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ABSTRACT 

This paper describes the methodology developed for the 
simulation of phenomena observed when connecting a 3 
kW single-phase slow charger of an electric vehicle (EV) 
to the LV distribution network, in the case of a domestic 
charging.  
Firstly, the modeling of the up-stream network, the filter, 
the boost with its power electronics, and the battery have 
been described; some points specifically have been 
addressed considering the representation of the non-
linearity involved. 
Secondly, a particular focus has been made on the 
simulations performed when connecting a charger to the 
network, for different impedance values of the upstream 
network; a comparison between simulations and on site 
tests is presented that gives very satisfactory results. 
 
Index Terms: — Electric vehicle, charger, power 
electronics, distribution networks, non-linearity, filter, 
boost, transients. 

NOMENCLATURE 

Rupstream: Resistive part of the upstream network  () 

Lupstream: Inductance of the upstream network  (H) 

Zch:  Impedance of the charger          () 

C1, C2:  Capacitances of the filter   (F) 
L1, L2: Inductances of the filter   () 

M1, M2: Mutual-inductances of the filter (H) 

r1, r2:  Resistances of the filter   () 
C:  Phase-to-ground capacitance of the filter   (F) 

Lboost: Inductance of the boost (H) 
D1, D2:  Diodes of the boost 
S1, S2:  IGTBs of the boost 

Cboost: Capacitance of the boost (DC side) (F) 

ib: Current in the inductance of the upstream network       (A) 

E: Phase-to-ground voltage of the Distribution network   (V) 
Vc: Voltage at the entrance of the charger                  (V) 

iboost: Total current flowing in the power electronics     (A)                                                           

id: Current flowing in a diode     (A)  

Vc meas: Voltage measured at the entrance of the charger        (V) 

 
 

Vc1, Vc2: Phase-to-ground voltage at the terminals of the 
capacitances of the filter                                       (V)                                                       
Vd: Voltage applied to a diode                                            (V)                                                       
Vboost: Voltage at the terminals of the power electronics       (V)                                                       
VCboost: Phase-to-ground voltage at the terminals of the 
capacitance Cboost                                       (V)                                                       

INTRODUCTION 

The connection of chargers of electrical vehicles to the 
distribution network may exhibit some deformation of the 
voltage appearing at the delivery point, already observed 
on site in specific conditions, especially when the 
impedance of the upstream network has a very high value.  

First, this paper addresses the modeling of a 3 kW slow 
charging single-phase equipment connected to the electric 
network, which is likely to be used for domestic charging. 
A description of the modeling of the main components is 
given, when the low frequency phenomena are at stake. 
Second, simulations have been performed with the EMTP-
RV program for different impedance values of the 
upstream network, with a focus on the phenomena 
developed when non-linear aspects are involved. A 
description is presented in the space phase diagram. 

MODELING OF THE COMPLETE 
ELECTRICAL NETWORK      

Foreword 

As the interactions between the electrical network and the 
equipment are at stake [1], considering non-linear behavior 
involved, a proper equilibrium on the modeling aspects has 
to be found between the upstream network on one side and 
the charger with its filter on the other side. This also means 
that all the components do not have to be modeled in detail, 
but the main ones, enabling a proper representation of the 
low frequencies phenomena involved. 

Description of the complete electrical network 

As a first step, the main components of the charger 
connected to the distribution network are described, with 
their modeling considering the low frequencies 
phenomena involved.  
The complete electrical network is described by the 
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following elements, given by figure 1 below: 

 
Figure 1: Description of the main elements of the charger 
connected to the electrical network. 

The following elements have been represented, as 
described above. That is, the upstream network, the low-
pass filter, the boost including its inductance, the power 
electronics and its capacitance, and the battery, from the 
information derived from the network characteristics and 
also provided by the manufacturer on the charger itself. 

 

Modeling of the LV up-stream network  
Considering the phenomena involved, the modeling of the 
up-stream network with a Thevenin equivalent has been 
considered, which is shown in Fig. 2 below: 

 
Figure 2:  Description of the electric circuit involved 
including the distribution network represented by its 
Thevenin equivalent. 

In that case, the standard IEC 61851, applied for EVs 
charging, imposes a nominal rms voltage of 230 V and a 
current not exceeding 16 A. The upstream distribution 
network will be modeled by an inductance in series with a 
resistance. For their determination we have considered the 
sum of the impedances of the MV cable, the MV/LV 
transformer, both referred to the low voltage side, the 
single core LV cable and the electric plug. In our case the 
MV side is a 20 kV distribution network. 

In fact, this inductance is mainly constituted by the 
impedance of the LV cable and the short circuit impedance 
of the transformer. In this case, we have considered a LV 
cable having an inductance of 0.05µH/km and a resistance 
of 0.147 Ω /km that was given by the manufacturer, and a 
MV/LV 400 kVA transformer having a short circuit 
impedance of 6%. Hence, for a 250 m cable, the values of 
Lupstream and Rupstream are equal to 100 µH and 0.264 Ω, 
respectively. 

Modeling of the EMI filter 

The EMI (Electromagnetic Interference) filter prior to the 
boost is built to prevent the main harmonics generated by 
the power electronics as well as high frequency surges, 
such as switching or lightning surges which may enter into 
the charger. It is made up of two cells, as described by 
figure 3 below: 

 
Figure 3:  Description of the filter connecting the boost to 
the electrical network. 

In this case, it is constituted by two identical cells 
containing one choke coil and two phase-to-ground 
capacitances C, which are suited to the common noise 
suppression, and one phase-to-phase capacitance Ci, which 
suppresses the differential mode noise. The choke coils 
can be represented by two coupled inductances in series 
with their resistances. 
As the differential is considered when connecting the 
charger to the distribution network, the mutual inductance 
Mi is not taken into account, the phase-to-ground 
capacitances C playing also a minor role. 
As a result, we obtain the equivalent circuit shown in the 
figure 4 below: 

 
Figure. 4: Description of the model developed for the filter 
for low frequencies. 

In this case, with regards to the differential mode, it leads 
to a value of 3.4 kHz for the resonant frequency and a 
quality factor of 95 for the amplitude of the voltage at the 
resonant frequency.  

Modeling of the PFC boost converter 

The AC/DC rectifier of this charger is mainly constituted 
by a PFC boost converter, as shown in figure 5 below: 

 
Figure 5: Description of the buck-boost PFC converter, 
including its AC/DC rectifier. 

The PFC (Power Factor Corrector) boost converter has 
been represented with its diodes and IGBTs, including the 
PWM (Pulse Width Modulation). 
The electronic elementary components have been modeled 
with their id (Vd) saturation curve of figure 6 below: 
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Figure 6:  Current id flowing in the electronic components 
(diodes, IGBTs) versus positive values of the applied 
voltage Vd.  

PFC regulation 

The PFC regulation has been implemented using the 
average current control method due to its high 
performance [2]. The aim is to control the current flowing 
through the inductance Lboost so that it follows a reference 
current Iref ; it is calculated from the AC voltage Vc at the 
entrance of the charger and the DC output voltage VCboost, 
equal to 380 V in nominal conditions in this case. 

In fact, it has a minor impact when the voltage is highly 
distorted, which is the case for high impedance values of 
the upstream network, and mostly dedicated to small 
disturbances. The switching frequency of the IGBTs is 
modulated by the PWM in order to limit the level of 
harmonics injected by the charger in the distribution 
network [3]. In particular, the PWM block, using a 21 kHz 
ramp signal, uses the comparison between Iboost and Iref to 
generate the output binary signal that commands the 
IGBTs. 

Modeling of the DC output filter and the battery 

The battery is modeled using a simple resistance that is 
directly connected to the capacitance Cboost. The DC 
voltage required by the battery is assured by the PFC boost 
converter. The DC filter is not represented for the low 
frequency phenomena considered here. 

The following paragraphs describes the simulations 
performed with the EMTP-RV program [4], considering 
the model previously presented, for different values for the 
impedances of the upstream network, with inductance 
values varying from 100 H to 800 H. This range 
corresponds to different distribution networks, with 
MV/LV transformers having a rated power ranging 
between 50 kVA and 1000 kVA and LV cables having a 
length between 100 m and 1000 m. In fact, the leakage 
inductance of the transformer may vary between 50 H 
and 400 H, and the inductance of the LV cable between 
50 H and 400 H, as given by manufacturers. 

DETERMINATION OF THE VOLTAGES AT THE 

ENTRANCE OF THE CHARGER, FOR DIFFERENT 

IMPEDANCE VALUES OF THE UP-STREAM 

NETWORK. 

Case of a value of 100 H for the inductance of the 
up-stream network 

Simulations have been performed considering only one 
charger connected to the distribution network under steady 
state conditions. In that case, the impedance of the up-
stream network has a low value corresponding to strong 
networks. Figure 7 below simulations gives the voltage Vc 
at the entrance of the charger: 

 
Figure 7:  Phase-to-ground voltage Vc at the entrance of 
the charger for a value of 100 H for the inductance of the 
network.  
In that case, the voltage at the entrance of the charger has 
a sinusoidal shape. 

Case of a value of 600 H for the inductance of the 
up-stream network 
The inductance value has been varied, from 100 H to 800 
H. For a value of 600 H, a change in the solution 
appears; the voltage at the entrance of the charger is no 
more sinusoidal. This corresponds to a bifurcation [5] from 
a sinusoidal solution to a less stable one. 
In that case, the impedance of the upstream network has a 
high value corresponding to weak networks; simulations 
have been performed, figure 8 giving the phase-to-ground 
voltage Vc at the entrance of the charger:

 
Figure. 8:  Phase-to-ground voltage Vc at the entrance of 
the charger versus time, for a value of 600 H for the 
inductance of the upstream network. 

The wave shape has no more a sinusoidal behavior and is 
highly distorted. We can observe that the wave 
deformation appears at 75 ms even if the charger was 
connected at the instant 0 s. Figure 9 below gives a zoom 
of this voltage, between 100 ms and 150 ms: 
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Figure 9:  Phase-to-ground voltage Vc at the entrance of 
the charger versus time, for a value of 750 H for the 
inductance of the network. 

On site tests have been performed by the manufacturer in 
a laboratory in that case, under the same operating 
conditions. Figure 10 gives the voltage Vc at the entrance 
of the charger under steady state conditions: 

 
Figure 10:  Voltage Vcmeas at the entrance of the charger, 
measured on site, for an inductance 750 H.  

There is a very good match between the simulations and 
the on-site measurements, on the voltage amplitudes and 
also on the wave shape.  In particular, the voltage 
amplitudes are equal to 495 V and 480 V, respectively, 
which represents an error of about 3%. A zoom on the 
upper part of the curve of figure 11 describes a 3.4 kHz 
oscillation, also measured on site. 

Description of the phenomena developed in the 
power electronics 

The figure 11 below gives the voltages at the terminals of 
the capacitance Cboost (DC side), with and without the 
filter. It shows that both curves cross at 75 ms, the voltage 
being higher when the filter is present. In fact, in that case, 
the voltage at the terminals of this capacitance Cboost leads 
to higher voltages at the terminals of the diodes and IGBTs 
of the power electronics circuit.  

 
Figure 11:  Phase-to-ground voltage appearing at the 
capacitance Cboost, with an inductance value of 600 H 
(with the filter in blue, and without the filter in red, upper 
curve in the first instants). 

When the inductance of the network is equal to 100 H, in 
the non-blocked stage, the currents flowing in one of both 
diodes are limited to 10 A; they exhibit a regular shape. In 
that case, the current remains regular in the linear region 
of figure 6, which is also the case of the PWM signal.  

When the inductance of the network is equal to 600 H, in 
the non-blocked stage, the currents reach the saturation 
region in the electronic components, thus leading rapidly 
to higher values up to 20 A, when the voltage at their 
terminals goes beyond 0.4 V, as shown in figure 12 below: 

 
Figure 12:  Current crossing an IGBT obtained by 
simulations, with an inductance value of 600 H for the 
upstream network. 

While the current remains regular in normal operating 
conditions, which is also the case of the PWM signal, it 
shows in the case of figure 12 a highly chaotic behavior in 
the electronic components, despite a more regular voltage 
similar to figure 8 at the terminals of the charger. 

DESCRIPTION OF THE NON-LINEAR ASPECTS 

RAISED IN THIS CIRCUIT 

Impact of the main components of the charger on 
the phenomena observed 

Additional simulations have been performed giving the 
following main results: 
a) Strong impact of the inductance of the network,  
b) Strong impact of the two capacitances of the filter,  
c) Low impact of the inductances of the boost and of the 
filter. 

Similarities with other non-linear circuits in 
electronics 

The way this system behaves shows strong similarities 
with other nonlinear circuits in electronics [6]. In fact, the 
system itself, constituted by the network, the filter and the 
PFC boost, can be seen as a nonlinear oscillator. In 
particular, the main elements constituting this oscillator 
are an inductance (provided by the upstream network), a 
resistance (provided by the battery) and two capacitances 
(provided by the filter) associated with a nonlinear 
component which is the power electronics; this last 
element is described in the following paragraph. 

Determination of the non-linearity involved 

When the current flows into the diodes or IGBTs, it is 
interrupted by the PWM; this forces the circuit to open [7], 
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which corresponds in fact to the decrease of the current as 
described by figure 13 below. Figure 13 describes the (I, 
V) curve of the current iboost flowing in the complete 
power electronic block versus the voltage Vboost at its 
terminals; it is performed for one period of the steady state 
applied voltage, between 280 ms and 300 ms and for the 
PWM at the nominal frequency of 21 kHz. It is the non-
linearity involved in this circuit. The number of loops is 
equal to 200 for one period of the steady state applied 
voltage. 

 
Figure 13: Non-linear characteristics (Iboost, Vboost) at the 
terminals of the power electronics block derived from 
simulations for one period (20 ms) of the steady-state 
frequency. 

Description of the state variables in the phase 
space domain 

Further to time domain aspects, phase space diagrams may 
also give additional information, which are useful when 
nonlinear aspects are raised. This diagram [7] represents 
the main variables of the system in 3D; it is constituted by 
circles in the case of regular sinusoidal variables. 
The main state variables of this system are the current ib 
flowing in the inductance of the upstream network, the 
phase-to-ground voltages Vc1 and Vc2, appearing at the 
terminals of the capacitances C1 and C2 of the filter. They 
can be described by a phase state diagram, as shown by 
figure 14 below, giving by EMTP-RV simulations: 

 
Figure 14:  Space phase diagram (3D) for the variables 
Vc1, Vc2 and Ib of the electrical circuit. 

This approach is rather powerful, and will drive the 
understanding of the phenomena involved and the 
description of the oscillator.  

Perspectives 

The next step will be the identification of the real networks 
which may lead to this situation, in terms of high 

impedances corresponding to the upstream network. This 
may occur in rural networks/weak systems or in the case 
of cables. On the mathematical side, it will correspond to 
the linear part of the global system, in addition to the filter, 
in association with the nonlinear one including the non-
linear characteristics (Iboost, Vboost) at the terminals of the 
power electronics block; this may lead to 
stability/instability, depending the values of the 
parameters involved. 
 

CONCLUSION 

This document presents a methodology describing the 
interactions between the distribution network and the 
charger with its battery, with a description of the modeling 
of the electric elements involved and a focus on the non- 
linear aspects.  In the case considered, it shows instabilities 
when the impedance of the upstream network has a very 
high value. It has been validated by on site tests made in a 
laboratory. 
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