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Reduced technique for modeling electromagnetic immunity
on braid shielding cable bundles*
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In this paper, an efficient multi-conductor simplification technique is proposed to model the electromagnetic immunity
on cable bundles within a braid shielding structure over a large frequency range. By grouping together the conductors based
on the knowledge of Z-Smith chart, the required computation time is markedly reduced and the complexity of modeling
the completely shielding cable bundles is significantly simplified with a good accuracy. After a brief description of the
immunity problems in shielding structure, a six-phase procedure is detailed to generate the geometrical characteristics
of the reduced cable bundles. Numerical simulation is carried out by using a commercial software CST to validate the
efficiency and advantages of the proposed approach. The research addressed in this paper is considered as a simplified
modeling technique for the electromagnetic immunity within a shielding structure.
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1. Introduction

In modern industrial domains such as the automotive in-
dustry and aviation industry, reliably and efficiently generat-
ing a full numerical model of complex real systems has be-
come a difficult task for the designers.!!? Numerical model-
ing method and simulation have been widely used in the elec-
tromagnetic compatibility (EMC) analysis.!*>! It requires a
reliable model of the target electrical structure, in particular
the model of the cable harness.!%”! In order to simplify the
structural modeling and improve the analytic efficiency, this
paper focuses on the reduction technique of braid shielding
cable bundles.

The electromagnetic (EM) coupling mechanism on ca-
ble harnesses in a real system has been widely studied based
on the theory of multiconductor transmission line networks
(MTLN).[813] Compared with numerical simulation in cal-
culating EM fields, the MTLN formalism performs better ac-
curacy and needs less computation time. Unfortunately, the
MTLN model behaves inefficiently at high frequencies due to
the appearance of nonquasi-TEM modes. Hence, many re-
searchers put forward hybrid methods to handle the EM cou-
pling situations on cable harnesses.!'*!3] In addition, some
researchers adopted measurement approaches to deal with
their modeling.!'®) However, despite the rapid improvement
in computer performance, it is still impossible to perform an
accurate computation on the complete model of the whole re-
alistic cable harnesses.

Previous work on elaborating an EMC model for the ca-
ble harness with so called “equivalent cable bundle method
(ECBM)” has been reported. On the assumption that the

DOI: 10.1088/1674-1056/26/9/094102

common-mode (CM) response is more critical than the
differential-mode response for the EM coupling problems,
the ECBM for modeling CM currents on cable bundles at
high frequency for automotive applications is proposed for
the first time.!!'”! Then, this technique is extended to model
EM emissions of complex cable bundles.!'8! Recently, the
ECBM has been adopted to model the crosstalk of complex
cable bundles!®2Y and calculate the conducted rear-door dis-
turbances at a vehicle level with a huge number of wires.[21:2?]

In this paper, an efficient reduced technique is proposed to
handle the modeling of the EM immunity prediction of com-
plex cable bundles within a braid shielding structure. For this
new kind of application, the main assumption is the same as
that addressed in Ref. [17]. The rest of this paper is organized
as follows. Section 2 presents the equivalent process of the
simplification technique in detail, which contains conductor
grouping and equivalent geometrical characteristics. In Sec-
tion 3, we validate the proposed method with a model of braid
shielding 14-conductors by using CST Cable Studio and the
FSV technique is used to analyze the comparison between the
results from the complete model and those from the reduced
model. Finally, some comments on the proposed simplifica-
tion technique are given in Section 4.

2. Theory
2.1. Immunity problems on shielding cable bundles

Figure 1 illustrates a model of n-conductor bounded in
a braid shielding structure and irradiated by an incident EM
field. The radiation field excites the induced current along
each conductor. For the immunity problems, the huge com-
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plexity of the whole cable bundles seems to be unreasonable
to model when considering the required computer resources.
Though previous “ECBM” puts forward a solution to the im-
munity case that all the equivalent unshielded conductors are
located above the infinite ideal conducting plane, it cannot be
directly used to simplify the modeling of the coupling pre-
diction of the conductors within the shielding screen. Thus,
this paper focuses on a multiconductor reduction technique for
modeling immunity problem on shielding cable bundles. The
presented technique overcomes the limit to the MTL formal-
ism at high frequency by using three-dimensional (3D) com-
putation codes.

The generation of the equivalent cross-section geometri-
cal characteristic parameters in the braid shielding structure is
quite different from that in the half-free space. As the ana-
lytical expressions of self and mutual inductance of the braid
shielding multiconductors are difficult to obtain, an approx-
imate model of multiconductors within an ideal conducting
cylindrical shield is adopted to compute the electrical param-
eters. In this paper, we define a central distance d and central
angle 0 to determine the relative position parameters of the

reduced bundles. It should be noted that the shield transfer
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impedance associated with inductance is not discussed in the
simplification technique because the approximate method is
used in computing the inductance of braid shielding multicon-
ductors. We do not need to analyze the coupling mechanism
by using the shield transfer impedance, because it is consid-
ered in the CST simulation.

The purpose of the approach is to lower the computation
time and simplify the modeling process by reducing the mul-
ticonductor cable bundles model into four groups shown in
Fig. 2. For the immunity problems, the provided modeling
technique presents a modified six-phase procedure to gener-
ate the electrical and geometrical characteristic parameters of
the reduced cable bundles, which contains conductor group-
ing, cable bundle matrices reduction, cross-section geometry
modeling and equivalent loads determination. The creation of
groups of conductors is based on the knowledge of Z-Smith
chart, which provides a convenient way to describe the re-
lationship between load impedance and reflection coefficient.
The whole problem is calculated over a large frequency range.
Based on the assumption in Ref. [17], the proposed simplifi-
cation technique provides a way of modeling the CM current
induced at the extremity of inner conductors.
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Fig. 2. (color online) Cross-section geometries of the complete and reduced cable bundle.

2.2. Presentation of the procedure

a) Step 1: Creation of groups of conductors based on Z-
Smith chart
In the first step, all the conductors of the complete cable

bundle are classified as four groups with respect to the loca-
tion of normalized terminal load }Zi j| in Z-Smith chart, where
|Zij| = Z}:/Zc, Zj; represents the terminal impedance and Zc

the equivalent CM characteristic impedance of all conductors,
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i corresponds to the terminal number (“1” represents the near
end terminal and “2” the far end terminal) and j the conduc-
tor number as illustrated in Table 1. It should be noted that
the management of the cable harness grouping is just to sim-
plify the coupling CM current calculation and the classifica-
tion method will not affect the overall performance.

Table 1. Conductor classification table.

Extremity 1 Extremity 2

Group 1 le cly sz elly
Group 2 Zy; €l 2yj €llp
Group 3 le S0 sz elly
Group 4 le [S0) sz ell,

Figure 3 demonstrates the classification of groups of 9-
conductor model. The dots in the Z-Smith chart represent near
end normalized loads of each conductor, while the asterisks
represent far end normalized loads. All the dots and aster-
isks are included in four sections denoted by I;, I, II;, and
II,. From the characteristic of Z-Smith chart, the terminal load
has similar reflective properties in an adjacent area. Here, let
|25,/ Zc| < 1, |Zt,/Zc| < 1, where Z;, and Z[;, are the arbi-
trary terminal impedances connected to the near ends. Then

we can obtain the following inequality:

L L
< Zlm _Z]n
Zc

ZL
fAbs(“" -

an
- <1 1
7 ‘ NG

Zc

where £ is described as the distance between arbitrary ZL and
Zan. The criterion of cable bundle grouping can be established
by f. Then, we define I; as the area of f < 1 with a set of a
maximum number points on the graph which satisfy the con-
dition, which means the absolute distance value of the two ar-
bitrary normalized near end terminal loads is less than 1. Then
I, the rest normalized near end loads. The II; and II, can be
defined in the same manner, which means f < 1 in II; and the
rest in II. Thus the 9 conductors can be sorted into 4 groups.

b) Step 2: Reduced cable bundle matrices

The second step aims to determine the reduced cable bun-
dle inductance [Leq] and capacitance matrix [Ceq]. According

to the general MTLN theory, the equations of N-conductor ca-
ble bundle can be written as

d .
FE Vinxi = =i® Ly Hysi s 2
d .
Z[I]le = 7Jw[C]N><N [V]le' 3
On the assumption that the same group CM current Io;
equals the sum of the currents induced on each conductor of
the group and all the conductors in group i have the same group
voltage Vi, the reduced cable bundle containing four conduc-
tors is established and the equivalent MTLN equations can be
modified as

0 .
FE [Vgci]4x1 =-Jo [Leqhxax [Igci]4x1’ “)
0 .
R eci) 41 = =30 [Ceq) g [Veci] a1 - ®)

From Egs. (1)~(4), the reduced inductance matrix [Leg]

and capacitance matrix [Ceq] can be obtained as follows: (23]

+1.05

Fig. 3. (color online) Criterion of cable bundle grouping based on the
Z-Smith chart.
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where group 1 contains conductor 1 — ¢ with the total number
Ny, group 2 conductor (a+1) — B with the total number N,
group 3 conductor (8+1) — & with the total number N3, group
4 conductor (§+1) — N with the total number Nj.

c¢) Step 3: Reduced cable bundle cross-section geometry

The third step is to generate the cross-section of the re-
duced cable bundle, which consists of six phases. As the in-
ductance parameters of the shielding multiconductor are as-
sociated with the structural factors, such as the distance be-
tween the analytical conductor and screen, the relative distance
among conductors, the calculation of the cross-sectional ge-
ometry parameters of equivalent model are obtained thanks to
study made in Ref. [24] and the knowledge of the [Leq] and
[Ceq] matrices.

1) Phase 1: Estimate the central distance d; between each
equivalent conductor and the central axis of the braid shield-
ing structure. Distance d; of each equivalent conductor corre-
sponds to the average of the distance of all the conductors of
the group.

2) Phase 2: Estimate the radius r; of the braid shield-
ing structure. The analytical formula for self-inductance /;;
of a wire in an ideal perfectly conducting shield is equal to
li = (/27)In[(r2 —d?) /rer;). Thus, the radius r; of each
equivalent conductor can be approximated by

®)

3) Phase 3: The analytical formula of mutual inductance
l;; between two conductors in an ideal perfectly conducting
shield can be written as

d;

Is

(dl‘dj)z + r;‘ — 2dl-djr§ cosS Gl'j
(did;)? +d? —2did? cos 0;;

2r

i )

Thus, the central angle between two conductors can be

approximated by
M ((didj) +a) = ((did;)* +72)
B = arccos 2Mdid? — 2did;r? 40
it i S
where 5
M= (rsexp (Wz)) .
dj u

4) Phase 4: Optimize the reduced cross-section geometri-
cal parameter d;, r;, and 6;; based on the dichotomic optimiza-
tion and exact electrostatic calculations.

5) Phase 5: Determine the thickness of the dielectric coat-
ing surrounding each equivalent conductor while avoiding di-
electric coating overlapping.

6) Phase 6: Calculate and optimize the relative permittiv-
ity & of each wire dielectric coating, which is in accordance
with the [Ceq] matrix using an electrostatic calculation.

Figure 4 shows the corresponding computational process
of the proposed simplification technique used to build the
cross-section geometry. Computational process for modeling
the cross-section geometry of a reduced cable bundle in braid
shielding structure.

phase 5

phase 6

Fig. 4. Computational process for modeling the cross-section geometry of a
reduced cable bundle in braid shielding structure. (a)—(f) Phases 1-6.
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d) Step 4: Reduced cable bundle equivalent terminal
loads

The fourth and the last step consists in computing the ter-
minal loads of the reduced model connected to each equiva-
lent conductor end. Here, the equivalent CM loads are defined
as the loads that connect conductor ends to the shield screen.
The terminal load connected to an equivalent conductor end is
equal to the loads at the same end of all the conductors of the
group connected in parallel.

It should be noted that the previous four-step procedure
is used for a simple point-to-point connected shielding cable
bundle. Nevertheless, due to the calculation methods of the
self and mutual inductance of shielding multiconductor, there
are two important restrictions on their applicability. These
are that the wires must be widely separated and the dielec-
tric medium surrounding the wires must be homogeneous.
The charge distributions around closely spaced wires will be
nonuniform around their peripheries but will be approximately
uniform for ratios of wire separation to wire-radius 4 and

higher.

3. Validations of reduction technique by numer-
ical models

In this section, a model of braid shielding 14-conductor
is constructed to validate the proposed reduced technique with
a commercial tool CST. Please note that in the following sim-

ulations the number of the same group conductors is chosen

arbitrarily in order to demonstrate the universality of the pre-

sented approach to immunity prediction problems.

3.1. Complete and reduced braid shielding cable bundle

description

As illustrated in Fig. 2, a 14-conductor point-to-point
connected cable bundle, 1-meter long, located in a copper
braid shielding structure with a radius of 12 mm and a thick-
ness of 0.5 mm is modeled. Each conductor has a radius of
0.5 mm and is surrounded by dielectric coating with a thick-
ness of 0.2 mm and dielectric constant of & = 2.5 and p, = 1.
The conductors with a serial number “2, 3, 4, 5, 6 are evenly
distributed on the circle with a radius of 2 mm, while the con-
ductors with a serial number “6, 7, 8, 9, 10, 11, 12, 13, 14”
on the circle with a radius of 4 mm. The central coordinate
of each conductor is presented in Table 2. By using modal
analysis,!!”! the analytical 14-conductor cable bundle charac-
teristic impedance Z¢ equals 244.4 Q. The terminal loads con-
nected to the ends of each conductor are described in Table 3.
According to the classification method proposed in the first
equivalent step, the 14-conductor can be sorted into the fol-
lowing four groups:

1) group 1: conductors 1, 2, 12;

2) group 2: conductors 3, 6, 14;

3) group 3: conductors 4, 5, 7, §;

4) group 4: conductors 9, 10, 11, 13.

The p.u.1. inductance matrix [L] and capacitance matrix

[C] of the complete model in Fig. 5 are

[555.8 312.0 312.3 311.7 311.7 312.3 210.4 207.3 208.5 209.7 206.8 209.8 208.5 207.3 |
566.3 286.9 221.0 220.9 286.9 315.1 248.1 191.3 161.5 151.7 161.5 191.3 248.1
566.9 286.7 221.0 221.5 210.8 282.1 298.4 221.3 175.3 156.3 154.1 169.4
566.6 286.0 221.0 158.7 182.6 233.9 310.9 264.7 200.4 164.7 152.2
566.6 286.7 158.7 152.2 164.7 200.4 264.7 310.9 233.9 182.6
566.9 210.8 169.4 154.1 156.3 175.3 221.3 298.4 282.1
- 576.7 239.8 153.0 120.2 110.9 120.2 153.0 239.8 an
580.1 241.1 152.2 119.0 110.8 119.4 1514 |’
578.8 239.2 151.7 119.8 110.8 1194
577.3 240.5 153.3 119.8 110.8
580.6 240.5 151.7 119.0
577.33 239.2 152.2
578.8 241.1
i 580.1 |
Table 2. Coordinates of each conductor of the 14-conductor shielding cable bundle (unit: mm).
Conductor 1 2 3 4 5 6 7
(€Y (0,0) 0,2) (1.9,0.62) (1.18, —1.62) (—1.18, —1.62) (—1.9,0.62) 0,4)
Conductor 8 9 10 11 12 13 14
(€Y (2.83,2.83) (4,0) (2.83, —2.83) 0, —4) (—2.83, —2.83) (—4,0) (—2.83,2.83)
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Table 3. Terminal loads of the 14-conductor shielding cable bundle.

Conductor 1 2 3 4 5 6 7
Near end 3
L@ntpp 100 (100,500 (1.0x10%,0,0.5)  (50,0,0) (20,0, 0) (5.0x10%,0,0.2) (100, 0,0)
Far end (10, 0, 100) (60,0,50)  (1.0x103,500,0) (1.0x103,0,0) (2.0x10%,0,0) (1.5x10% 2.0x10%,0)  (1.0x10%, 400, 0)
Z>(Q, nH, pF)
Conductor 8 9 10 11 12 13 14
Near end (15,0,0)  (1.0x105,0,001) (1.0x10*,0,0.1) (1.0x10%300,0)  (80,6,0)  (1.5x10% 1.0x10%.0)  (5.0x10%,0,0)
Z1(Q, nH, pF)
Farend 3 0%10%,0,00 (50, 1.0) (20,3, 0) (100,0,100) (40, 10,0) (15,0, 50) (8.0x10%, 1.0x10°, 0)
Z>(Q, nH, pF)
[45.03 —8.66 —8.67 —8.64 —8.64 —8.67 —0.15 —0.25 —0.22 —0.17 —028 —0.17 —0.22 —0.25 ]
40.17 —-5.89 —0.10 —0.10 —5.89 —11.25 -3.72 —-0.15 -0.01 —-0.002 —-0.01 —-0.15 -3.72
39.84 —5.87 —0.10 —0.10 —0.68 —-7.38 —9.22 —1.31 —-0.04 —0.004 —0.002 —0.03
40.01 —5.82 —0.10 —0.006 —0.07 —2.34 —10.72 —-5.47 —-0.33 —0.02 —0.002
40.01 —5.87 —0.006 —0.002 —0.02 —-0.33 —5.47 —10.72 —-2.34 —-0.07
39.84 —0.69 —-0.03 —0.002 —0.004 —0.04 —-1.31 —-9.22 -7.38
C— 30.97 -5.74 -0.24 —-0.02 —-0.004 —0.02 —-0.24 -5.75 (12)
29.29 —-538 —-0.24 -0.02 —0.004 —0.02 —-0.24
2995 —-591 -0.24 -0.02 —0.004 —0.02
30.68 —5.51 —0.24 —-0.02 —0.004
29.04 —-5.52 —-0.24 —-0.02
30.68 —591 —-0.24
29.94 —-5.37
i 29.29 |

Hereafter, inserting Egs. (11) and (12) into Egs. (6) and (7), the
reduced p.u.1. inductance matrix [Leq] and capacitance matrix
[Ceq] can be written as follows:

[390.2 266.0 230.4 186.7
365.3 187.7 229.3

287.7 140.7 |’
287.7

—0.41

—-3.53

—0.77
5.27

13)

[8.73 —4.24 —2.88
10.69 —1.18

5.36 (19

reduced cable bundle

complete cable bundle

Fig. 5. (a) Cross-sectional geometry of the 14-conductor complete
shielding cable bundle model and (b) the corresponding 4-equivalent-
conductor reduced shielding cable bundle model.

After applying the six-phase procedure described in the
third step in Section 2, the cross-section geometry of 4-
equivalent-conductor model is obtained and illustrated in

Fig. 5. The equivalent CM terminal loads are calculated and
the results are listed in Table 4. In addition, the relevant central
distance, radius and central coordinate are listed in Table 5.
Cross-sectional geometry of the 14-conductor complete
shielding cable bundle model and the corresponding 4-
equivalent-conductor reduced shielding cable bundle model.

Table 4. Terminal loads of each conductor of the reduced shielding bundle.

Conductor 1 2 3 4
Near end
27.4,2.5,0) (1.6x10%0, 1.3 6,0,0 1.6x10%,214,0
2@t ppy FTA250 (L6x10%0,13) (6.0,0)  (16x )
Far end
7.5,0,131 1.2x10%,303,0) (0.49,0,0 14,0, 1.2x10°
7(Q, nH, pF) ( ) (1.2x ) ( ) ( x10%)

Table 5. Central coordinate of each conductor of the reduced shielding
cable bundle (unit: mm).

Conductor 1 2 3 4
Conductor radius 1.5 1.6 2.4 2.5
Central distance 1.5 2 4.2 4

(x,y) 0,15 (1,-1.73) (3.99,1.3) (-3.46,-2)

3.2. Comparing results

The induced CM current at the near and far ends of each
cable in frequency domain are calculated by using CST Cable
Studio. Based on the co-simulation technique, the adopted nu-
merical approach uses the TLM technique to analyze the elec-
tric field around the conductors and then use AC result solver
to compute the coupling to terminal loads. These computa-
tions correspond to the case of a plane wave illumination with
a 1 V/m magnitude, the propagation direction 45° with respect
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to the reference conducting ground plane and the electric field
direction parallel to the conductor. Figures 6-9 illustrate the
comparison between the CM currents obtained at the ends of
the complete cable bundle and the reduced cable bundle.
Using the feature selective validation (FSV) technique,
it provides a way to validate computational electro magnet-
ics (CEM) and predict the assessment of EMC data.[?>20] The
FSV technique is used to evaluate the results between the com-
plete model and the simplified model. The FSV technique
shows a measure of the “quality” of the correlation between
the two sets of data according to specific criteria. Among
those measure indicators, we mainly focus on the total am-
plitude difference measure (ADMy), the total feature differ-
ence measure (FDMy), and the total global difference mea-
sure (GDMyy). These are available as numerical values and
can be converted into a natural language descriptor on a six-
level scale: excellent (0-0.1), very good (0.1-0.2), good (0.2—
0.4), fair (0.4-0.8), poor (0.8-1.6), and very poor (> 1.6).
The FSV evaluation results of Figs. 6-9 are listed in Ta-
ble 6. From the visual evaluation, it is obviously found that the
agreement between the reduced and complete model results is
still satisfactory. Thus, it is demonstrated that the proposed
simplification technique can be successfully used to model the
CM currents on braid shielding multiconductor cable bundles.
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Fig. 6. (color online) Comparison of the CM current in frequency do-
main on cable 1 between the complete (conductors 1, 2, 12) and reduced
cable bundle model: (a) near end; (b) far end.
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Fig. 8. (color online) Comparison of the CM current in frequency do-
main on cable 3 between the complete (conductor 4, 5, 7, 8) and reduced
cable bundle model: (a) near end; (b) far end.
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Fig. 9. (color online) Comparison of the CM current in frequency do-
main on cable 4 between the complete (conductor 9, 10, 11, 13) and
reduced cable bundle model: (a) near end; (b) far end.

Table 6. FSV evaluation of results in Figs. 6-9.

Terminals of the TLs FSV
ADMo FDM;o GDM;o
Near end 1 0.239/good 0.351/good  0.465/fair
Farend 1 0.353/good 0.386/good  0.581/fair
Near end 2 0.323/good 0.395/good  0.564/fair
Far end 2 0.356/good 0.428/fair  0.616/good
Near end 3 0.198/very good 0.278/good 0.343/good
Far end 3 0.368/good 0.418/fair  0.612/fair
Near end 4 0.220/good 0.365/good  0.425/fair
Far end 4 0.283/good 0.298/good  0.457/fair

Several reasons are identified to explain the degradation
of the agreement at some frequency points. In particular, we
suspect the modeling of the cross-section geometry, which is
determined by an approximated method. As the terminal loads
involve inductance and capacitance, the impedance value is as-
sociated with frequency. In this paper, we use the mean value
over frequency (0-3 GHz) of the terminal loads of the com-
plete model to represent the equivalent loads.

3.3. Comparison of analysis time

Table 7 shows the computation times for both types of ca-
ble bundle models, calculated by CST Cable Studio. The CST
simulation configuration is set to satisfy a convergence crite-
rion and all of the computations are completed by a desktop
computer with Intel(R) Xeon(R) CPU E3-1231 v3 @3.40 GHz

and 32 G RAM under Windows 7. From the table, it is ob-
viously found that the reduced model behaves better in effi-
ciency. Furthermore, it greatly simplifies the modeling process
at the expense of certain calculation accuracy.

Table 7. Analysis time of the simplified and complete model.

Complete cable Reduced cable
bundle bundle
CST 3208 s 1784 s

4. Conclusions

In this paper, we propose a simplification technique to
model the EM immunity problem on braid shielding multi-
conductor cable bundles. In order to conveniently describe
the relationship between load impedance and reflection coef-
ficient, a new method of conductors grouping based on the
knowledge of Z-Smith chart is presented. Then, a modified
six-phase equivalent process is detailed. For the generation of
the equivalent cross-section geometrical characteristic param-
eters, a central distance d and central angle 0 are defined and
calculated by an approximate method to determine the relative
position parameters of the reduced bundle. After that, a coated
14-conductor model is proposed to validate the addressed ap-
proach by using the CST.

On the assumption that the CM current response is more
critical than the differential-mode response for the EM cou-
pling problems, our technique mainly focuses on the CM cur-
rents induced at the terminals of cable bundle. The purpose of
the approach is to lower the computation time and simplify the
modeling process. The simulation results confirm the possibil-
ity to model braid shielding cable bundle. From the analytical
process, it can be expected that the bigger.
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