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Abstract — This paper presents an equivalent
model for the simulation of the induced current
along wiring harnesses in automobiles. The
equivalent model is based on multi-transmission
line theory. Then, this model is simulated by using
the commercial FEM software, HFSS. The
common-mode current simulation results show
that the presented method is effective and the
equivalent model can reduce the computation time
and complexity of the wire harness model. Finally,
the proposed equivalent method is proved by
experiment. The equivalent model can handle
automotive wiring harness for electromagnetic

radiation sensitivity problems in the high
frequency range.

Index Terms — Electromagnetic radiation
sensitivity, electromagnetic compatibility,

equivalent model, multi-conductor transmission
line, induced current, and wiring harness.

I. INTRODUCTION

With increasing electronic devices in
automobiles, electromagnetic compatibility (EMC)
becomes extremely important. To improve the
design and the production of the automobiles, the
full numerical model of a car has become a
strategic challenge in automotive industries [1, 2].
The automobile EMC models include car body,
wiring harnesses and electrical component models,
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which indicate the importance of wiring harness
modeling [3].

Several studies on the electromagnetic
radiation sensitivity of conductors have been
performed by wusing the methods of Taylor,
Agrawal, and Rachidi [4-7], as well as the
extension of these methods [8-11]. These methods
are based on multi-conductor transmission line
(MTL) theory. The voltage source or current
source, instead of the incident wave, is placed in
an equivalent lumped-circuit model to calculate
the terminal response. Numerous automotive
wiring harnesses cannot always satisfy the
approximate conditions of the above mentioned
methods, such as the distance between the
conductors must be larger than the wire radius and
smaller than the incident wave length. The
complex wiring harnesses are handled as a single
conductor in [12] and this simple model ignores
the electromagnetic characteristic differences due
to terminal loads. The Agrawal model was
developed according to electromagnetic topology
theory, which dealt with the wiring harnesses one
by one while establishing the model [13]. However,
this modeling process becomes very complex
when harnesses are too many. A method
simplified cable bundles in [14], which is
according to its characteristic impedance and used
the method of moments (MoM) to obtain the
common-mode current inducted on the conductors
by the incident wave. This simplified method
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decreases the complexity of modeling. However,
the definition of the common-mode characteristic
impedance of harness was not presented.

The present paper proposes a method to
simplify the wiring harness model. First, the
definition of wiring harness equivalent wave
impedance is shown and the calculation formula is
deduced to clarify the computing method. The
wiring harness group method is then described in
detail. The induced current generated by the
incident wave can be calculated based on the FEM,
which is detailed in the paper. The equivalent
model is demonstrated by a numerical example
and an experiment. The terminal load equivalent
method is also verified.

II. THE EQUIVALENT MODEL

A. Equivalence principle
1) Equivalent wave impedance

Figure 1 shows the multi-conductors
transmission line system. r,, and r, are the radii of
the conductors p and g, respectively; 4, and & are
the heights of the conductors p and g above the
ground reference, respectively; s,q is the distance
between conductors p and ¢q; s,q is the distance
between conductor p and mirror conductor ¢ .
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Fig. 1. Multi-conductor transmission line system.

If the electric charge of each per-unit-length
(p.u.l) conductor is Oy, O, ... , On, then each
conductor voltage to ground reference (Vy, V>, ...,
JN) can be written as [15],

Vi=miO +mp0y +-+my0Oy
Vy=00101 + 112205+ 411,50y 1)

Vy =nmQ + 15205 +- -+ nyn Oy

where 77 is potential coefficient, which can be
calculated as follows,
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where ¢ is the dielectric coefficient of air, 77,,~7,,
p.q=1,2,...N,p+#q.

When the right side is multiplied by v/v

(v= 1/1/;1050 ), equation (1) can be rewritten as
follows,
M=auli+Snly +-+Gnly
Vy=&nly+Snly +-+Enly 3
3)
Vi =Snili +&naly ++ Synly
where ¢ is the conductor wave impedance and can
be easily obtained,

g M Ly, 2
°p % 27\ & r,

4h h,
& :nﬂzi ﬂln(pr_l’ ‘1)
Py A g 5oy

We define the wiring harness equivalent wave
impedance as the ratio of the voltage and the sum
of the currents on all conductors in the case of the
same voltage,

é:eq =

“

Vv _ 1 ®))
N N
L+, ++1y Elqz::lqu/‘g‘

where A4, is the algebraic of the element &,q, and
|&] is the determinant of the matrix [£]. The wiring
harness equivalent wave impedance contains
self- and mutual-wave impedance and depends
on the structure of the conductors.
2) Grouping method

The terminal grounded load and equivalent
wave impedance determine the electromagnetic
characteristics of the transmission line [1]. Thus,
the conductors can be grouped as shown in Table I.
In Table I, |Z,| and j (j=1, 2) are the terminal
grounded load and the terminal number of the
conductor p, respectively. If the terminal ground
load is the same as the equivalent wave impedance,
the conductor achieves matching condition and
can be grouped flexibly. For example, if |Z,| < &
and |Zp,| = <., the conductor can be classified
under the first or the second equivalent group. The
conductors are physically adjacent to each other in
the same group, otherwise, the error of simulation
results will increase.
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Table I: Conductor classification table.
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End 1 (j=1) | End 2 (j=2)
First equivalent conductor group (G1) |Z1] < &eq |Zo] < &eq
Second equivalent conductor group (G2) |Z1] < &eq |Zp2] > Leq
Third equivalent conductor group (G3) |Z1| > &eq |Z| < &eq
Fourth equivalent conductor group (G4) |Z1] > &g |Z,0] > &eq

B. Equivalent model
1) P.u.l. capacitance and inductance matrix

By neglecting the resistance and conductance,
the transmission line equations become only
relevant to the capacitance and inductance [16],

I 1 Cu C12 o CIN Vl
o1, s G, G, G | Vs (6)
ol B e L . . .
oz| : : : . : :
_] N CNI CNZ o CNN VN
Vl Lu L12 o Luv I 1
o1V Ly Ly Ly | 1. (7
- . |=7J®w . . .
oz| : : : . : :
VN LNI LNZ T LNN I N

The p.u.l. capacitance matrix is calculated
using FEM since the condition d > 5r (d is the
distance between conductors and 7 is the
conductor radius) is not always satisfied in
automotive wiring harnesses [17]. The p.u.l
inductance matrix can be obtained using the
analysis method [16]. To obtain the p.u.L
capacitance and inductance matrix of the
equivalent groups, three hypotheses are made:

(1) The equivalent group current is equal to the
sum of the currents induced on all original
conductors in the group. The current flowing along
the conductor is equal to the average of the
equivalent group current. For example, an
equivalent group m contains K conductors, then
the group current /g, and the conductor current /
(=1, 2, ..., K) can be written as,

Iy =1+ 1) +--+1g
®)

=%

(2) All conductors of the equivalent group have the
same electrical potential as compared with the
ground reference. Therefore, the group voltage
Vom equals the conductor voltage, which can be
written as,

Vom =Vi=Vy=-=Vg. (9)
(3) Compared with the common-mode currents,
the differential-mode currents induced by

electromagnetic wave are negligible.

N conductors are assumed present in the
wiring harness and can be classified into four
groups, as shown in Table I. The equivalent group
1 contains N, conductors of 1~¢, the equivalent
group 2 contains N, conductors of a+1 ~f, the
equivalent group 3 contains N; conductors of
ftl~y, and the equivalent group 4 contains N,
conductors of »+1 to N. Considering the
hypotheses, equations (6) and (7) can be simplified
as follows,

IGI VGI
o\l V.
e :_Jw[c]eq G2 (10)
0z| 15 Ves

1G4 Via

VGI IGl
oV, . 1
= :_Ja)[L]eq @2 2 (11)
0z | Vs I

Vaa LG4

where [Cleq and [L]eq are the p.u.l. capacitance
matrix and inductance matrix of equivalent
conductor groups, respectively. They can be
written as follows,

[« « a f a ¥ a N
226, L 2Cy X2Cy XXC
p=lg=1 p=lg=a+l p=lg=p+1 p=lg=y+1
S« 3 B B 7 g N
L 2C, L XCp X 2Cp X X Gy
[Cl, _ p=a+lg=1 p=a+l g=a+l p=a+l g=p+1 p=a+l g=y+1
q roa b4 B 4 4 b4 N

2 2XCy X XCp X X2Cy X X Cy
p=p+1g=1 p=p+ g=a+1 p=P+1q=p+1 =P+l q=y+1
N «a N B N 7 N N

2 XCy X X Gy X X Cy XX Gy

| p=r+1g=1 p=r+lg=a+l p=y+lq=f+1 p=y+lg=r+1 i

(12)

[ &« a f a7 a N )
XYLy XX Ly XX L, XX L
p=lg=1 p=lg=a+l p=lg=p+1 p=lg=y+l
N} A Ny - Ny N,-N,

Y s L B 4 SN (13)

X XL, X XL, X Ly X X Ly

p=a+lg=1 p=atlg=a+l p=atlg=f+1 p=atlg=y+l

[LL _ NNy sz Ny Ny Ny-N,
a7 @ v Vi V4 7 rN

X XL, X XL, 2 XL, X X1,

p=p+1g=1 p=p+l g=a+l p=p+1g=p+1 p=P+1g=y+1
N,-Nj N, Ny N} Ny N,
N a N B N N N

X XLy X XLy XX Ly XXl

p=r+lg=l p=r+l g=a+l p=r+lg=p+1 p=r+lg=y+l
NN, N, N, Ny-N, N}

2) Structural parameters of the equivalent model [_12]
(1) Height of equivalent group,



ot hy et by
" K
where /4y, h, ..., hx is the height above the ground
of each conductor in group m and Agy, is the height
of the equivalent conductor group m above the
ground reference.
(2) Radius of the equivalent group,
2th
Fm = Sl (15)
exp(~— =)
Ho

where rgn 1s the equivalent radius of the
equivalent conductor group m and Lym ¢ is the
diagonal element of the equivalent inductance
matrix [L]eq.
(3) Distance between the equivalent groups,
Ao = \/ i (16)
exp(

he (14)

My
Ho

where dgm, 1s the distance between the equivalent
conductor groups m and n; hgy and hg, are the
heights above the ground of the equivalent groups
m and n, respectively. Ly, oq 1S the non-diagonal
element of the equivalent inductance matrix [L]eq.
(4) Structural parameters adjustment,

Errors may be produced during the equivalent
process. For example “7gut 76n™> din” may appear,
and the structural parameters must be adjusted.
The adjustment process is shown in Fig. 2.

Input hg, rg, and dg

Adjust rg and dg

Use the FEM to calculate the [C]',,

}

No Fine-tuning parameters /g,
rgand dg

;

Yes

Use the analytical method to calculate
the [L]',

Output hg s I‘F', and d'G

Fig. 2. Flow chart of structural parameters
adjustment.
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In Fig. 2, [C]¢q is calculated based on the
structural parameters from FEM, [L]’¢ is
calculated based on the structural parameters by

analytical method, and ¢ is the computational error.

Smaller & corresponds to higher calculation
precision. After adjustment, the output structural
parameters can establish the equivalent model.

3) Terminal load of the equivalent model [12]

(1) Terminal grounded load,

The terminal grounded load is the load
between the conductor and the ground reference.
The equivalent grounded load is equal to all the
grounded loads in the same equivalent group
connected in parallel.

(2) Load between conductors,

If the conductors belong to the same
equivalent group, the load between these
conductors can be neglected in the equivalent
model. However, if the conductors belong to
different equivalent groups, load exists between
equivalent groups and is equal to the parallel value
of all the loads between the conductors.

III. INDUCED CURRENT
An electric current will be induced in any
closed circuit when the magnetic flux through a
surface bounded by the conductor changes.
Therefore, the induced current can be regarded as
an evaluation parameter of the electromagnetic
radiation (EMR) sensitivity of the wiring harness.

A. Calculation method of the induced current
When a uniform plane wave enters the
conductor through the air, the electric and
magnetic fields are mutated at the interface for the
discontinuousness of the medium, as shown in Fig.

E H Ho» &0 11
\ E, H, le“
z Hyr €00 7>
conductor

Fig. 3. Uniform plane wave incident on the
conductor.

In Fig. 3, E; and H, are the electric and
magnetic field intensities in the air, respectively.
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E, and H, are the electric and magnetic field
intensities in the conductor, respectively. e, is the
unit vector normal to the interface pointing from
medium 1 to medium 2.

When the electromagnetic wave travels from
an ideal medium (y,=0) to an ideal conductor (y,
— ), the electromagnetic wave will decay to zero
quickly. Only a thin layer of the surface current is
present on the conductor surface, and the
electromagnetic field is almost non-existent in the
conductor (E»=0, H>~0). Using the boundary
conditions (-e,xH; =K) and the total fields in the

I1=4§(K e, )dl
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free space H, :ekxﬂ—ekx—s (Zy 1is the
Z, 0

wave impedance of the air space) [16], the induced

current along the conductor is given by equation

(17), shown at the bottom of the page. In equation

(17), e;, is the unit vector of the conductor axis,

and / is the closed-loop on the conductor surface.

If the conductor and the reference ground
plane are parallel, three coupling modes of the
plane wave to the conductor exist, as shown in Fig.
4,

:—§1[_enx(ekxEi)+en><(ek><Es )]'eudl

:_3§1([_ek (e, E )+ E (e, e) e (e, E,)-E (e, ¢,) ])-e, - a7

H; ?—»Ei
k E;

conductor

conductor

Ei conductor
H

|
|
i k |
|
|
!

I reference ground
|

reference ground

H
©

x

reference ground

z=0 z=L -
@ z=0

v

»
»

n
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z=L
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Fig. 4. Three coupling modes of the plane wave to the conductor.

In Fig. 4 (a), the electrical field and the
reference ground are orthogonal to each other. The
electrical field is named as “vertically polarized
wave”. The inducted current along the conductor
can be obtained using equation (17). Given that E
= f (E;), the induced current along the conductor
can be written as,

1=—blece e (F(E)-E)W. (18)

0
In Fig. 4 (b), the electrical field and the
reference ground are parallel to each other. The
electrical field is termed as “horizontal polarized
wave”. Therefore, the inducted current can be
obtained by using equation (17),

1= hlEre ey e (19)

In Fig. 4 (¢), e, and E, are all vertical to
e, .E, and ¢, are vertical. Based on equation

(17), no
conductor.

inducted current exists along the

B. Effectiveness of the FEM

In the current study, we established a 1 m long
uncoated 10-conductor wiring harness model.
Figure 5 shows the cross-section geometry. The
incident electrical field intensity amplitude is 3
V/m, and the coupling mode is shown in Fig. 6.
Table II shows the terminal grounded loads.
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Fig. 5. Cross-section geometry of the wiring
harness.

The wiring harness of 10-conductor
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Fig. 6. EMR sensitivity model of the wiring
harness.

The induced current calculated at the first end
of conductor 4 is simulated based on the FEM and
the MTL method, as shown in Fig. 7.

-30
401
501

I,(1) [dBA]

-110
0

I I I I I
100 200 300 400 500 600
frequency [MHz|

Fig. 7. Current at the first end of conductor 4.

Figure 7 indicates the similarity of the values
of the current induced at the first end of the fourth
conductor calculated by the FEM and the MTL
method. The amplitude differences may have been
caused by the differences in the accuracy of the
calculation method.

IV. SIMULATION AND ANALYSIS

A. Wiring harness and the equivalent model

To validate the proposed method, we used and
80 cm long nine-conductor wiring harness as an
example. The distance between the conductors is 2
mm, and the radius is 0.5 mm. The insulating
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medium around the conductor is neglected. Table
11T shows the grounded terminal loads, while Fig.
8 presents the cross-section.

7G1

- Iy
Q0 | &

®
9

Fig. 8. Cross-section of the original wiring harness
(left) and the equivalent model (right).

The wiring harness equivalent wave
impedance is 248.6 Q. The nine-conductor wiring
harness can be divided into three equivalent
groups based on the grouping method (indicated in
Table I), as shown below:

1) Group 1, G1: conductor 1

2) Group 2, G2: conductors 2 to 5

3) Group 3, G3: conductors 6 to 9.

The nine-conductor p.u.l. capacitance and
inductance matrices can be obtained from the
structure parameters, as shown in equations (20)
and (21) in the next page. The p.u.l. capacitance
and inductance matrices of the equivalent group
can be obtained using equations (12) and (13),

325 -27.9 -3.2
€], = 854 -54.7| pF/m (22)
62.03

11704 8389 7232
9204 7914
910.5

[L]., = nH/m. (23)

After applying the four-phase procedure described
in section II-B-2, an equivalent model is obtained,
which is composed of three equivalent groups:
rgr= 0.5 mm, rgx= rgz = 1.5 mm, hG1: 86.5 mm,
hG2: 84 mim, hG3 = 84.5 mm, dG1G2: 2.69 mm,
dGlG3 = 4.69 mm, and dngg, = 3.28 mm. The
terminal grounded loads of the equivalent model
are shown in Table V.
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Table II: Terminal grounded loads of the ten-conductor wiring harness.

1 2 3 4 5 6 7 8 9 10
End1| 50Q |110Q |50kQ | 2Q |2kQ|[50Q | 1Q [3nH| 2pF |500Q
End2 | 10kQ | 5Q [200Q[400Q | 10Q |[50Q | 1pF | 4pF | 100kQ | 10 nH
Table III: Terminal grounded loads of the nine-conductor wiring harness.
1 2 3 4 5 6 7 8 9
End1 [50Q | 50Q | 10Q [100Q| 15Q [IMQ|150kQ | 1kQ | 10kO
End2 [ 10Q | 1MQ [ 150kQ [ 15kQ [ 100kQ | 10Q | 15Q |15Q | 100Q
(325 —12.1 —1.84 —12.1 —-1.91 —0.39 —1.84 —0.39 —0.61]
39.2 —121 -2.19 -9.03 -219 —-0.39 -0.18 —0.39
325 -039 -191 -121 -0.61 -0.39 -1.84
392 -9.03 -018 -12.1 -219 -039| PF/m (20)
[c]= 438 -9.03 -191 -9.03 —191
392 -0.39 -2.19 —I12.1
325 —12.1 -1.84
39.2  —12.1
i 32.5 |
(11704 890.9 749.9 8932 8216 727.6 7546 729.9 680.6 |
11658 8862 821.6 8885 8169 7299 7499 7253
116L.0 727.6 8169 8838 680.6 7253 745.2
11704 890.9 749.9 893.2 8216 727.6| nH/m 21)
[£]= 11658 8862 821.6 8885 8169
1161 727.6 8169 883.9
1170.4  890.9  749.9
11658 886.2
i 1161.0 |
The original wiring harness
Table IV: Terminal grounded loads of the E, n [=80cm 0
equivalent model. X
Gl [ G2 G3 SN 1 End 2
End1|50Q | 51Q |[856Q
End2 | 10Q | 11.8kQ | 4.1Q Reference groud

B. Simulation results and analysis

The amplitude of the plane wave is 1 V/m, and
the electric field is normal to the conductor. Figure
9 shows the nine-conductor wiring harness EMR
sensitivity model. The EMR sensitivity model
configuration of the equivalent group is the same
as that in Fig. 9, except that the nine-conductor
wiring harness is represented by three equivalent
groups. Figure 10 (a) and (b) are the finite element
mesh of the original wiring harness and the
equivalent model, respectively. To improve the
computation speed, subdivision principles are
used.

Fig. 9. EMR sensitivity model of the wiring
harness.

Terminal load

Subdivision area

(a) Finite element mesh of the nine-conductor
wiring harness.



Terminal load

Subdivision area
2

(b) Finite element mesh of the equivalent groups.
Fig. 10. Wiring harness finite element mesh.
Figures 11 to 13 show the common-mode
current (sum of currents in all conductors) induced
at End 1, End 2, and at the center point A of both

models.

-40

Original model
,,,,,,,, Equivalent model

-50

-60

[dBA]

-7

o

I

%V,ML/\

W“\,/ W IRy
N R |

-80

-90 &
L L { L L L
500 1000 1500 2000 2500 3000

frequency [MHz]

-100
0

Fig. 11. Common-mode current induced at End 1.

-40

sl Original model
,,,,,,,, Equivalent model

-60

_704‘/\ \/\/\\;m SN [ENTEAN (,’
80t Vﬂ\[/ \/&\/Wﬁ\f\v\/’w M

[dBA]

I

\[ v
_90,
v

500 1000 1500 2000 2500
frequency [MHz]

-100
0

3000

Fig. 12. Common-mode current induced at End 2.
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-40
Original model
S0 Equivalent model
60 1L |
é 70 JW/\‘\ //\ ‘ R 4
= H\‘ a j\ “/\ A
-80F \ N [ N\ B
< \)l j kﬂ\\“\ '/\J/ X \‘\‘) M
90} J y l | | v
I I | !
100} | ,
I
110 L L L L L
0 500 1000 1500 2000 2500 3000

frequency [MHz]
Fig. 13. Common-mode current induced at Point A.

The above three figures show that the
common-mode currents induced in the original
conductors and the equivalent model follow
closely similar trends in the frequency range of 30
MHz to 3 GHz. Almost no discrepancy in
amplitude was found from 30 MHz to 1.5 GHz.
Meanwhile, the error increased from 1.5 GHz to 3
GHz. This finding indicates that several flaws
could occur when circuit theory is used to solve
the electromagnetic field problem at high
frequency. Given that the automotive EMC
standards are always in the frequency range of 30
MHz to 1 GHz, the equivalent model can be used
as a simplified method in the EMR sensitivity
problem in vehicle wiring harness.

C. Comparison of the simulation resources

In the case of the nine-conductor wiring
harness, the simulation resources except for the
modeling time are shown in Table V. The
simulation was performed under the same
conditions [e.g. frequency range (30 MHz to 3
GHz), discrete point numbers (201), calculation
frequency and calculation region]. Table V shows
that the mesh grid, calculation time, sweep time,
computer memory, and disk space decreased. Thus,
this method may be useful in modeling numerous
automobile wiring harnesses.

Table V: Comparison of simulation resources.

Equivalent model | Original model | Ratio (%)
Mesh grid quantity 22652 30515 74.23
Calculation time at center frequency 40 s 59s 67.8
Sweep time 8485 s 12195 s 69.58
Memory 581 MB 796 MB 72.99
Disk space 958 MB 1198.08 MB 79.96
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Table VI: Terminal load between conductors (€2).

ACES JOURNAL, VOL. 28, No. 11, NOVEMBER 2013

Conductors in same groups | Conductors in different groups
G1 G2 G3 G1-G2 G1-G3 G2-G3
223:80
o _ 263:80 212:50 _ 226:500
End 1 Zz4 _200 Z78:15 214:200 Zlé 80 236:20
Z35=50
_ _ Z47:80
End2 | — | Zus=400 Zey3 21736 | 7 250 | Zi—400
Z75=200 Z15=100 -
Zs¢=100

D. Validation of the equivalent method for the
load between conductors

Table VI shows the loads between conductors
were added in the example in section III-B by
using Z,, representation. For the loads between
conductors belonging to the same groups, the
common-mode currents at End 2 are calculated as
shown in Fig. 14. For the loads between
conductors belonging to different groups, the
currents at End 2 are obtained as indicated in Fig.
15.

——— Without loads between conductors from the same group

With loads between conductors from the same group

) - .
Fk%\\ - 7A\\\“ /ﬁ e \/ ST
"‘W/ Y‘;‘ \““

[dBA]
8
o

I
'
&%
<)

400 600 800
frequency [MHz]|

200 1000

Fig. 14. Current at End 2 with and without the
loads between conductors from the same group.

‘Without loads between conductors from different groups

7777777 With loads between conductors from different groups

VAT -

-80 V \

-90 !

400 600 800

frequency [MHz]

200 1000

Fig. 15. Current at End 2 with and without the load
between conductors from different groups.

Figure 14 illustrates that when conductors
belong to the same group, the load between these
conductors has no influence on the resonant
frequency and amplitude of the current. Figure 15
shows that if the conductors belong to different
groups, the load has no influence on the resonant
frequency of the induced current, but can affect
the amplitude with approximately 15 dB.
Therefore, the load between conductors from the
same group can be neglected, whereas the load
between conductors from different groups needs
equivalent processing.

Through the above handling method, the
equivalent loads connected between equivalent
groups (Zgmn 1) can be obtained, as shown in Table
VII. Afterward, the current at End 2 can be
calculated, as shown in Fig. 16.

Table VII: Terminal load between equivalent
group conductors (Q2).

Loads between equivalent groups
ZG12 L ZG13 L ZG23 L
End 1 40 80 19.2
End 2 26.5 50 40
40
——— Original model
R — Equivalent model b
_ 60} , ]
= R N
= 70l ;,/ \‘K//\\// —~ \\/M ~
~ %
80t |
90t |
-100 | | | |
0 200 400 600 800 1000

frequency [MHz]

Fig. 16. Current at End 2 before and after the
equivalent processing.



Figure 16 shows that after the equivalent
processing, the currents were almost coincident
with each other, indicating that the load equivalent
method is functional.

V. EXPERIMENTAL VALIDATION

A. Experimental arrangement

The experimental validation consisted of an 80
cm long seven-conductor wiring harness. The
average height of the conductors is 18 mm above
the reference ground. The distance between
conductors is 2.6 cm. The radius of the conductors
is 0.5 mm, surrounded by a 0.7 mm thick dielectric
coating with a relative electric permittivity of 3.5
(neglected in the equivalent processing). Each end
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of the wiring harness is supported by a metallic
bracket measuring 12 cm high and 12 cm wide.
Each end of the conductors is connected to the
reference ground through the chip resistors, as
shown in Table VIII.

The experimental test is carried out in a
semi-anechoic chamber. Figure 17 shows the
cross-section structure of the wiring harness and
its arrangement. The transmitting antenna is a
log-periodic antenna with a frequency range of 80
MHz to 3 GHz. The input power of the antenna is
13 dBm. A broadband current probe (F-65A from
FCC Group International Inc., 10 kHz to 1 GHz)
measures the common-mode current induced
along the conductors. The test arrangement sketch
map is described in Fig. 18.

Table VIII: Terminal grounded loads of the seven-conductor wiring harness (Q2).

1 2 3 4 5 6 7
End1 [50Q ] 50Q |50Q | 50Q | 50Q 500 500
End2 [50Q [ 1500Q[200Q ] 100Q | 150k | 300 kQ | 100 kO

— b

The wire harness of seven-conductor

| Current probe [}
L p—

Fig. 17. Cross-section structure of the wiring
harness and the wiring harness under test.

Anechoic chamber

Emitting

antenna
L» k

Current probe

L ral Il
T v, 1

Spectrum
analyzer

Fig. 18. Test arrangement sketch map.

B. Simulation model

Using the equivalent method, the wiring
harness can be reduced to two equivalent groups.
The simulation model is established in HFSS
software, as shown in Fig. 19.

l Two equivalent conductor groups ‘

Reference ground

A,

Fig. 19. Simulation model of EMR sensitivity in
HFSS software.

C. Results and analysis

Figures 20 and 21 present the common-mode
induced current measured on the conductors and
the simulation results by FEM at End 2 and Point
A (at the middle of the conductors), respectively.
The two figures above show that the test results
are consistent with the simulation results of both
the original and the equivalent wiring harness.
The results prove that the equivalent model is
functional. Meanwhile, the test error increases
with increasing frequency, and the error is 6 dB
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approximately. Several reasons were identified to
explain the degradation of the agreement. We
assume that the effects of the parasitic parameters
modify the termination loads. Moreover, the
arrangement of the conductors is random, which
changes the structure parameter, the p.u.l
inductance and capacitance matrix. The
log-periodic antenna modeling is another reason.
However, we know there is an error in the EMC
measurement and the error can be received within
6 dB.

——— Original model

,,,,,,,, Equivalent model
20+

— === Measurement results

301

[dBA]

L

40f-

50
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Fig. 20. Induced current at End 2.
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Fig. 21. Induced current at Point A.

VI. CONCLUSIONS

This paper detailed the equivalent wave
impendence concept and the induced current
along the conductor generated by incident wave.
The equivalent method was used for simulating
the wiring harness induced current by FEM. The
method aims to decrease the complexity of the
wiring harness model and the computation time.
After the numerical and experimental validation,
the method was successfully applied to the wiring
harness model physically adjacent to each other in
high frequency.

This paper also outlined the wiring harness
modeling process by FEM in HFSS. The vehicle
model inhomogeneous medium can be easily dealt
with in FEM, and thus method can be regarded as

[ c.

2] K

[10] P. Papakanellos
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a universal way to research EMC. With the whole
automobile structure, wiring harness layout, major
interference electromagnetic wave, the induced
current along the conductors can be obtained
through this efficient method.
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