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Abstract: Finite Difference Time Domain (FDTD) is applied to study the characteristics of electromagnetic 
interference for power plane-battery management system (PP-BMS) enclosure, for modeling the coupling of an 
incident electromagnetic pulse (EMP) with a conducting wire through a BMS enclosure and aperture on it. 
Simulation and analysis are done by radius of the wires, incidence angles of EMP in the conditions of different 
polarized direction, and different annular apertures in consideration. The simulation result shows that 
interference of the electromagnetic coupling into the PP-BMS enclosure can be affected in different degrees by 
above factors. At low frequency, the larger the radius of the wire penetrated into the PP-BMS enclosure, the 
more interference is coupled into the BMS enclosure from electromagnetic field. Also, the electromagnetic 
energy coupled by penetrated wire when incident wave radiates aslant is more than the coupling energy when 
incident wave radiates the target vertically in the condition of vertical polarized direction of electric field, and 
less in the condition of horizontally polarized direction of electric field. Furthermore, in the case of the same 
aperture area, the coupling electromagnetic energy into the circular annular aperture is smaller than that into the 
rectangular and the square ones. Copyright © 2014 IFSA Publishing, S. L. 
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1. Introduction 

 

Battery management system (BMS) is one of the 
key components of electric power planes, the high-
power IGBT and drive motor that generate a large 
number of electromagnetic noise is installed in 
electric power plane [1-2]. If metal enclosure is not 
used in power battery management system, the entire 
system is difficult to meet the requirements of 
electromagnetic compatibility, and more seriously 
the entire battery management system will not work 
properly [3-4]. Because of ventilation, cable 
connections, and the other issues like manufacturing 

process, it is inevitable in the metal enclosure that 
has penetrated wires and slit annular apertures that 
followed. Penetrated wires and slit annular  
apertures are the main factors to affect the 
electromagnetic shielding characteristics for the 
metal enclosure. 

So far, the research on electromagnetic coupling 
of aperture and penetrated wires through PP-BMS 
enclosure has had great progress. And with the 
extensive application of electromagnetic waves and 
fast development of computer technology, various 
methods have been thoroughly studied, such as the 
Method of Moments (MoM), Finite Element Method 
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(FEM), the Boundary Element Method (BEM) and 
Finite-Difference Time-Domain (FDTD) method, 
and so on [5-11]. FDTD is a direct time-domain 
algorithm on solving Maxwell differential  
equations [12]. Z. Youwen did modeling and 
calculation to study the effects of coupling current in 
the circuit in the BMS enclosure from the 
interference electromagnetic [13]. S. Pengfei 
researched the rule of electromagnetic pulse with 
different angles of incidence coupled into the 
enclosure with holes on it, in the conditions of 
horizontal and vertical polarized direction of E field 
respectively [14].  

However, the researches on different penetrated 
wires, different excitation situations, and non-regular 
apertures that introduce electromagnetic coupling 
into the PP-BMS enclosure are not enough. 
Therefore, it is significant to study the coupling 
effect of electromagnetic pulse into the PP-BMS 
enclosure exploring the protection research, by radius 
of penetrated wires, incidence angles of EMP in the 
conditions of different polarized direction, and 
different annular apertures in consideration. And 
Finite Difference Time Domain (FDTD) method is 
used in this paper. 

 
 

2. Research Method 
 

2.1. This is a Subtitle Example 
 

Finite difference time domain method (FDTD) is 
an effective numerical method for solving 
electromagnetic field problems [15-16]. It uses the 
central finite difference formula to replace the 
differential formula of Maxwell time domain curl 
equation to get the finite difference formula of field 
components, and it uses space grids with the same 
electrical parameters to simulation the object of 
study, set the appropriate boundary condition, 
solving the Maxwell equation, so as to obtaining the 
electric field distribution in grid space [17-20]. 
FDTD method transforms the Maxwell curl equation 
into finite difference formula, and it establishes the 
increasing sequence of discrete time, to alternately 
calculate the electric field and magnetic field in the 
three dimensional space gird. It distributes the 
electric and the magnetic field of the space in grid 
form, and it uses the finite difference equations of 
second order accuracy central difference 
approximation to replace the Maxwell equations 
which depend on the time variables. Then equations 
can be solved with initial conditions and absorbing 
boundary conditions according to the time step 
progressive method, so as to obtaining the 
electromagnetic field distribution in the space  
[21-26]. Second order finite difference center 
formula is used to represent partial derivative of 
function to time and space, the following FDTD 
differential equations can be obtained (for example, 
in the z direction) as Formula (1). 
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where i , j , k  and n  are the integers, i , j , k  are  

the grid numbers of the direction x , y , z  in grid 

space respectively, n  is the number of the time step, 
μ  and ε  are the permeability and permittivity of 

the medium respectively, xΔ , yΔ , zΔ  are the 

mesh size of the direction x , y , z  in grid space 

respectively, tΔ  is the time step, ( , , )n
zH i j k  and 

( , , )n
zE i j k  are the magnetic field strength and the 

electric field strength in point ( , , )i x j y k zΔ Δ Δ  

respectively and n  time steps. 
We assume that the grid of FDTD is cube, which 

means the space grid stepping x y z δΔ = Δ = Δ = . 

Considering the influence of FDTD numerical 
dispersion errors, δ  is  

 

min

N

λδ ≤ , (2) 

 

where minλ  is the corresponding wavelength, N=10. 

If the computational domain contains only free space 
and perfect conductor, then  

 

min
max

c

f
λ = , (3) 

 
where c  is the speed of wave in free space 

(medium), maxf  is the maximum value of concerned 

frequency. The grid size of FDTD can be determined 

by maxf . In fact, FDTD space grid is equivalent to a 

low-pass filter that the frequency components of the 

pulse which is higher than maxf  is filtered out when 

passing the FDTD space grid in the excitation pulse, 
which the results will have a great errors.  
And to guarantee the stability of the numerical counts 
in the iterative calculation FDTD, the time of 
stepping tΔ  is  
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2.2. Modeling 
 
A rectangular PP-BMS enclosure constituted by 

the perfect conductor is modeled as shown in Fig. 1. 
The enclosure is a cube with a side length of 
200 mm. The thickness of the enclosure wall is 2 mm.  

 
 

 
 

Fig. 1. BMS enclosure module. 
 
 

When consider the wire which penetrated into the 
PP-BMS enclosure, set a hole of 12 mm × 12 mm in 
the center of plane xy, and with a wire through the 
center hole. The length of the wire is 100 mm with 
the exposing length of the wire outside of the 
enclosure 50 mm. The radius of the wire is r . When 
consider the coupling effect caused by annular 
apertures in the BMS enclosure, set annular apertures 
in the center of plane xy. As shown in Fig. 2, the 
shapes of annular aperture of this paper are square 
annular, rectangular annular and circular annular. 
Due to the size data interface that belongs to mm 
order of magnitude it has more practical significance 
to study the tiny apertures on the order of mm. 
Annular aperture width is 2 mm. The area of annular 
aperture area is 200 mm2 [27-29].  

 
 

 
 

Fig. 2. Annular aperture model. 
 
 

Incident radiation source is a uniform power 
plane. The propagation direction is parallel to the 
wire when incident wave radiates the target power 
plane with hole or aperture vertically. The Gaussian 
pulse is used as excitation source in this paper for 
simulation, and the time domain expression of the 
Gaussian pulse is: 
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 −
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, (5) 

where ( )iE t  is the strength of electric field of 

incident Gaussian pulse, 0E = 1000 V/m, τ  

determines the width of the Gaussian pulse, 
τ = 100 tΔ , the length of space lattice stepping 

1x y z mmΔ = Δ = Δ = , and pulse peak appears at 

0t t= . And time of stepping tΔ = 1.926 ps,  

τ = 100 tΔ , 0τ = 3τ . 

 
 

3. Results and Discussion 
 

3.1. The Inference of Wire Radius 
 

The propagation direction of electromagnetic 
excitation source is parallel to the z-axis, incident 
electric polarization direction is parallel to the y-axis. 
The selection of wire radius is based on American 
Wire Gauge (AWG) standard in this paper [30]. 
Calculate the central location of the enclosure when 
wire radius r = 0.51 mm, 1.15 mm, 2.31 mm and 
5.2 mm, to obtain the electric field  
frequency domain. 

Fig. 3 shows that the frequency component of 
electromagnetic interference in enclosure has 
increased significantly with the radius of wire 
penetrated into the BMS enclosure becoming larger 
at low frequency. It indicates that electromagnetic 
interference frequency component of the low 
frequency band is easier coupled into the enclosure 
through the wire with larger radius. The difference of 
component at high frequency and the resonance 
frequency is not so much related to the radius of 
wire, for the reason that the ability in radiation of the 
wire greatly enhanced when the frequency is higher. 
Furthermore, the degree of suffering electromagnetic 
interference at resonance frequency is the strongest. 
From what has been discussed as above two points, 
we can see that the larger the radius of wire is, the 
more the frequency domain component of electric 
field is introduced into the enclosure through the 
wire, and the more easily the interference energy is 
coupled into the enclosure to cause significant 
interference in the enclosure. 

 
 

 
 

Fig. 3. The inference of wire radius. 
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3.2. Different Excitation Situations 
 
3.2.1. Vertically Polarized E Field 

 
In the case of vertically polarized electric field, 

maintaining the constant electric field intensity of 
incident electromagnetic pulse, change the direction 
of incident electromagnetic pulse. The main 
components of electric field energy coupled into the 
BMS enclosure by the penetrated wire are 
concentrated in the direction of x-axis and z-axis. 
While in the magnetic field, the energy is 
concentrated in the direction of y-axis. Fig. 4 shows 

the curve of yH  at one location on the wire 

penetrated into the enclosure when the incident 
direction of EMP is taken 0°, 30°, 45°, and 60° 
respectively. In the conditions of the structure of 
BMS enclosure and penetrated wire, the coupling 
rule of the Gaussian pulse in the case of vertically 
polarized E field is that the coupling magnetic field 
on the wire with the incident angle of EMP 0°  
(of 0.08 A/m) is less than those of the angle of 
incidence of 30°, 45°, and 60°. It shows that coupling 
magnetic field energy of incident wave radiating the 
target vertically (angle of incidence EMP is 0°) is 
less than that of incident wave radiating aslant in the 
case of vertically polarized electric field. 

 
 

 
 

Fig. 4. The yH  with Different Incident  
Direction of EMP. 

 
 
3.2.2. Horizontally Polarized E Field 

 
In the case of horizontally polarized electric field, 

change the incident direction of electromagnetic 
pulses (i.e. the angle between propagation direction 
and the z-axis), the electric field energy coupled into 
the BMS enclosure by the penetrated wire is 
concentrated in the direction of y-axis, and the main 

components of magnetic field energy are 
concentrated in the direction of x-axis and z-axis. 

Fig. 5 shows the curve of synthesis H  of Hx  and 

H z  at one location on the wire penetrated into the 

enclosure when the incident direction of EMP is 
taken 0°, 30°, 45°, and 60° respectively. In the 
conditions of the structure of BMS enclosure and 
penetrated wire when the E field is horizontally 
polarized, the coupling rule of the Gaussian pulse is 
that the coupling magnetic field on the wire reaches 
the maximum (0.1 A/m) when the angle of incident 
EMP is 0°, and decreases with angle of incidence 
becoming larger, after comparing the total amplitude 
of the magnetic field that synthesized from the 

coupling magnetic field component Hx  and H z . It 

indicates that the energy of magnetic field coupled 
into the enclosure decreases with increasing angle of 
incident EMP. It also shows that coupling magnetic 
field energy of incident wave radiating the target 
vertically (angle of incidence EMP is 0°) is greater 
than that of incident wave radiating aslant in the case 
of horizontally polarized electric field. 

 
 

 
 
Fig. 5. The synthesis |H|  with Different Incident Direction 

of EMP. 
 
 
3.2.3. Comparison 

 
Compared Fig. 4 with Fig. 5, we can see that the 

magnetic energy coupled into enclosure by the 
penetrated wire is different between the two 
situations of vertically and horizontally polarized E 
field, that is, the magnetic field strength of coupling 
current in the conditions of vertically polarization 
electric field is greater than that of horizontally 
polarization electric field. It indicates that more 
coupling energy is introduced by the penetrated wire 
in the case of vertically polarized E field than that of 
horizontally polarized E field. 
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3.3. Different Annular Apertures 
 

The electromagnetic coupling into annular 
apertures which have the same aperture area but 
different shapes (rectangle, square, circle) are 
calculated and analyzed respectively to compare the 
difference of coupling interference between different 
annular apertures. 
 
 

3.3.1. The Effect of Circular Annular 
Aperture 

 

Fig. 6 and Fig. 7 are respectively electric field 
waveform of different point on the axis of the 
enclosure. Fig. 6 shows the electric field waveform 
of the place 3 cm to circular annular aperture in the 
enclosure. Fig. 7 shows the electric field waveform 
of the center of the shielded enclosure. The time 
required that electromagnetic pulse spreads from the 
place 3 cm to aperture in the enclosure and the center 
of the enclosure to the rear wall of the enclosure and 
then reflects back are approximately 1.13 ns and 
0.67 ns respectively by calculating. It meets the 
oscillating period of the coupling waveforms as 
shown in Fig. 6 and Fig. 7. Therefore, the first pulse 
in the figure is the main pulse of coupling pulse, and 
the subsequent pulse is the reflected pulse that the 
main pulse reflects back from the rear wall of the 
enclosure. Due to the reflection effect of the shielded 
enclosure, the enclosure resonance phenomenon of 
electromagnetic pulse occurs periodically in the 
enclosure. Electromagnetic pulse spreads in the 
enclosure and radiates out from the annular aperture. 
After a while, the amplitude of electric field inside 
the enclosure decays. The electric field amplitude of 
main pulse in Fig. 6 is larger than that in Fig. 7. It 
means the closer to the center of the enclosure, the 
smaller the electric field amplitude of the main pulse 
is. This phenomenon occurs because the energy of 
electromagnetic pulse decays while the 
electromagnetic pulse spreads. The amplitude of 
electric field in Fig. 7 has been enhanced after the 
main pulse, which is caused by the reflection effect 
of the rear wall of the shielded enclosure. Then the 
electric field amplitude decays. It is because that the 
electromagnetic wave radiates outward energy from 
the annular aperture. 

 
 

 
 

Fig. 6. Electric field of the place 3 cm to circular annular 
aperture in the enclosure. 

 
 

Fig. 7. Electric field of the center of the enclosure  
with circular annular aperture. 

 
 

3.3.2. The Effect of Square Annular Aperture 
 

Fig. 8 shows the electric field waveform of the 
place 3 cm to the square annular aperture in the 
enclosure. Comparing Fig. 8 with Fig. 6, we can find 
that the coupling characteristics of the square annular 
aperture are similar with the circular annular 
aperture. The electric field amplitudes of the main 
pulse of the square annular aperture are a little larger 
than the circular annular aperture. Therefore, the 
shielding effect of the circular annular aperture is a 
little better than the square annular aperture. 

 
 

 
 

Fig. 8. Electric field of the place 3 cm to square 
annular aperture in the enclosure. 

 
 
3.3.3. The Effect of Annular Apertures  

with Different Aspect Ratio 
 

We select three kinds of rectangular annular 
apertures that have the same area but different ratio 
of length to width as the models to study the coupling 
characteristics of the rectangular annular apertures 
with different aspect ratio. The length and width of 
the three rectangular annular apertures are 
respectively: L=40 mm, W=6 mm; L=30 mm,  
W=16 mm; L=23 mm, W=23 mm. The area  
of the rectangular annular aperture is  
s=(L+4)(W+4)-LW=200 mm2, as shown in Fig. 2. 
Fig. 9 shows the electric field waveforms of the place 
3 cm to the aperture in the enclosure with different 
aspect ratio rectangular annular apertures. We can 
see that the larger the ratio of length to width of the 
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rectangular annular aperture is, the more easily the 
incident pulse coupled into is. 

 
 

 
 

Fig. 9. Comparison of the electric field in the place 3 cm  
to the aperture with different respect ratio when the electric 

is parallel to the short side of the aperture. 
 
 

4. Conclusions 
 
Finite difference time domain (FDTD) method is 

applied in this paper, to model and simulate the 
coupling interference in the body of PP-BMS 
enclosure, with different penetrated wire, different 
excitation situations, and different excitation 
situations, and different non-regular apertures under 
the action of the electromagnetic pulse. The 
experiment data shows that: 

1) The larger the radius of the wire penetrated 
into the PP-BMS enclosure, the more electric field 
intensity in the center of the enclosure is enhanced. 

2) The electromagnetic energy coupled by 
penetrated wire when incident wave radiates aslant is 
more than the coupling energy when incident wave 
radiates the target vertically in the condition of 
vertical polarized direction of electric field, and less 
in the condition of horizontal polarized direction of 
electric field. And compared with the situation of 
horizontally polarized direction of electric field, 
more electromagnetic energy is coupled when the 
direction of electric field is vertically polarized.  

3) For the three kinds of shapes (rectangle, square 
and circle) of annular apertures with the same area, 
the coupling energy of the square annular aperture 
and the circular annular aperture is obviously smaller 
than the rectangular annular aperture, and the 
coupling energy of circular annular aperture is a little 
smaller than the square annular aperture. 
Furthermore, the rectangular annular aperture with 
larger ratio of length-to-width can couple more 
electromagnetic interference when the direction  
of E-field is parallel to the short side. 

Therefore, conducting wire penetrated into  
PP-BMS enclosure must be strictly controlled, to 
avoid affecting stable operation of the internal 
electronic circuit in the enclosure that from the 
outside interference. And the shape and the size of 
the annular aperture on PP-BMS enclosure should be 
properly set according to the conclusions so that the 
harm of electromagnetic interference is minimized. 
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