charging power levels.
To this end, we present a systematic study of voltage-based EV charging control, taking
into account:

• three currently available charging power levels (3.3 kW, 6.6 kW, 11 kW);
• a full range of EV penetrations (5%, 10–100%, in steps of 10%);
• long term simulations (half a year);
• real distribution grid topology and load data.

We present our results including an assessment of:

• the voltage magnitude compliance with the standards;
• the peak power in the grid;
• the average charging rates over a range of EV penetrations and three charging

power levels.

The rest of the paper is structured as follows: Section 2 describes the concept of the
voltage-based charging controller, as well as the simulation framework used to evaluate
the voltage-based charging control method; the results are presented in Section 3, followed
by a conclusion in Section 4.

2. System Modeling
2.1. Voltage Based Controller Characteristics

Reducing voltage deviations stemming from EV charging, and, thereby improving
the voltage profile of distribution grids, is the main objective of the voltage-based control
approach considered. To facilitate the control mechanism, it is assumed that each EV
charging infrastructure is equipped with a droop controller accompanied by an advanced
metering infrastructure (AMI) at the point of connection [19] capable of measuring the
voltages. The general concept of the voltage droop mechanism is depicted in Figure 1.

The measured voltage of the AMI at the point of connection serves as input to the
voltage droop control mechanism. The charging current of the EV is set according to the
droop characteristics, as shown in Figure 2.

I(V) =


Imin, V ≤ Vref,1

Imax, V ≥ Vref,2

Imin +
V −Vref,1

Vref,2 −Vref,1
(Imax − Imin) , else.

(1)

As defined in Equation (1), if the node voltage V, measured at the point of connection,
falls below the lower reference value Vref,1, the charging current I is limited to the minimum
charging current Imin. According to the IEC-61851 EV charging standards, this is to be 30%
of the rated charging current. If the node voltage exceeds the upper reference value Vref,2,
the charging is not limited by the controller and allowed to be carried out at the maximum
current Imax. This limit for charging current is determined based on the nominal charging
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power levels. If the voltage lies between the lower and upper voltage reference values, the
charging current is controlled in accordance to the linear droop characteristics.

Adavanced Metering 

Infrastructure

voltage measurements

power low

information low

Electric Vehicle 

Supply Equipment

current

Point of 

Connection

Figure 1. Voltage droop control mechanism.

Figure 2. Voltage droop characteristics for EV charging current control.

2.2. Simulation Framework

The topological data and grid parameters of a real Austrian distribution grid were
provided by the local distribution system operator (DSO), Vorarlberger Energienetze
GmbH [20]. The simulated LV grid comprises two 630 kVA, 10/0.42 kV step down 3-phase
transformers with 221 load nodes. The grid supplies 600 residential consumers, 52 business
units, and 99 other consumer units which include heat pumps, public facilities, etc. Figure 3
shows the geographical representation of the simulated LV network.

An in-house simulation tool [21] for load flow simulations is used. It is implemented
in MATLAB [22] and provides interfaces to implement DSM strategies for flexible devices
and energy storage systems. The load flow calculation is implemented using the backward
forward sweep flow method as proposed by Ghatak and Mukherjee [23]. For the load flow
calculation, the load currents are calculated in the backward sweep and the bus voltages are
calculated in the forward sweep based on the currents determined. The process is repeated
until convergence of node voltages with respect to a limiting tolerance value. To map the
voltage-base control of EVs, in each iteration the charging current is calculated according
to the droop control characteristics. In our study, we conducted a balanced three-phase
load flow simulations with a time resolution of 15 min for randomly chosen 25 weeks in
the winter season, where the electricity demands are typically high.
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Figure 3. LV distribution grid model.

Residential loads are modeled using real smart meter data recorded in a field test
by the local energy provider illwerke vkw AG (VKW) [24]. The consumption data over
a year for 351 households with a time resolution of 15 min were available. The smart
meter data are assigned to the household loads by mapping the annual energy demand.
Non-residential loads are modeled using standard load profiles of the Austrian clearing
and settlement agency [25]. These standard profiles are scaled in accordance with the
annual energy demand of a specific consumer. The power factor for the loads was tuned to
0.98 based on active and reactive power measurements at the substation.

Existing PV generations with an installed capacity of 5.96 kWp are considered in the
simulation. Typical PV power profiles from the region of the grid with a 15-min resolution
are used and scaled to match the installed capacity of a particular PV installation.

2.3. EV Model

A linear model is used to characterize the system dynamics of the EV battery. The
energy content of the EV battery at time t, E(t) can be expressed mathematically by

E(t) = E(t− 1) + ηc P(c)(t)∆t − P(d)(t)∆t, (2)

where E(t) is the time dependent energy content of the battery, P(c)(t) is the charging
power and P(d)(t) is the discharging power at time t. ηc is the charging efficiency of the
charging equipment and ∆t is the time step. The model neglects the standby losses of
the battery.

The state of charge of the ith EV at discrete time step n is given by

SOCi,n =SOCi,0 +
1
Ci

{
n

∑
t=1

(
ηc P(c)

i,n ,−P(d)
i,n

)
∆t

}
∀n = 1, . . . , N, ∀i = 1, . . . , I. (3)

SOCi,0 and SOCi,n refer to the initial SOC and the SOC at time step n of the ith EV, respec-
tively. Ci is the battery capacity of the ith EV. N is the total number of time steps and I is
the total number of EVs present.

The battery capacity of an EV is set to Ci = 24 kWh which corresponds to a Nissan
Leaf [26]. The charging efficiency is set to ηc = 0.9. Three currently available residential
nominal charging power levels were considered in the study: P(c)

max = 3.3 kW, 6.6 kW,
11 kW.
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The EV usage behavior is modeled using the statistical data from the Austrian national
mobility survey conducted in 2013 [27]. The survey provides detailed data on the departure
and arrival times, as well as the distances traveled for all journeys recorded. Based on
these data, the user behavior profiles are generated, which include energy consumption
and availability for charging at each time step. The energy consumption is computed
based on the distances driven and the duration of the journey, assuming a specific energy
consumption of ηd = 0.15 kWh/km [28]. Furthermore, it is assumed that the vehicle is
available at home before it departs for the first trip and after it returns from the last trip of
the day. The entries with long daily distances are excluded from the data to comply with the
electric ranges of the EVs. Moreover, it is assumed that the EV charging is controlled only
at private charging infrastructure. The 15-min based usage profiles for EVs are generated
by taking the differences in weekend and weekday journeys into account. After cleaning
the data of the available on the survey, 15,320 weekday and 5696 weekend driving profiles
were created and used as a library for usage behavior modeling. These profiles were
assigned for the EVs randomly.

The EVs are randomly assigned to the network nodes for a given penetration, with a
maximum of one EV per household. The same random pattern is kept over all the scenarios
to assure the consistency. At each subsequent penetration the new EVs are progressively
added to the existing EV fleet.

2.4. Scenarios

To evaluate the implications of the droop control charging on grid operation, several
scenarios were simulated. An overview is given in Table 2.

Table 2. Overview of the scenarios considered in the simulations: benchmark scenario (BM), un-
controlled scenarios (U1–U3) and controlled scenarios (C1–C3) for three different charging power
ratings each.

Scenario Nominal Power (Kw) Description

BM - benchmark, no EVs are connected to the grid
U1 11 EVs charge at nominal power as soon they arrive home
U2 6.6 EVs charge at nominal power as soon they arrive home
U3 3.3 EVs charge at nominal power as soon they arrive home
C1 11 EVs charging with voltage droop control
C2 6.6 EVs charging with voltage droop control
C3 3.3 EVs charging with voltage droop control

For all the six scenarios except the benchmark scenario, eleven EV penetrations (5%,
10–100%, in steps of 10%) were considered, resulting in a total of 67 grid simulation runs
over a time horizon of half a year.

The reference voltages for the voltage-based controller are set to Vref,1 = 0.92 p.u. and
Vref,2 = 0.96 p.u. to comply with the voltage magnitude standards specified in ENE50160.
The lower voltage reference limit was chosen to account for the maximum possible voltage
drop in the cable connecting the load node to the charging controller.

3. Results

The plausibility of voltage-based control for EV charging in complying with the voltage
magnitude standards was investigated for different charging power levels and a full range
of EV penetrations. The analysis was performed considering several aspects, separately
discussed in the sections hereafter: the compliance with the voltage magnitude standards
defined in EN50160; the normalized charging rate; the peak power at the transformer; a
statistical analysis on the nodal voltages.



Energies 2021, 14, 3905 7 of 12

3.1. Compliance of the Voltage with the International Standard EN50160

For the satisfactory operation of the customer electrical equipment, the voltage mag-
nitude should be maintained within a regulated range. The European standard EN50160
specifies that the 10-min rms value of the supply voltage in LV distribution networks
should not deviate from the nominal value more than 10% for 95% of the time within a
week. Additionally, the 10-min rms values of the supply voltage has to remain in the range
of [−15%,+10%] in any case. The first condition will be referred to as the time limit, the
latter to as the minimum and maximum voltage limit, respectively.

To investigate the impact of the droop-control on the voltage magnitude, we evaluated
the compliance with the voltage magnitude standards defined in EN50160 as described
above. The evaluation is conducted on a weekly basis for the 25 weeks simulated. Figure 4
shows the maximum duration of the rms values of the nodal voltages exceeding a −10% of
the nominal voltage value and the violations of the−15% voltage limit. Table 3 summarizes
the voltage compliance for the two conditions (time and voltage limit) defined in the
EN50160 standard for the six scenarios.

Table 3. Compliance with the EN50160 voltage standards for the six scenarios (uncontrolled
U1–U3 and controlled C1–C3) for the range of penetrations; −/−: compliant with the time limit and
compliant with the minimum voltage limit; −/+: compliant with the time limit and violation of the
minimum voltage limit; +/−: violation of the time limit and compliant with the minimum voltage
limit; +/+ : violation of the time limit and violation of the minimum voltage limit. Shaded text is
used to highlight the mitigation effects achieved by the droop controller.

Scenario Penetration (%)
5 10 20 30 40 50 60 70 80 90 100

U1 −/− −/− −/− −/− −/− −/+ −/+ −/+ +/+ +/+ +/+
C1 −/− −/− −/− −/− −/− −/− −/− −/− −/− −/+ −/+
U2 −/− −/− −/− −/− −/− −/− −/− −/+ −/+ +/+ +/+
C2 −/− −/− −/− −/− −/− −/− −/− −/− −/− −/− −/−
U3 −/− −/− −/− −/− −/− −/− −/− −/− −/+ −/+ +/+
C3 −/− −/− −/− −/− −/− −/− −/− −/− −/− −/− −/−

As illustrated in the bottom plot of the Figure 4, the voltage deviation exceeds the
−10%-limit already in the benchmark scenario (without EVs). Nevertheless, the grid
voltage is in compliance with the EN50160 voltage standards as the maximum duration
below the −10%-limit is less than 5% of the time. The compliance with time limit is met in
all the scenarios up to 70% penetration as illustrated from the top plot of Figure 4, however,
utilization of the available voltage reserves grows steadily with increasing penetration
for the uncontrolled scenarios (U*), most notably in the scenario U1 (uncontrolled 11 kW-
scenario). In contrast, the minimum voltage deviation exceeds the −15%-limit already at
lower penetrations, resulting in a violation of the voltage limit defined in the ENE50160
standards. Specifically, at 50% penetration in case of 11 kW (U1) followed by 6.6 kW (U2)
at 70% penetration, and 80% for the 3.3 kW (U3) charging rate.

With 11 kW charging power level, the droop controller (C1) eliminates the time and
voltage limit violations for 50%–80% penetrations, ensuring the compliance with the
EN50160 voltage standards up to 80% penetration. For the penetrations above 80%, the
controller is not capable of eliminating the violation of the −15%-limit (voltage limit)
anymore. With 6.6 kW and 3.3 kW scenarios (C2, C3), the droop controller mitigates the
time and voltage limit violations successfully, and ensures the voltage compliance with
the EN50160 standard for penetration rates where it is violated in case of uncontrolled
charging, cf. Table 3.
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Figure 4. Maximum duration of the rms voltage deviation below the −10% threshold (top), minimum voltage deviation (bottom) for
the benchmark case (BM), the uncontrolled (U1–U3) and controlled (C1–C3) scenarios. The dashed lines show the threshold limits
defined in the EN50160 standard.

The outcomes of Leemput et al. [14] states that the droop controlling fails to meet the
time limit defined in ENE50160 for a EV charging rate of 3.3 kW at 100% penetration. In
contrast, the results of this research show that the droop controlling assists in complying
with the defined time limit at this charging rate. The reason for this discrepancy is the
differences in the voltage reference points in the controller. The authors in this paper use a
lower and upper voltage reference point of 0.85 p.u. and 0.90 p.u., respectively. In contrast,
we use a more restricted set of reference points, with the lower and upper reference points
being set at 0.92 p.u. and 0.96 p.u., respectively.

The results indicate that at high charging power (11 kW) and at high penetrations (at
90% and above), although the controller does not contribute to the compliance with the
minimum voltage limit, i.e., −15%, the compliance with the time limit is achieved. How-
ever, even in these cases the grid voltage is very close to the threshold limits. Furthermore,
even the controlled scenarios with low charging power levels approach the minimum
voltage limit, at high penetrations, exhibiting a reduced voltage reserve. Therefore, DSOs
should be aware of the fact that though the method is well suited to mitigate the voltage
problems when charging at low power levels and low penetrations, it does not provide a
full assurance at high charging power levels and high penetrations.

3.2. Average Charging Rate

In order to estimate the impact on the user comfort due to prolonged charging times
caused by the control mechanism, the relative average charging rate was examined. Table 4
summarizes the average charging power normalized to the respective nominal charging
power for the scenarios and penetrations considered. Already for the case of lowest load
increase (3.3 kW charging rate at 5% penetration), a significant impact with a reduction of
20% is observed with the controlling. In the extreme case of a high charging power of 11 kW
and full EV penetration, a noticeable impact on the charging rate of 57% is observed. For
the increasing penetrations from low 5% to high 100%, the average charging rate reduces
by over 10% for all the charging power levels considered.
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Table 4. Normalized average charging rate for the droop controlled scenarios (C1–C3).

Penetration (%) C1 C2 C3

5 0.67 0.74 0.80
10 0.65 0.72 0.79
20 0.65 0.71 0.78
30 0.64 0.71 0.78
40 0.64 0.70 0.77
50 0.63 0.69 0.76
60 0.62 0.69 0.75
70 0.61 0.67 0.74
80 0.60 0.66 0.72
90 0.59 0.64 0.71

100 0.57 0.62 0.69

3.3. Peak Power

As a consequence of the changes in the charging demand due to the intervention of
the controller, the power profile at the transformer changes, which, in turn, affects the peak
power. To show this effect, the peak power and the relative reduction in the peak power at
the transformer resulting from the droop controlled charging are depicted in Figure 5. Peak
power increases with progressive EV penetration in all six scenarios. At high penetrations,
the peak power exceeds the transformer rated capacity in the uncontrolled scenarios (U*).
In the voltage droop controlled scenarios, a consistent reduction in relative peak power
at the transformer could be noticed: from 1%, over 3% , up to 12% for the different
penetration rates of 5%, 50%, and 100%, respectively. This shows that in addition to the
voltage regulation services provided to the DSOs, the method provides a reduction in peak
power at the transformer, preventing potential transformer upgrades.

Figure 5. Maximum relative peak power at the transformer for the six scenarios (left), relative reduction in the peak power at the
transformer by the voltage droop controlling (right).

3.4. Nodal Voltages

We conducted a quantitative analysis of the number of under voltage events in order
to gain a more in-depth understanding of the voltage droop control. The histograms in
Figure 6 compare the number of under voltage events for the six scenarios at 10% and
90% penetration. The histograms show that the number of under voltage events has been
reduced in the three droop controlled scenarios (C1–C3) for both penetrations. In addition,
the evaluation confirms the elimination of severe under voltage events due to the droop
control, which occur in uncontrolled charging at high penetrations. Furthermore, it clearly



Energies 2021, 14, 3905 10 of 12

shows the direct dependency of the relative reduction in under voltage events on the EV
penetration rate.

Figure 6. Comparison of the histograms of the voltages below the lower voltage threshold Vcri = 0.90 p.u. for the droop controlled EV
charging and uncontrolled EV charging for 10% EV penetration (left), and 90% EV penetration (right).

4. Conclusions

This paper presents a detailed systematic study on the voltage-based droop control
method for EV charging to determine its aptitude in view of recent trends in residential
charging infrastructure. We evaluated the results using long-term load flow simulations,
considering real topological parameters of a residential grid and load profiles. The impact
on the grid voltage status was investigated, considering a wide range of EV penetrations
and three currently available residential charging power levels focusing particularly on
11 kW charging.

The results indicate that, at low EV charging power levels, the voltage-based droop
control method facilitate the compliance with the the voltage magnitude standards defined
in ENE50160 for the full range of EV penetrations. For EV penetrations up to 80%, the
droop-controller is capable of mitigating the violations even for 11 kW charging ensuring
the compliance with the voltage magnitude standards as discussed in previously published
literature. However, the grid is not in compliance with the EN50160 standards with a high
penetrations of EVs charging at 11 kW charging, as the droop control is not capable of
curtailing the voltage deviation such that it is kept above the limit of −15% at all times.

In addition to the grid voltage improvements, the droop controller is also capable
of providing peak power reduction at the transformer by over 10% at 100% penetration.
In this manner, voltage droop method has the potential to reduce the stress on the distri-
bution transformers. However, the EV users will experience longer charging times most
particularly at 11 kW charging as charging rates are reduced by up to 43%. This limitation
can be ameliorated by adding local PV production, which can recover the charging droops.

The voltage-based control method is discussed as a relatively inexpensive and easy-
to-deploy solution, which only requires the local voltage measurements at the point of
connection. However, it is highly necessary to investigate the usability of the method
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also for upcoming trends in the EV deployment, as the grid planning and investments are
intended for long-term. Our results show that the method does not guarantee the safe
operating conditions in the grids at high charging power levels and high penetrations.
However, it can be concluded that the approach is well suited for the early stages of EV
market penetration, and even can provide a solution for high penetration rates, if low
nominal EV charging power levels are deployed which would allow DSOs more time until
sophisticated methods are available.
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