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Abstract—Controlled vehicle charging has the potential to
increase the grid hosting capacity of electric vehicles. In this
paper, a control algorithm following a linear P(V)-characteristic
with locational dependent parameters is assessed in terms of its
dynamic behavior. Locational dependency has been introduced
to coordinate the charging of the individual cars in a non-
discriminating manner. In the control algorithm, a measured
voltage value is translated into a change of charging power. This
however bears the risk of overcompensation and thus voltage
instabilities if too many vehicles react with a certain delay to the
same voltage change. To avoid such effects a PID- control and
a PT1-filter have been implemented for comparison. Various
simulations using an RMS-Model in DIgSILENT PowerFactory
have been carried out to assess the impact of an increasing
number of EVs and the influence of additional household loads
on system stability. Results show that both PID- control and
PT1-filters have a very similar behavior. Due to the higher
complexity of the PID-control, the PT1-filter has been chosen
for further investigation. With this in place, it can be shown that
if the time constant T of the PT1-filter is set to 30 % above
the time it takes an electric vehicle to react to a change in
voltage, system stability is reached within all simulations. With
this relatively easy measure, instabilities at high penetration
levels can be avoided.

I. INTRODUCTION

In recent years, various control strategies for electric
vehicle (EV) charging have been introduced to avoid grid
overloading [1]. Quite often only static stability is shown,
without considering instabilities caused by time-related
interdependencies. Therefore, the purpose of this paper is to
assess dynamic behavior of EV charging on one exemplary
control algorithm.

Within the SNOOPI-Project [2] a concept has been
developed and tested to control the reactive power in-feed
of photovoltaic generators depending on the local voltage
level to avoid communication. In this paper the SNOOPI
concept is adapted to voltage-dependent active power
control for EV charging.

The basic idea is to achieve location-independent adjustment
of the vehicle charging power at critical voltage levels. In
case of too many vehicles reacting to the same voltage
change, the following could occur: Assuming a grid voltage
close to the nominal value, the electric vehicles will start
charging, resulting in a voltage drop. Due to the decreased
voltage however, the electric vehicles reduce their charging
power, which will lead to an increase of the voltage back
to nominal. Thus, the cycle begins anew. The purpose of
this paper is to evaluate the impact of such effects and to
propose a method to avoid resulting instabilities.

The paper is structured as follows: In chapter II, the
general simulation outline is introduced, followed by the
P(U)-characteristic outline. Chapter III is focused on an
analysis of the simulation results, while chapter IV gives
a brief summary followed by a conclusion and an outlook
on future evaluations.

II. SIMULATION OUTLINE

An RMS model is created within DIgSILENT
PowerFactory to assess the impact of dynamics of
electric vehicle charging. Within this paper the voltage
instabilities caused by voltage-dependent active power
control (P(U)-control) is assessed. Nevertheless, the results
are expected to be transferable to other control mechanisms
such as Fuzzy-Control or transformer load-dependent power
control. To make sure the voltage stays stable and within
its limits, a worst-case scenario of maximum simultaneous
charging vehicles is considered. Following the results of
Kerber’s research of typical German distribution grids [3], a
feeder prone to voltage deviations is selected. A maximum
number of 60 households is expected to be connected to a
single NAYY-4x150 cable with 10 meters distance between
each household connector. Assuming each household owns
two electric vehicles, which is far above the German average
of 1.1 vehicles per household [4], 120 electric vehicles are
distributed along the feeder. As described in a previous
paper, not all vehicles will be charging simultaneously [5].
It has been shown, that for 11 kW maximum charging
power per vehicle with a certainty of 99.99 % at maximum
23 % of the vehicles are drawing power simultaneously. As
a consequence, simultaneous charging of 30 vehicles with
even distribution along the grid is assumed in this analysis.

A. P(U)-Control curve

As mentioned in the introduction, the SNOOPI concept
is adapted to voltage-dependent active power control (P(U)-
control). The analyzed algorithm reduces the active power
when approaching low voltage levels. Furthermore, it needs
to be considered that most electric vehicles require a mini-
mum current of 6 A to start the charging process ??. As a
result, a cut of voltage Uy, with a sudden drop in charging
power contains a high risk for instabilities. To design a
smoother transition, a hysteresis is added around the cut-off
voltage Unn. This way, electric vehicles are only allowed
to start charging when the voltage is 20 % above Up;, in
relation to Uy, following linear Interpolation. (e.g. Ugpy =
0.96 p.u. for Upy, = 0.95 pu. & Upex = 1p.u.) In addition,
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Fig. 1. Basic P(U)-control characteristic including hysteresis at the cut off
power corresponding to 6 A current.

The values of the individual start- and end-voltage Ujax
and Uy, of each electric vehicle are subject to the feeder
position to achieve discrimination-free behavior. Otherwise
cars at the end of the feeder would be restricted to a
greater extent than cars at the beginning. As introduced by
Hempel et al. [2] the relative feeder position can be evaluated
by analyzing the voltage over a longer period of time.
Since only a short period is simulated in this paper, some
assumptions have to be made to achieve the same effect.
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vehicles gradually start charging. The second scenario is
set up to evaluate cases of increased charging correlation
and the impact sudden voltage changes caused by external
factors can have on stability. Finally, the reaction of the
EV charging process to sinus voltage swings is evaluated
regarding damping and resonance behavior.

A. Comparison of PTI- and PID-Control

To avoid instabilities as described in the introduction, two
methods are evaluated. The first method is derived from a
requirement of the new German grid code for Q(U)-control
of photovoltaic systems at the low voltage level [6], which
requires PT1 filter behavior. Secondly, a PID-controller is
evaluated since it is a widely adopted control strategy. In case
of the PID, the controller output is fed back directly, instead
of considering measurement data of the current charging
power. This is due to the fact, that it cannot be assumed
that an electric vehicle will react to the provided set points,
since those only represent the maximum allowed values. For
example, the general electric vehicle charging capabilities
or the battery health management might limit the actual
charging power well below the maximum set-points sent
to the EV. In this case the control-error would never be
reduced to zero. Furthermore, in order to reduce the set
of parameters and to find generally stable settings, the PID
was parametrized following Ziegler-Nichols [7]. Still two
parameters are necessary instead of one for the PT1 filter.
Throughout all simulations it could be shown that the
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Fig. 3. Bode Diagram of normalized PT1-Filter amplitude reduction.

PT1 filter dynamics are best shown via a uniform step re-
sponse in the time domain. From figure 4 it can be observed,
that the step response dynamics decrease linearly with the
PT1 parameter T setting. In order to have a fast response, the
parameter should be chosen as small as possible. Therefore,
a compromise needs to be found between fast dynamics and
sufficient damping.
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Fig. 4. Step response of a PT1 filter with varying filter settings.
B. Single filter behavior

Before addressing the behavior of multiple EVs charging,
the general characteristics of a single PT1 filter element
in a single charging start-up process is analyzed. In this
case, only one EV and no other loads are connected to the
feeder. As the grid will not see any voltage issues, the P(U)-
dependency indicates full charging potential of 11 kW at
all times. The green line in figure 5 indicates the setpoint
of 11 kW, which at the same time equals the PT1 filter
input. Normally the PT1 filter output would start at 0 kW,
but in order to avoid unnecessary ramp up until the minimal
charging power of the EVs is reached, the filter output is set
to a starting value of about 4 kW as shown in red in Figure 6.
This adaption to accelerate the start-up process, should only
be use at initial grid connection of the vehicle and only if the
filter input value is above 120 % of the minimal charging
power of 4 kW. Once the charging process is started, the
PT1 filter should not be further influenced in order to avoid
frequent on-off switching.

As shown in figure 6, the output of the filter is continuous,
but the electric vehicles react to the provided set-point with
a 15 second delav. Althoueh in nractical onerations. faster
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Fig. 5. Individual PT1 behavior at the beginning of a charging session at
nominal voltage levels.

C. Increasing number of electric vehicles

In the next evaluation an increasing number of electric
vehicles (8, 10, 15, 30) within the grid are assessed without

additional conventional load. For this purpose a scenario
without a filter is compared to a PT1 filtering with the
parameter T set to 10 and 15 seconds (fig. 6). To reduce
initial dynamics, EVs added one by one every 30 seconds.
The vertical lines represent the time until all EVs are online,
which basically depends on the total number of EVs (e.g.
with 30 EVs it takes 30 EVs times 30 s = 15 minutes).
When charging up to 15 electric vehicles the slope of the
P(U)-control alone is able to avoid voltage swings. However
with more than 16 vehicles the system becomes instable.
By introducing a PT1 filter with T = 10 s, the stability is
improved and by further increasing T to 15 s eventually
completely recovered. This shows that the PT1 parameter
needs to be at least as large as the EV delay time which has
been assumed in the simulation to be 15 seconds. Larger
values would increase stability, but hamper system dynamics.
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Fig. 6. Impact of varying numbers of charging vehicles on the grid voltage
at the end of the line under the influence of different PT1-filter settings.

Figure 7 contains information about the position indepen-
dency of the average charging power along the feeder. It



can be related back to the initial assumption of even load
distribution for the calibration of the P(U) curve. Notably, the
maximum charging power of 11 kW is not reached in any of
the scenarios, even though the minimum voltage at the end of
the feeder is above 0.93 p.u. in all stable cases (compare with
fig. 6)). The linear dependency of the P(U)-characteristic is
responsible for this effect. To avoid instabilities, the charging
power is reduced starting at the individual Uy, value. As a
consequence, charging power reduction occurs too early in
case just a few vehicles are charging. An increased steepness
would reduce the effect at the potential cost of stability.
The maximum safe slope should be evaluated within field
tests and would also depend on fluctuations coming from
the medium voltage grid.
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Fig. 7. Individual PT1 behavior at beginning of charging session.

D. Influence of starting times and voltage drop behavior

In the following, the influence of the electric vehicles’
starting times is assessed and once stable settings are
reached, the reaction to an external voltage drop (e.g. due
to transformer tap changing) is evaluated. Instead of a new
vehicle starting its charging process every 30 seconds as used
in the previous simulation, the time until another vehicle
starts charging is reduced to 1s, 5s, 10s, 15s and compared
to the old settings of 30 seconds. Only the possible maximum
number of 30 EVs is added in each case to reduce the
number of simulation cases. The PT1 parameter T is set to
20 seconds, since lower values have been unstable in some
cases as will be discussed within the voltage drop analysis.
The results of the complete simulation are displayed in figure
9.

It can be observed that swinging can be mostly prevented,
even when the vehicles are added in a fast consecutive
manner. Only for electric vehicles starting their charging
process with a one second delay, slight overreaction occurs
at the very beginning of the charging process. In this case
even the minimal charging power of 6 ampere results in
voltage boundary violations. These high correlations can
occur after a blackout if all EVs start charging directly
once the power comes back online. Rather simple random
starting delays, evenly distributed over one minute, can
prevent new power failures in combination with a charging
power ramp up starting at the minimal charging power.

Within the same simulation, the impact of adding a large
conventional load is further analyzed after all the EVs have
started their charging process and stable operation is reached.
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Fig. 8. Start and load drop behavior of charging EV’s with PT1 parameter
T = 20 s and varying start-up times.

Fig. 9. Impact of varying numbers of charging vehicles on the grid voltage
at the end of the line at different EV start frequencies and the reaction to
a voltage drop after 1000s with a PT1 parameter setting of T = 20s.

Therefore, after 1000seconds a 1.25-kW-load is added at
each of the 60 households. This results in an instantaneous
voltage drop to 0.91 p.u. at the end of the feeder, which is
below the minimum P(U)-control voltage level of 0.93 p.u.
As can be seen in figure ??, the charging power is reduced
without causing instabilities, leading to quick stabilization at
a new safe voltage level within 30 seconds.

The PT1 parameter T needs to be larger than the previously
evaluated critical T (T ) value = 15s. Otherwise, the
damping magnitude is not high enough when T;. equals
the reaction time of the EVs. Still the parameter T should be
chosen as small as possible to keep the filter as dynamic as
possible. In these simulations a 33 % increase above the EV
reaction time to T = 20s has proven to be the best solution.
Since the new voltage level is below Umin, some of the
electric vehicles have stopped charging and are prevented
from restarting their charging process due to the hysteresis.

E. Reaction to periodic voltage changes

In the previous chapters it has been shown that the

charging process is kept stable under dynamic starting of the
EV charging processes as well as sudden voltage changes if
the right PT1 parameter is used. In the real world the grid
voltage is constantly fluctuating and stability needs to be
proven under these conditions as well. Thus, the impact of
more realistic voltage variations represented by sine-waves
of different frequency is analyzed.
For this purpose, each of the 60 households contains a
conventional load following a load amplitude of 1.25 kW,
which results in a voltage amplitude of about 0.03 p.u. at the
end of the feeder. The cycle time of the sine-wave is varied
between 30 and 1000 seconds in different simulations. The
PT1 parameter T is left at 20 seconds as in the previous
simulation and the EVs start their charging process one by
one every 30 seconds. The resulting behavior of the electric
vehicles reacting to the voltage swings is shown in figure
10.

For periods large than 250 seconds the electric vehi-
cle charging scheme follows the voltage fluctuations. The
amplitude is reduced to 0.011 p.u. from the undampened
voltage amplitude of 0.03 p.u. at the end of the feeder.
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Fig. 10. Reaction of EV-charging on voltage fluctuations following a sinus
wave of varying periods and an amplitude of about 0.03 p.u. for a PT1
parameter of T=20s.

Periods smaller than 250 seconds result in an amplitude
increase until the resonance point is reached. This resonance
period can be easily calculated when considering the EV
reaction time of 15s. At a period of 30s of the voltage
fluctuations the EV charging power will match the maximum
of the conventional load, instead of opposing it. Thus the
amplitude increased to a maximum of 0.037 p.u. at the end
of the feeder. A PT1 parameter change has confirmed that
the resonance amplitude cannot be decreased by the PT1
filter under any reasonable setting. While in theory, a clear
resonance frequency exists, it has to be kept in mind that
the time for an electric vehicle to react to a given voltage
measurement will vary widely depending on the car make,
SOC, ambient temperature and other factors. In real world
application the reaction time of one EV-make could be 60s
while another takes only 5 s to react. Therefore, no clear
resonance point is expected in practical applications.

IV. SUMMARY

A comprehensive set of dynamic simulations has been
performed to analyze the effect of voltage dependent electric
vehicle charging. The concept is based on the SNOOPI
controller and coordinates charging processes to avoid dis-
crimination of users at the end of a feeder. It was shown that
without additional measures the grid can become unstable
once enough electric vehicles simultaneously react to the
same voltage change. In principle the results are transferable
to other control algorithms as well. The effect occurs when
a large number of electric vehicles reacts to the same value,
thus influencing this value to such an extent that overreaction
leads to unstable swinging. By using either PT1 filters or
PID-controllers at each charging station instabilities can
be avoided. It was decided to use PT1 filters since less
parameters are necessary compared to the PID-controller.
PT1 elements belong to the class of low pass filters and
therefore dampen frequency signals above the cut-off fre-
quency (feuofr=1/T). In order to avoid voltage instabilities in
all analyzed cases, the PT1 parameter T should be about 30
% above the critical value. The critical value represents the
time it takes for an electric vehicle to change its charging
power in accordance to the new set-point. Since most electric
vehicles are expected to have different reaction times a
detection mechanism could be created to dynamically change

the PT1 set-point for the fastest stable behavior. It should
be noted, however, that the proposed control mechanism
is not able to avoid swinging effects caused by hitting the
resonance frequency of the control loop.

In real-world applications, constant changes of the charging
power might have a negative effect on the car battery health.
It might be desirable to allow changes only when a certain
voltage change is detected, but this bears the risk of new
instabilities since more cars would react simultaneously.
Randomization of the voltage change thresholds and inac-
curacies within real-world distribution grids could make this
concept more stable. Additionally, charging stations should
have a random waiting time until restarting the charging
process after a power failure to avoid another blackout close
after. It can be concluded that regardless of the control
scheme (voltage, transformer load, CO2 emissions etc.),
simultaneous reaction of a large group of charging electric
vehicles has to be avoided. A successful countermeasure is
to use PT1 elements, since they are easy to use and a well-
established control method. Industry-wide adoption should
therefore be possible without major complications.
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