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Abstract: The EV battery charger system has the potential to generate significant EMI noise due
to the fast-switching process of the AC-DC converter. It may cause interferences to the operation of
other electronic devices nearby. In this paper, a passive Pi-based filter was developed to mitigate EMI
and to reduce conducted emission (CE) noise on an EV charger system. The filter design process was
guided by a systematic approach where firstly the differential mode (DM) and common mode (CM)
components of conducted emissions were separated and measured. After that, the required level of
attenuation was calculated according to the standard’s limits. Based on the needed attenuation level,
the DM and CM filter component values were calculated and simulated. After obtaining the optimized
component values, the filter was implemented. Measurement results showed that the proposed Pi filter
effectively suppresses the EMI noise up to 43.40 dBuV/m resulting in the CE noise level met the

EMC standard.
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1. Introduction

The transition from combustion engines to electric
vehicles (EV) has been developed massively to reduce
dependence on fossil fuels and utilize more
environmentally friendly transportation’®. In EV
applications, combustion engines, fuel tanks, and exhaust
systems are replaced by EV components such as inverters,
battery packs, controllers, motor drives, and electric
motors.

The development of EV comes with several challenges,
including the issue of electromagnetic interference
(EMD)*®. In EV, EMI is induced by the use of fast-
switching dV/dt and dl/dt electrical components, e.g.,
motor drive, inverter, DC-DC converter, etc’ . Moreover,
non-linear components such as transistors, diodes,
capacitors, and inductors have significant contributions to
the characteristics of noise from EV. Specifically, the
common EMI noise from EV is generated during the
battery charging process’®!?. Moreover, EMI noise
during the charging process can propagate through
conduction to the grids and affect the performance of other

interconnected electrical equipment'®'¥. During the
charging process, EV battery charger draws electric
current with rapid changes and high voltage**>9). These
rapid changes cause EMI noise that can be coupled and
flow through conductors in the form of conducted
emission'’8).,

Several techniques to identify and prevent conducted
emission (CE) noise have been extensively investigated.
A study in*? presented a method to analyze the source of
CE in common mode (CM) and differential mode (DM)
noise by extracting the impedances of the power mains,
LISN, EUT, and cable connection with an in-circuit
measurement on two inductive coupling probes in
Switched-Mode Power Supplies (SMPS) through
simulation and experimentation. The results showed that
the proposed method can effectively 99,7% investigate the
causes of CE noise. Another study proved that the inverter
in the PV off-grid system causes CE noise to the output
voltage®®. To reduce the unwanted CE noise, Mohammad
et al presented a passive EMI Filter to attenuate CM from
an adjustable-speed alternating current (AC) motor drive.
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This method can effectively reduce the peak load noise??.
In other studies, the various filter structures (L, T, or Pi; a
single-stage or more) positioned at the power converter
input or output showed that the optimized filter can reduce
CM more effectively than the commercial filter. Besides
that, the use of an inductor, choke, and Pi filter is also a
promising method to reduce CM and DM noise of CE?22%),
They have insertion loss of around 40 - 80 dBuV in the
frequency range 300 kHz — 1.5 MHz???%, However, the
existing solutions and studies regarding the CE noise
reduction by using filters have not been applied to the real
EV charging systems.

In this paper, to reduce CE EMI from an EV battery
charging system, the passive Pi filter with a single stage is
developed using determination of CM and DM noise
comparing to the EMI regulation method, CISPR 14-1. A
discrimination network is needed to measure the DM and
CM components separately, then the disturbances are
monitored by spectrum analyzer. With this information,
the required insertion loss can be calculate to choose the
proper EMI filter circuit®. The value of each component
in the Pi filter is selected based on the characteristic of CM
and DM noise of the Device Under Test (DUT) before the
filter is installed. This relatively simple filter has a good

ability to suppress conducted EMI noise from EV chargers.

Based on the CE measurement results, the spectrums of
DUT with and without filter are compared to examine the
filter effectiveness in suppressing EMI from the EV
charger. Due to the EV charger being normally connected
to the 220 V of house distribution, in this study, the
applied test limit refers to CISPR 14-1, which the value is
shown in Table 129).

Table 1. The Limit of CISPR 14-1 Standard.

Frequency Quasi Peak Limit
(MHz) (dBpv)
0.15-0.50 80-74
0.50-5.00 74
5.00-30.0 74
2. Method

CE measurement was performed using the AC-line
impedance stabilization network (LISN), while a current
probe was used to characterize CM and DM current noise.
There are two main steps in this study. The first step is
identifying the characteristics of CE noise of each
operating mode and identifying the predominant noise
source between the CM and DM. The second step is to
design the CE filter based on the characteristics of the
predominant noise. The third step is to examine the
effectiveness of the CE filter. The AC-LISN has the aim
to ensure that the measured noise on the spectrum analyzer

unequivocally originates from the Device Under Test
(DUT), as shown in Fig. 1. The CE laboratory test setup
is shown in Fig. 2.

Vertical ground plane

AC
Grid

EMI Receiver: =

Attenuator

Fig. 1: Conducted Emission (CE) measurement.

In general, noise floor, ambient noise, cable type, cable
length, EUT configuration, testing layout, LISN, and
several other factors could affect CE spectrum?’.
However, this study is only focused on the variation of EV
charger operations; thus, during the measurement, layout,
cable type, and cable length are maintained in a fixed
condition.

In the CE measurement, CE is categorized into two
modes, L and N modes®2829). [ mode is conducted on the
phase line (L) of the AC system, where the line is carrying
current from the power source. AC-LISN in L mode is
connected with the phase path to measure the EMI
generated by electronic devices on the phase path®®.
Meanwhile, the N mode is carried out on the neutral line
(N). For this case, the EMI measurement on the neutral
line is done by connecting the AC-LISN in N mode with
the neutral line.

CM and DM measurements with the current probe
Tekbox TBC P1 are carried out to investigate the current
spectrum flowing in the cable. In CM measurement, the
current probe is placed around both cables carrying the
same current, where the current flows in the same
direction in both conductors. Conversely, in DM
measurement, the current probe is positioned around both
cables with one cable wound around the current probe to
obtain currents flowing in opposite directions.

In the charger testing, four configurations of CE
measurement were performed, which are; the charger is
connected to the battery offboard, the charger is connected
to the whole EV system in the condition of not running
(off), standby, and running (motor spinning). Therefore,
the spectrum of CE, CM, and DM noise from the charger
without a filter is obtained.
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(b)
Fig. 2:(a) CM and DM measurement setup (b) CE
Measurement setup.

The results obtained from this measurement are used to
determine a proper filter design. In this study, a passive
filter is employed to reduce CE noise in both CM and DM.
The filter is developed based on Pi filter design due to its
capability to handle high voltage and has a good ripple
factor®®3%), The proposed filter mainly consists of passive
components such as inductors and capacitors to present
impedance mismatch in the EMI current path as shown in
Fig. 339, Therefore, the filter characteristics depend upon
the switching frequency and input/output impedance of
the circuit. This filter operates by leveraging the reactive
characteristics of the inductor and capacitor concerning
frequency. At the desired frequency range, the inductor
provides low impedance, while the capacitor provides
high impedance, allowing signals at that frequency to pass
through the circuit®. To achieve an effective filter,
LTspice simulation is utilized to adjust the filter design to
determine the cut-off frequency and calculate noise
reduction at the range of 150 kHz to 30 MHz, as shown in
Fig. 4. In this study, LTspice is preferred since it is free,
relatively fast and has several tools to support
comprehensive analysis.

LISN “' EMI Noise

C DM c DM
L ] L ]
Fig. 3: Pi filter topology.
Noise Source Impedance
v
Al 1 Ry =
PR
(_) €8 g ?u
AC1 1y 1y 50
Spectrum Analyzer

.acoct 10 5k 500Mega ‘TL
Fig. 4: LTspice Pi filter model.

In this study, the Pi filter is designed by specifying and
calculating several key parameters to ensure it meets the
desired performance criteria. The parameters considered
in this study are desired attenuation (4,) in dB, insertion
loss (IL), cutoff frequency (fc), capacitance value
capacitor (C; and (), Inductance value of inductor (L),
ripple voltage (Viipple), and impedance matching. Eq. 1 is
used to formulate the attenuation level. It is calculated
based on the data samples with the highest noise and dB
margin with the reference standards. The cutoff frequency
is the frequency at which the filter starts to attenuate the
signal. The relationship between £ and the selection of the
value of L and C is shown by Eq. 3. The value of L
determines how effectively the filter can block high-
frequency signals. A higher inductance value improves
high-frequency attenuation. In the selection process of an
inductor, it is essential to consider its maximum current
rating (/raed), saturation current, and DC resistance (DCR).
Similarly, when selecting capacitors, it is essential to
consider the voltage rating and the equivalent resistance
series (ESR) of the capacitors. Capacitors with low ESR
are preferred since they enhance the ability of the filter to
attenuate the noise, reduce heat generation, and minimize
power loss.

(Vreg,DM)dBﬂV = (VDM)dBﬂV - (Vlimit)dB/iV +

(Vmargin)dB:uV (1)

f. = freqm(%?) 2)
-1

Je="Vynyic ®)
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Table 2. LTSpice simulation result: filter suppression level of various L and C configurations.

Config Fixed Variable Calculated R, = _50 L Ry =_ 19
Suppression (dB) Suppression (dB)

1 Cx = 0.56 uF L = 4597 uH 54.96 27.89
2 C,=068uF L =237.86uH 56.65 28.29
3 Cy =1pF L =25.74 uH 59.99 29.49
4 Cy = 3.3 pF L = 7.803 pH 70.37 36.85
5 Cy = 6.8 pF L = 3.786 pH 76.64 42.78
6 L =32puH Cx = 0.805 pF 58.12 28.75
7 L =43 puH Cy = 0.599 pF 55.56 28

8 L =58 pH Cx = 0.444 pF 52.97 27.56
9 L = 68 uH Cy = 0.379 pF 51.61 274
10 L =30 pH Cx = 0.858 puF 58.67 28.94

where L is in Henry (H), C is in Farad (F) and k£ is 2 and
3 when calculating the CM and DM filter cut-off
frequencies. If the value of C; and C2 are equal then the
value of C= C;= C». If the value of C; # C;, then the value
of C is equivalent to ,/C; C,. In this study, the value of the
inductor and capacitor components is determined by
simulation in LTspice to obtain the optimum attenuation
of the selected frequency range. The C) = C; is preferred
due to its symmetrical performance. An equal capacitor
value ensures that the filtering action is balanced on both
sides of the inductor. It also has better impedance
matching because the impedance seen by the inductor is
symmetrical.

3. Result and Discussions

Figsure 5(a) and (b) show the CM and DM noise
spectrum of DUT under various charging conditions when
no EMI filter is applied. The black line in Figs. 5(a) and
(b) is the quasi-peak limit of CISPR 14-1 EMC standard,
above which a CE measurement result is fail. Both DM
and CM noise show high-level emissions, specifically,
DM noise tends to have a high level at almost all
frequencies due to the nature of EMI characteristic of the
EV charging system. Also, the DM current path is
basically independent of the system’s dimensions as it
always flows straight from the phase to the load and then
returns to the neutral line. Meanwhile, CM noise shows a
different pattern when the DUT operates under different
conditions. CM emissions tend to be lower when the EV
charger is only connected to the battery. This is because
the battery is obviously much smaller in size compared to
the complete EV, which means that the CM parasitic
capacitance is also smaller compared to that of the
complete EV. Furthermore, the highest CM emissions
occur when the EV charging system is connected to the
EV in the off condition. This high CM noise occurs
because the charging system continues to work even
though the EV is turned off. When charging, coupling
noise occurs between the charging system and the
components in the EV, both physical and parasitic
components. This causes unwanted CM current looping.

Figure 6 and Fig. 7 showed the CE measurement results
using an AC-LISN. Referring to Fig. 6(a) and 7(a), under

all conditions, the CE measurement with AC-LISN
indicates that the DUT generates noise that exceeds the
limits in the frequency range of 150 kHz to 4 MHz. At a
frequency higher than 4MHz, the noise gradually
decreases to reach 42 dBuV.

From the CM and DM noise identification using the
current probe at 150 kHz, the highest noise occurs at the
differential mode, which is 104.78 dBuV during the
charger connected to the battery. Therefore, the developed
filter aimed to reduce DM noise. Compared to the
standard limits at the required frequency of 150 kHz, an
attenuation of 40.779 dBuV is needed. According to Eq.
1, the filter cut-off frequency is calculated to be 31.365
kHz. Then, the filter’s inductor and capacitor values are
determined using Eq. 3, in which one variable (either L or
C) should be fixed and the other is calculated. Table 2
shows various combinations of inductors and capacitors
where the column ‘Fixed Variable’ lists the available
physical components. The actual value of noise source
impedance R is unknown. But most likely it is a low
impedance because at the input of EV charger is a
capacitor bank. For exploration purpose, the value of R,
is chosen as 50 () and 1 Q to reasonably represent the case
of high and low impedance, respectively. Then, each
calculated filter is simulated in LTSpice, and the
suppresion levels at 150 kHz are listed in Table 2. Note
that lower R, impedance results in less effective filter
suppression.

Furthermore, to obtain the proper EMI filter, it is
important to consider the voltage and current ratings of the
EV charger. In this system, the charger has an input of
200-240 Vac with the output voltage and current are 83
Ve and 5 A, respectively. To determine the proper value
of the Pi filter the magnitude of I ,.q needs to be
calculated. Then, an inductor is chosen with I .q should
be greater than 1.89 A to prevent component damage when
it is exposed to the AC current flow. Also, leaded toroidal
line choke inductors are chosen because the ferromagnetic
materials of the inductor can increase the inductance and
efficiency while reducing magnetic flux leakage.
Furthermore, a film-type capacitor was chosen due to its
good insulation properties, resistance to high temperatures,
and stability in various environmental conditions.
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Common Mode Noise
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Fig. 5: CE spectrum EUT without filter (a) CM and (b) DM.

Configurations number 4 and 5 have the highest
suppression levels, but they cannot be used because the
inductor values are not available in the market. As an
alternative, the filter with the largest damping results is
configuration number 6 with L = 32 pH; C, = 0.805 pF
and configuration number 10 with L =30 pH; C = 0.858
pF. Based on the datasheet, the 32 pH inductor has I,.4¢0q
=2.6 A and the 30 pH inductor has I,4.q = 3.7 A. The
larger Irated comes with larger dimensions of the inductor.
To avoid the use of components with unnecessary large
dimensions, a value of L =32 pH is used, and C = 1pF is
used in place of 0.805 pF as in configuration number 6.
Then, the filter is implemented and is placed at the AC
input of EV charger to attenuate noise generated from both
the charger and the complete EV.

Conducted Emission Noise - N Mode without Filter
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Fig. 6:(a) CE-N-mode without filter (b) CE-N mode with
filter.

The effectiveness of implemented filter is depicted in
Figs. 6(b) and 7(b). It can be seen that the filter succeeded
in reducing CE noise in both L and N mode types of
measurements. At frequencies of 150 kHz to 5 MHz, the
filter reduces noise significantly up to 43 dBuV. In
particular, for the DM mode suppression level, the filter
works very well and covers all frequency ranges. The
frequency of the reduced CE emission is inline with the
intended design of the filter, which is at the frequency
response of 150 kHz to 30 MHz. However, the CE
emission of the L and N at above 5 MHz is slightly no
affected, this can be caused by the parasitic element of the
inductor and capacitor in higher frequency used in the
filter. Overall, the filter works so efficiently to reduce CE
noise in the EV charger system that the CISPR 14-1
standard is met and compared to the other methods?*3!33,
the results indicate that the method proposed in this
research is more efficient and significant to suppress the
conducted emission noise.
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Conducted Emission Noise - L Mode without Filter
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Fig. 7:(a) CE L-mode without filter (b) CE L-mode with
filter.

4. Conclusions

The aim of this study was to design a filter to mitigate
EMI on electric vehicle applications. The most important
factor when analyzing EMI on EVs is the disparity in EMI
level when EV is operated in various operating modes. In
designing EMI filters effectively, engineers must observe
this disparity and determine the highest EMI from various
operating conditions. In this study, the filter has been

developed based on a simple passive RLC Pi filter concept.

This configuration is chosen due to the high level of DM
noise, and also, the characteristic of the DM noise
represents the nature of CE of the EV charging system.
The measurement results indicate that the filter effectively
suppresses CE EMI with a maximum attenuation of
approximately 43.40 dBuV/m in the frequency range of
150 kHz to 30 MHz under battery load, ensuring
compliance with the standard limit. Moreover, the
addition of this filter can optimize charger performance in
supplying electric power to the EV. In future research, the
key area of focus is the optimization of the filter to get
better attenuation on the frequency below 10 MHz. Future

research will design the filter in the complete module,
including prototyping PCB, selecting the precision
component, and implementing it in the real mains supply
for EV charging stations. Future research will also
consider exploring the filter for different EV charger
supply power rates.
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