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Abstract: To accurately simulate electric vehicle DC fast chargers’ (DCFCs’) harmonic emission, a small time step, i.e.,
typically smaller than 10 ps, is required owing to switching dynamics. However, in practice, harmonics should be continuously
assessed with a long duration, e.g., a day. A trade-off between accuracy and time efficiency thus exists. To address this issue, a
multi-time scale modeling framework of fast-charging stations (FCSs) is proposed. In the presented framework, the DCFCs’ input
impedance and harmonic current emission in the ideal grid condition, that is, zero grid impedance and no background harmonic
voltage, are obtained based on a converter switching model with a small timescale simulation. Since a DCFC’s input impedance and
harmonic current source are functions of the DCFC’s load, the input impedance and harmonic emission at different loads are obtained.
Thereafter, they are used in the fast-charging charging station modeling, where the DCFCs are simplified as Norton equivalent circuits.
In the station level simulation, a large time step, i.e., one minute, is used because the DCFCs’ operating power can be assumed as a

constant over a minute. With this co-simulation, the FCSs’ long-term power quality performance can be assessed time-efficiently,

without losing much accuracy.
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1 Introduction

For widespread electric vehicle (EV) adoption,
fast-charging stations (FCSs) are being built along
highways as crucial infrastructures that can alleviate
EV customers’ range anxiety for long-distance
trips 12 However, how the widespread installation of
FCSs will affect the grid in terms of power quality
remains unclear. A typical FCS is connected to the
medium-voltage (MV) distribution grid and equipped
with several high-power DC fast chargers (DCFCs)
and a battery energy storage system (BESS) (3] The
DCFCs and BESS are connected to the distribution
grid with power converters that comprise power
electronics and power filters. Hence, an FCS is
essentially a power-electronics-based system, which is
the same as a wind farm or photovoltaic (PV) farm.

Harmonic emission noncompliance and harmonic
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resonance, which have been reported in wind farms : ],

PV farms [5],
[6

and other power-electronic-based
systems 1 can be expected to happen in FCSs.

To study the impact of FCS on grid power quality,
modeling and simulation of the FCS’s harmonic
performance are critical. However, making this
simulation both accurate and time-efficient is quite
challenging 7. On one hand, a small time step (10 ps)
is needed for accurate simulation of the switching
frequency harmonics because a typical DCFC’s
switching frequency is normally above 20 kHz. On the
other hand, according to the grid code, a one-day or
even longer and continuous evaluation of harmonics is
needed for the power quality assessment Bl A
simulation with a small time step for a day-long
harmonic evaluation is not feasible due to either long
simulation time or high computational cost.

To address this simulation challenge, a
co-simulation is proposed, as illustrated in Fig. 1. Two
simulation models operate simultaneously. One has a
small time step (10 ps is chosen in this study) and sits
in a circuit simulation environment (PLECS in this

study). The switching dynamics, current controller,
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and phase lock loop (PLL) of the DCFC are all
modeled in detail. Based on this simulation model, the
DCFC’s input impedance and harmonic current source
at certain operating power can be obtained. The other
model has a large time step (one minute is chosen in
this study) and sits in a system simulation environment
(Power Factory in this study). In the system model, all
the DCFCs are simplified as Norton equivalent circuits,
where the current sources and impedances are from the
small step simulation model, as mentioned above.
Consequently, the current sources and impedances are
updated every minute, which is reasonable, because
the charging power changes during one charging event
but usually with a time step longer than one minute.
For a certain charger, its Norton equivalent current
source and input impedance only change when the
charging power (or namely operation point) changes.
Consequently, because the harmonic evaluation is
based on the Norton equivalent model, the simulation
is quick. Meanwhile, the Norton equivalent model is
obtained from the switching model of the charger and
is updated in real time. Thus, the impact of a
time-variant charging profile is considered, and the
evaluation accuracy is ensured. The co-simulation is
implemented using a Python supervisor. More details
are as follows.
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Python supervised co-simulation for a day-long harmonic evaluation of EV charging

Step 1: The operating power P,(¢;) of each DCFC
is obtained, where P,(#) denotes the operating power
of the DCFC x at time ¢;.

Step 2: The DCFCs’ input impedance Z(t;, fr)
and harmonic current source H,(#;, f;) at time ¢; and
harmonic frequencies f, are estimated with the small
timescale simulation. Here, the harmonic frequency
denotes the frequency that is the integral multiple of
the fundamental frequency in the range of 0-2 kHz.

Step 3: For the harmonic load flow simulation at
t;, each DCFC’s input impedance and harmonic source
in PowerFactory are updated to Z(¢;, f) and H.(¢, f1),
respectively, by the Python supervisor. The simulation
result of PowerFactory at # is sent to the Python
supervisor and recorded.

Step 4: The time step is updated to #;, and the
simulations are repeated. The iteration continues until
all time steps in the load profile are finished. During
the final step, the simulation results are visualized.

In the following sections, the modeling of DCFC
and FCS is presented first. Afterward, the simulation
results of the DCFC’s input impedance and harmonic
current source are presented. Thereafter, a one-day load
profile simulation with a time resolution of one minute is
performed to specify the DCFCs’ operating points for
that day. Later, based on the developed FCS model and
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load profile, the FCS’s long-term harmonic performance
can be simulated by updating the DCFCs’ input

impedance and harmonic current source per minute.

2 Modeling of the DC fast charger
2.1 Design of the DC fast charger

A typical DCFC comprises two power conversion
stages, a front-end AC-to-DC stage and a DC-to-DC
stage. The two stages are buffered with a DC link
where high-capacitance capacitors are used for a stable
DC voltage level. Hence, the DCFC’s impact on power
quality is mainly determined by the front-end
converter.

As reported in Refs. [9-10], Vienna rectifier is a

converter because of its superior performance
regarding reliability, power density, and efficiency.
Thus, the Vienna rectifier is selected for the DCFC
model. Additionally, modular design is typical for
DCFCs, especially for those with high-power ratings,
because of (D the wide battery voltage range, ) less
stress on the power electronic components, (3 less
design pressure on the cooling system, and @
flexible compatibility with different EVs with
different rated charging powers 21 Based on the
selection of Vienna rectifier and modular design
a 360-kW DCFC comprising twelve
30-kW parallel power modules was designed. The

DCFC’s 30-kW power module design is illustrated

concept,

in Fig. 2. In Tab. 1, the key parameters of the design

mainstream topology used for the DCFC’s front-end are listed.
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Fig.2 Design of a typical 30-kW power module of the modeled DC fast charger

As shown in Fig. 2, the feedback control of
the Vienna rectifier consists of current control,
voltage control, and mid-point voltage balancing
control that ensure a small difference between V),
and V,,. The synchronous d-g frame PI controller (1]
is used for current control. Additionally, the
synchronous reference frame PLL (SRF-PLL) g

used to track the grid voltage phase. As digital

control is wused, a calculation delay of one
switching cycle is considered in the model (121 The
pulse width modulation (PWM) [13-14] signal is
obtained with the symmetrical modulation method,
which induces a delay of half the switching cycle.
Therefore, the whole delay caused by the control
roughly equals 1.5 T, where Ty, is one switching

cycle period.



18 Chinese Journal of Electrical Engineering, Vol.7, No.4, December 2021

Tab.1 Design parameters of the DCFC’s power module

Parameter Value
Line-to-neutral RMS voltage V,../V 230
Inductor L/pH 250
Resistor R/mQ 20
Capacitor C,,/uF 1500
DC-link voltage V,./V 800
PLL bandwidth BWp;;/Hz 100
Current loop bandwidth BW;/Hz 1 000
Voltage loop bandwidth BW),;/Hz 400
Switching frequency f,/kHz 20

2.2 Input impedance modeling

Based on the DCFC’s model shown in Fig. 2,

impedance can  be  estimated

11-12, 15-17

the  input
analytically [ 1 However, since the analytical
model is based on an assumption that may lead to
errors, a more accurate method is needed to obtain the
input impedance via frequency sweep using either the
switch model or real hardware.

As illustrated in Fig. 3, the input impedance can
be measured by injecting a small voltage perturbation
Vy, at frequency f;, into the input 3-phase voltages. By
measuring the harmonic component /; at f, of the input
current, the input impedance at f, can be calculated.
Notably, depending on the sequence of injected
voltage perturbation, the measured input impedance is
in the corresponding sequence domain, namely the
positive or negative-sequence domain. Since the
frequency coupling impedances are much higher
compared to their counterparts at f; [11], they are

neglected for simplicity.
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Fig. 3
input impedance of the DC fast charger through numerical

simulation

3 Modeling of the fast-charging station
3.1 Configuration of the fast-charging station

As illustrated in Fig. 4, an FCS with four
360-kW DCFCs was modeled. To fulfill the peak
power demand with a certain safety factor, the
service transformer has a capacity of 1.6 MVA.
Additionally, since FCSs are usually constructed
along highways, a long distance between a
substation and FCS is expected. Therefore, the FCS
is connected to the external grid with a low short
circuit ratio (SCR), e.g., SCR=5, which indicates a

weak grid condition.
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Fig. 4 Model of the fast-charging station with four 360-kW
DCFCs in PowerFactory. Note that the chargers are simplified

as their Norton equivalent circuit in the simulation

3.2 Modeling of the external grid

As reported in Ref. [18], a typical MV grid
voltage has a total harmonic distortion (THD) of
2%, which is averaged yearly. However, in a
worst-case scenario, a THD of 4% can be observed.
Here, to evaluate the harmonic compliance of an
THD for
The
spectrum and time-domain waveform of the grid
Notably, the

harmonics of the assumed grid voltage are smaller

FCS in certain severe conditions, the
the grid voltage is assumed to be 4%.
voltage are shown in Fig. 5.
than the recommended planning level in IEC
61000-2-12 1",
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10% before charging and reaches 80% after

3.3 Modeling of charging profile

Based on the arrival time, distribution of cars at

a gasoline station in a day (201

, and charging profile
of Porsche Tycan, the load profile is generated by

assuming that the state of charge of each car equals

finishing charging. The time resolution of the
generated load profile is reduced to one minute by
assuming the arrival time of cars has an even hourly
distribution. The resultant load profile is shown in
Fig. 6.
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Fig. 6 Load profile of each charger and the fast-charging station

At each simulation time step, the four DCFCs’
input impedance and harmonic current source are
updated according to their operating power. Thereafter,
the harmonic load flow simulation in PowerFactory is
conducted to evaluate the voltage harmonic at the
low-voltage and MV bus bars.
also called

Such a modeling method is

quasi-dynamic modeling because the system dynamics
within the simulation time step, i.e., one minute here,
are ignored.

4 Simulation results and discussion
4.1 Inputimpedance of the DCFC
Based on the DCFC’s model presented in Fig. 2
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and the input impedance measurement method
presented in Fig. 3, the DCFC’s input impedance and
harmonic current source at different operating
(obtained from the

simulated. To show that the charger’s impedance is

powers load profile) are
influenced by the charging power, the simulation
result shown in Fig. 7 compares the positive and
negative-sequence impedances of the DCFC at
260 kW, 120 kW, and 58 kW, which are randomly

selected operating powers in the load profile.
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Fig. 7 Input impedance of the DCFC at three charging power

Fig. 7 shows that the operating power influences
the positive sequence impedance only for frequencies
smaller than 500 Hz.
negative-sequence impedance, the operating power

However, for the

influences the entire range of 100 Hz to 2 kHz. Owing
to the high switching frequency and subsequent low
delay induced by digital control, the negative
resistance region in the impedance reported in Ref. [11]
is not observed in the presented frequency range.
Additionally, the DCFC’s input impedance is low

because of the use of modular design. Since the power

modules of a DCFC are connected parallelly, the input
impedance of the DCFC is reduced.

4.2 Harmonic current source of the DCFC

In Fig. 8, the input current waveform and its
spectrum of the DCFC at 58 kW, 120 kW, and 260 kW
are shown. To estimate the harmonic current source of
the charger, the grid that the charger is connected to is
ideal. The results show that the difference among the
DCFC’s harmonic current source at different operating
points is significant. The harmonic current is higher
when the DCFC operates at low power because the
charger is designed to guarantee its harmonic
compliance at nominal power. When the fundamental
current is low with a comparable harmonic current

component, the control performance worsens.
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4.3 Daily harmonic emission of the DCFCs

After the simulation iterations of all time steps,
the harmonic current emission of the DCFCs in a day
can be evaluated. The whole simulation takes roughly
2 h, which is much faster compared to the switching
model. Moreover, given a load profile, the simulation
can output the daily profile of the chargers’ harmonic
emission. Compared to the conventional approach,
which only assesses the harmonic emission at several
operating points of the charger, our approach is more
comprehensive.

The simulation results of the harmonic current

emission of each DCFC are presented in Fig. 9. As
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Fig. 9 Harmonic current emission of the four DCFCs in a day.
Note that only one phase current is shown since the grid is

assumed to be balanced

shown, the main harmonic emission of the charger is
due to the 5" and 7" harmonic currents. That is
because: D) the 5" and 7™ harmonic voltages are
main in the background, and @ the main primary
harmonic emissions of the charger are due to 5™ and
7™ harmonic currents.

In Fig. 10, the main harmonics, namely 5™ and
7™ harmonics, and total demand distortion (TDD) of
the four chargers in a day are illustrated and
compared to the limits in the grid code IEEE 519. As
shown, the TDD, S‘h, and 7™ harmonic currents are all
below the limits described in IEEE 519. Fig. 10a
shows that, when all the chargers are operating, e.g.,
=1 000 min, the harmonic emission of the charger is
slightly lower than that when only itself is operating,
e.g., =300 min. One possible reason is that the
harmonic emission from the other chargers
compensates for that induced by the distorted
background voltage. To clarify the summation law of
the harmonic emission from different chargers, more
studies need to be conducted.
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Fig. 10 Main harmonic current emission and the total demand
distortion (TDD) of the four DCFCs in a day. Note that only
one phase current is shown since the grid is assumed to be

balanced. Note that /; is the rated current

5 Conclusions

In this study, a Python supervised co-simulation
for a day-long harmonic evaluation of EV charging is

proposed and elaborated. The co-simulation consists of

a switching model of the EV charger with a time step
at the microsecond level, and a Norton equivalent
model of the chargers with a time step at the minute
level. The harmonic current source and impedance in
the Norton equivalent model are updated in real time
based on the information from the switching model.
With such a co-simulation, a good balance between the
accuracy and computational cost of the harmonic
evaluation is achieved. For instance, a day-long
harmonic evaluation can be complete in two hours
using a normal computer with our proposed
co-simulation method. The simulation time can be
further reduced if a more advanced computer is
utilized. The

co-simulation is verified by a case study, where the

effectiveness of the proposed

harmonic emission of a charging station is evaluated

with a day-long charging profile.
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