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Abstract—Electromagnetic interference (EMI) of the power supply
system in electric vehicles will seriously affect the safety of the vehicle
and passengers’ health. So a model of power supply system is presented
to analyze its conducted EMI in the paper. This model shows the
effects of paralleled interleaving DC/DC converter, which contains the
new circular current EMI characteristics. Also, a novel power battery
model is established considering both the energy dynamic processes
and the high frequency features. Firstly, the power electronics devices
are studied as the most important part of the DC/DC converter. Then,
the equivalent model of the paralleled interleaving DC/DC converter
is set up to express the interference source features. Also, the power
battery, which is the main energy storage equipment in electric vehicles,
is modeled as EMI propagation paths. Furthermore, loads of the power
supply system, such as lead acid battery and low voltage devices, are
investigated to evaluate their immunity. Finally, the system model
is established. The system EMI is analyzed to get their generating
causes, time domain and frequency domain characteristics based on
both simulations and experiments.
1. INTRODUCTION
There are severe electromagnetic compatibility (EMC) problems in
electric vehicles because of high voltage equipment, such as power
electronics converters, electric motor and so on. Also, electromagnetic
pulses will appear when the vehicle starts or changes working
conditions. They will bring electromagnetic interference (EMI) to low
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Figure 1. Power supply system in one kind of electric vehicle.
voltage devices. Since many low voltage devices are important control
or implementation units, once disturbed, the stability of the vehicle
and the safety of passengers will be affected. So these problems are
related to the efficiency and reliability of electric vehicle power systems,
which are focused on by researchers in recent years [1].
In order to investigate EMC problems in power supply system, its
composition should be made clear. The power supply system used
in one kind of electric vehicle is shown in Fig. 1. The paralleled
interleaving DC/DC converter is the interference source in this system.
The power battery is the main energy storage equipment and also
the EMI propagation path. The loads contain the lead acid battery
and low voltage devices. The former is the auxiliary energy storage
equipment; the latter include many electric control units (ECUs) in
electric vehicles, such as battery management system (BMS), vehicle
controller, etc.
EMI in electric vehicles can be studied through numerical
algorithms of electromagnetic fields, such as finite difference time
domain (FDTD) method [2, 3], finite element method (FEM) [4, 5],
etc. Also, there are some literature investigated on conducted EMI
in other power systems [6]. The power converter model and common
mode (CM) current analysis [7] in the literature can be extended to
the EMI research on the power supply system in electric vehicles.
There are some papers focusing on conducted EMI in electric
vehicles [8, 9]. Some study the interference characteristics by using
the EMC model of the power converter and the motor [10, 11]. But
they ignore stray parameters of power converters. This will lead
to inaccurate results, especially in the high frequency range where
couplings and resonances caused by stray parameters are dominant.
Another research gives the high frequency model of equipments in
electric vehicles considering the stray parameters [12]. Nevertheless,
it does not express the effects of the battery. Some models of
the power battery are established based on the electrochemical
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features [13, 14]. However, these models cannot express the high
frequency characteristics, which are very important for interference
analysis. For some high frequency models [15], they do not consider
the energy storage state, which will affect the parameters of the power
battery.
Based on the research above, the power supply system of electric
vehicles is modeled, and its EMI characteristics are shown in this paper.
This model considers the effects of circular current EMI in paralleled
interleaving DC/DC converter which has been neglected by the
previous research. Also, a novel power battery model is included, which
express the electrochemical and high frequency features of the power
battery more accurately. Furthermore, the high frequency models of
lead acid battery and BMS are studied as the EMI propagation paths.
Their impedances are expressed to evaluate their immunity. These
analyses provide a way to present EMC characteristics of high voltage
and low voltage equipments in one system. Also, they make the EMI
sources, propagation paths and sensitive devices clear, and make it easy
to develop the suppression programs. So in this paper, the paralleled
interleaving DC/DC converter is analyzed as the EMI source firstly.
Then, the power battery is modeled and the parameters are identified.
Also, the lead acid battery and BMS are considered as the loads.
Finally, the system model is established and the differential mode (DM)
and CM EMI characteristics are obtained from the simulations and
experiments.
2. PARALLELED INTERLEAVING DC/DC
CONVERTER
2.1. Power Electronics Devices
Essentially, the EMI in DC/DC converter is caused by switching
processes of power electronics devices.
The turn-on and turnoff behaviors of power electronics devices can be obtained from
experiments [16] and approximately divided into different stages [17].
Also, inductances of the connected wires [9], coupling capacitances and
other stray parameters are considered to get the equivalent models [12].
However, this kind of complex model will bring a large number of
calculations and the details of switching processes may not affect much
from the system point of view. So they are ignored and only the simple
switching processes are described in this paper.
There are two kinds of power electronics devices in DC/DC
converter: one is metal oxide semiconductor field effect transistor
(MOSFET); the other is power diode. Firstly, the interference source
feature of MOSFET is discussed. The time domain on-off processes of
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MOSFET can be described as trapezoidal pulses [18]. Assuming the
turn-on time is the same with the turn-off time, the trapezoidal pulses
will have the same rising and dropping edges. The frequency domain
expression of this kind of trapezoidal pulses is given by Eq. (1). Where,
Amax is the amplitude of the trapezoidal pulses; T is the switching
period of the MOSFET; d is the turn-on and turn-off time; k is the
order of the harmonics based on the switching frequency.
¯ µ
¶¯
2πd ¯¯
4Amax T 1 ¯¯
F (k) =
sin k
(1)
π 2πd k 2 ¯
T ¯
Then, the interference characteristic of power diode is shown.
Unlike MOSFET, most interference of power diode is caused by its
reverse recovering current. The reverse recovering current contains the
following important parameters: amplitude Itt , reverse recovering time
trr , rising time tr and dropping time td . Their relationships and values
will be totally or partly given in the product data sheet. In the time
domain, the reverse recovering current can be approximately equivalent
to a triangle wave, with the bottom trr and the high Itt . Assuming
tr = td , the frequency domain expression of the reverse recovering
current is given by Eq. (2). Where, fs is the switching frequency of
the MOSFET; k is the order of the harmonics based on the switching
frequency.
µ µ
¶
¶
πkfs trr . πkfs trr 2
F (k) = Irr fs trr sin
(2)
2
2
Finally, the interference of MOSFET can be equivalent to an
interference voltage source, and the interference caused by reverse
recovering current of the power diode can be equivalent to an
interference current source. They can be represented by Eqs. (1)
and (2) in the frequency domain.
2.2. Converter Model
A conducted interference model of the basic topology of DC/DC
converter used in electric vehicles is shown in [12], and the on-board
charger is discussed in [19]. However, there are circular currents flowing
through the two paralleled parts of the paralleled interleaving DC/DC
converter. This is because the on-off waveforms of the two power
electronics devices have a phase difference of π/2. Also, the system
interferences will be different on the effects of the interleaving control
method. So in order to analyze the new EMI characteristics, the
topology and stray parameters of the paralleled interleaving DC/DC
converter should be considered to build a new converter model.
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The equivalent model of the paralleled interleaving flyback
DC/DC converter used in electric vehicles is shown in Fig. 2, where
Ug1 and Ug2 are equivalent voltage sources of MOSFETs; Id1 and Id2
are equivalent current sources of power diodes; T1 and T2 are ideal
transforms with turns radio n; L1 and L2 are equivalent inductances
of the transforms; R11 and R21 are equivalent resistances in transform
primary sides; R12 and R22 are equivalent resistances in transform
secondary sides; CL is the output capacitance; Zbat is the equivalent
impedance of the power battery; Zload is the equivalent impedance of
the loads; C1 -C4 are the coupling capacitances between the primary
sides and secondary sides of the transformers; Cg is the coupling
capacitance between the converter and the ground; Lcable is the
equivalent inductance of connecting cables; Rcom and Lcom are the
equivalent impedances of CM interference propagation paths.
The values of the parameters in Fig. 2 can be obtained from
measurements and equivalent calculations. Their values are given in
Table 1.
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Figure 2. Equivalent model of the paralleled interleaving DC/DC
converter.
Table 1. Values of the parameters in the model in Fig. 2.
L1 , L2
1.1 mH
C1 -C4
1 nF–10 nF

R11 , R12
0.276 Ω
Cg
10 nF–100 nF

R21 , R22
0.017 Ω
Lcable
120 nH

CL
2200 µF
Rcom , Lcom
≈ 0.01 Ω, ≈ 10 nH
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Figure 2 infers that there are two kinds of EMI in the paralleled
interleaving DC/DC converter. One is the system input and output
EMI, which influences the equipments which are connected with the
DC/DC converter. It is related to the superposition of the two
paralleled parts’ interference sources as shown in Fig. 2. Because
the interleaving control, the interference source waveforms of the two
paralleled parts have a phase difference of π/2. So the odd-numbered
harmonics of the MOSFET switching frequency are cancelled. Hence,
the interleaving control can reduce the output ripples [20]. The other
kind of EMI is circular current interference which will be discussed as
follows.
2.3. Circular Current EMI Analysis
The circular current EMI only flows through the two paralleled parts
and does not conduct out of the DC/DC converter. But these circular
currents will increase the power losses and cause radiation emissions to
affect low voltage equipments in electric vehicles. The circular current
EMI can be divided into DM part and CM part. Firstly, the DM part is
analyzed. Because the coupling capacitances are very small, they can
be neglected in the DM part analysis. So based on the circular current
area shown in Fig. 2, the equivalent circuit of DM circular current can
be given in Fig. 3.
As shown in Fig. 3, icir is the DM circular current in the primary
side of the transform and its expression can be given by Eq. (3).
Ug2 (jω)−Ug1 (jω)
Icir (jω) =
+n(Id2 (jω)−Id1 (jω)) (3)
R22
R11 +R21 +jω(L1 +L2 )+Rn12
2 + n2
Equation (3) suggests that the superposition of two paralleled
parts’ interference sources causes the DM atcircular current. Because
the inductances of the transforms are usually large and increase with
frequency, the EMI of MOSFETs will be weakened in the DM circular
currents, while the EMI of power diodes is amplified n times on the
effect of the transformers.
Then, the CM part is investigated. It mainly propagates through
the coupling capacitances between the primary sides and secondary
sides of the transformers. So based on the circular current area shown
in Fig. 2, the equivalent circuit of CM circular current can be given in
Fig. 4.
As shown in Fig. 4, iz is the CM circular current, and its expression
can be given by Eq. (4), where “//” means that the two impedance
variables are parallel.
Equation (4) suggests that the CM circular current is also caused
by the superposition of two paralleled parts’ interference sources.
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Figure 4. Equivalent circuit of
CM circular current EMI.

However, it depends more on the coupling capacitances C1 -C4 . Because
the coupling capacitances are very small, there will be only a few CM
circular current EMI. Also, the resonances of C1 -C4 , stray inductances,
and resistances will affect the high frequency features of the CM
circular current EMI.
iz (jω) =

1
jωC4
1
1
Zp2 // jωC
+ jωC
2
4

∗ Id2 (jω)−

1
jωC2
1
1 Id1 (jω)
Zp1 // jωC
+
jωC
4
2

(4)
+ jω(C2 + C4 )(Ug1 (jω) − Ug2 (jω))
1
1
Zp1 =R21 +R22 +jωL2 +
, Zp2 = R11 +R12 +jωL1 +
jωC3
jωC1
3. POWER BATTERY
3.1. Equivalent Model
Power battery is one of the principal propagation paths for conducted
EMI. Also, as the main energy storage equipment in electric vehicles,
its parameters change with the energy storage state, which can be
expressed by state of charge (SOC) of the power battery. Based on the
estimation of SOC, the equivalent model of the power battery can be
established [13]. In this model, internal resistance and self-discharge
effects are considered [14]. Also, inertia resistance and capacitance
(RC) sections are used to simulate polarization effects [21]. But this
model does not contain the high frequency features of the power
battery. The frequency-depended impedances and stray parameters
are included in the high frequency model [15, 18]. The parameters of
the power battery should be functions of both SOC and frequency.
Based on these researches, a more accurate power battery model is
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Figure 5. Equivalent circuit model of the power battery.
put forward in this paper.
The power battery model is shown in Fig. 5, where Uoc is the
open circuit voltage; R0 is internal resistance; the two RC sections
are used to express polarization effects; L+ and L− are inductances of
connecting cables; Cg+ , Rg+ , Cg− , Rg− are CM coupling parameters
between power battery and the ground. Besides, the parameters of the
power battery itself are the functions of SOC. Also, the inductances
and capacitances change with frequency.
3.2. Model Parameter Identifications
The parameters of the power battery itself (Uoc , R0 , R1 , C1 , R2 , and
C2 ) can be identified based on the hybrid pulse power characterization
(HPPC) test [22]. The test object is a kind of 66 Ah LiFePO4 power
battery used in electric vehicles. It has six single batteries in parallel
in each battery module and has 600 single batteries in total. The test
equipment is one kind of battery charging and discharging equipment
manufactured by Arbin Company. The test temperature is 25◦ C. The
test data and corresponding fitting curves are shown in Fig. 6. The
fittings are achieved by three order polynomials. These figures suggest
that the impedances are functions of the power battery SOC.
Considering the skin effect of the power battery, the internal
resistance will change with frequency [8]. Its expression is given by
Eq. (5), where σ skin is the skin effect coefficient related to the power
battery length, cross-sectional area and material features.
R0 (f, SOC)
¡
¢
= σskin f ∗ −0.06 ∗ SOC 3 +0.19 ∗ SOC 2 −0.20 ∗ SOC +0.27 (5)
Furthermore, the capacitance parameters vary from frequency,
and they are functions of both SOC and frequency. According to the
fitting results, the expressions of polarization capacitances C1 and C2
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Figure 6. Parameter test and fitting results of the power battery
model, (a) Uoc and R0 , (b) R1 and R2 , (c) C1 and C2 .
are given by Eq. (6).
C1 (f, SOC)
1
j2πf ∗ (255.28∗SOC 3 −549.29∗SOC 2 +576.47∗SOC +58.54)
(6)
C2 (f, SOC)
1
=
j2πf ∗(−239.91 ∗ SOC 3 +103.99 ∗ SOC 2 +276.29 ∗ SOC −0.42)
=

The parameters of connecting cables (L+ , L− ) and CM coupling
capacitances, resistances (Cg+ , Rg+ , Cg− , Rg− ) are called stray
parameters. They can be directly measured by equipment such as an
impedance analyzer. According to the condition in electric vehicles,
the stray parameters are measured and given as follows: L+ = L− =
120 nH, Rg+ = Rg− = 0.01 mΩ, Cg+ = Cg− = 12 nF.
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Since the stray parameters are unrelated to the power battery
itself, they do not change with SOC. L+ and L− are related to the
material, length and shape of the connecting cables. The coupling
capacitances are decided by the relative positions among the power
battery and the conductors around. Also, all of them change with
frequency and have a great effect on the high frequency impedance
feature. Based on the tests, measurements and calculations, the
parameters of the model in Fig. 5 have been given. They are functions
of SOC and frequency. So the model can present the energy dynamic
processes and the frequency features at the same time.
4. LEAD ACID BATTERY AND LOW VOLTAGE
DEVICES
Lead acid battery and low voltage devices are all loads of the
power supply system in electric vehicles. They act as the EMI
propagation paths, and their impedance features, especially high
frequency impedances, will affect the system EMI characteristics
significantly. Also, as sensitive devices, impedances of low voltage
devices will influence their immunity.
Firstly, the lead acid battery is discussed.
Its impedance
can be measured to establish equivalent model and analyze its
characteristics [23]. High frequency model of lead acid battery is shown
in Fig. 7, where Lb is internal inductance; Ri is internal resistance; Rb
and Cb are used to express polarization effects.
Lb

Ri

Rb

Cb

Figure 7. High frequency model of the lead acid battery.
Figure 7 implies the model of the lead acid battery is similar to
the power battery. That is because the modeling technology of the
power battery is developed based on the research of the lead acid
battery. Also, their model parameter identification method is basically
the same. Their parameters are all functions of frequency and battery
SOC. So the details are not shown here.
Then, BMS is analyzed as the representative of low voltage
devices. BMS is used for SOC monitor, voltage balance, over voltage
and over current alarms in electric vehicles. A photo of one kind
of BMS is shown in Fig. 8(a) and its measured impedance shown in
Fig. 8(b). The impedance of BMS is measured by one kind of Agilent
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Figure 8. (a) Photo of the BMS; (b) Measured impedance of the
BMS.
impedance analyzer, between the positive terminal and the negative
terminal of the BMS without power.
Finally, based on the lead acid battery model and the BMS
measured impedance, the impedance features of the loads can be
described. They can be combined with models of the converter
and the power battery to get the system EMI and analyze the EMI
characteristics.
5. SIMULATION AND EXPERIMENT ANALYSIS
Based on the models and analyses above, the power supply system
in electric vehicles is modeled to investigate its conducted EMI
characteristics. The simulation, experiment verification and analysis
contain three parts: the first is the circular current EMI of the
paralleled interleaving DC/DC converter; the second is the energy
dynamic processes of the system; the last is the system DM and CM
interferences. The simulations are conducted through MATLAB, and
the experiments are based on an actual electric vehicle. The layout of
this electric vehicle is as follows: the power battery is placed in the
middle of the vehicle, under the seats, above the vehicle frame; the
DC/DC converter is placed in the front of the vehicle, integrated with
the inverter in one box, in order to reduce radiation EMI; the lead acid
battery is laid near the DC/DC converter in the front of the vehicle;
the BMS is placed beside the power battery. The measurement system
includes Tektronix oscilloscopes, voltage and current probes to get the
waveforms. The spectrums are got through fast Fourier transform
(FFT) and calculated by MATLAB.
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Firstly, one kind of paralleled interleaving flyback DC/DC
converter is selected, which is in the actual electric vehicle used for
our experiments. Its output voltage is 13.2–14.5 V to charge the lead
acid battery. The controlled power electronics device is MOSFET with
the switching frequency 10 kHz. The DM and CM circular currents are
shown in Fig. 9.
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Figure 9. (a) Waveform and spectrum of the DM circular currents;
(b) Waveform and spectrum of the CM circular currents
Figure 9(a) shows that the DM circular currents have large peaks
which will cause large power losses. At the same time, because the
interference flows through a closed annular propagation path, it will
lead to radiation emissions which will influence low voltage equipments
near the converter. The spectrum of the DM circular currents suggests
that the main interference frequencies are the switching frequency of
the MOSFETs and its multiples. This proves that the interferences of
DC/DC converter are caused by switching processes of the MOSFETs
essentially. Fig. 9(b) suggests that the CM circular currents are
much smaller than the DM ones. That is because the CM circular
currents propagate mainly through the coupling capacitances between
the primary and secondary sides of the transformers as inferred in
Section 2.3, and the coupling capacitances are always very small.
The waveform is represented by a series of resonances, and the main
harmonics exist in the resonance frequency of about 40 MHz, which
are caused by the coupling capacitances of the transformers and other
stray parameters.
Then, the dynamic features of the power battery and system
models are studied. The dynamic response of the model in Fig. 5
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Figure 10. Dynamic response simulation and experiment results,
(a) HPPC test, (b) driving circle test.
can be obtained through zero state response and zero input response
of the circuit [24]. Also, according to the HPPC test and the dynamic
driving circle of electric vehicles, the energy dynamic process of the
power battery and the power supply system can be simulated and
tested. The results are shown in Fig. 10.
The power battery and system have good dynamic response under
HPPC test as shown in Fig. 10(a), while the deviation increases under
the driving circle test as shown in Fig. 10(b). That is because of other
factors which are not considered, such as temperature, charging rate,
etc. However, these factors do not have too much impact, and the
simulation values are basically the same as the measured ones. So
the models have good dynamic responses when energy storage state
changes.
Finally, the system DM and CM EMI are analyzed. Two typical
signals are selected to express the system EMI. One is the EMI in
the connecting cables between the power battery and the DC/DC
converter; the other is the EMI in the connecting cables between
DC/DC converter and the loads. These connecting cables all include
one positive cable and one negative cable. Defining the currents in the
positive cable as i+ and the currents in the negative cable as i− , the
DM and CM currents can be given by Eq. (7).
id = (i+ − i− )/2,

ic = (i+ + i− )/2

(7)

So DM and CM EMI in the connecting cables between the power
battery and the DC/DC converter are shown in Fig. 11. Also, the ones
in the connecting cables between DC/DC converter and the loads are
shown in Fig. 12.
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Figure 11. DM and CM EMI in the connecting cables between
the power battery and the DC/DC converter, (a) waveforms,
(b) spectrums.
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Figure 12. DM and CM EMI in the connecting cables between
DC/DC converter and the loads, (a) waveforms, (b) spectrums.
The DM EMI in Fig. 12 has larger current amplitude than the one
in Fig. 11. That is because the DC/DC converter changes the input
power battery voltage to output voltage 12 V, and the output currents
are much larger than the input ones. So the same EMI sources will
bring more ripples in the output of the DC/DC converter. Then, the
spectrum features of the DM EMI are considered. The harmonics are
mainly at the even times of the MOSFET switching frequency. This
is caused by the interleaving control as we inferred in Section 2.2,
which makes the interference source waveforms of the two paralleled
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parts have a phase difference of π/2. So the EMI sources have more
influence on the DM EMI. Besides, the DM EMI spectrum in Fig. 12(b)
attenuates faster than the one in Fig. 11(b).
Figures 11 and 12 also suggest that the waveforms of the CM
EMI are represented by a series of transient pulses. Their harmonics
are at the MOSFET switching frequency and its multiples. However,
unlike DM EMI, the amplitude of the harmonics is not attenuated with
frequency. It will become large in a certain frequency range. That is
caused by the effects of the impedances in the CM propagation paths.
So the EMI sources and propagation paths are both important to the
CM EMI.
6. CONCLUSION
The model of the power supply system in electric vehicles and its
conducted electromagnetic interference characteristics are presented
in this paper. The paralleled interleaving DC/DC converter model
is established considering both the power electronics devices and the
converter topology. Based on the model, the circular current EMI is
discussed. Also, a new power battery model is put forward to express
the energy dynamic processes and high frequency features at the same
time. Furthermore, the impedances of lead acid battery and BMS
are shown to estimate effects of the EMI on the loads. Finally, the
system model is shown. The dynamic responses, DM and CM EMI
are studied through simulations and experiments. The models and
analyses shown in this paper can be used for predictions of the time
domain and frequency domain EMI characteristics of the power supply
system in electric vehicles. They also can help interference suppression
and EMC designs in electric vehicles and other power supply systems.
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