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1. Introduction

In automotive electromagnetic (EM) compatibility (EMC), the cable bundle network study is
of great importance. Indeed, a cable network links all the electronic equipment interfaces
included the critical ones and consequently can be assimilated both to a reception antenna
and to an emission antenna at the same time. On the one end, as far as immunity problem is
concerned, where an EM perturbation illuminates the car, the cable network acts as a
receiving antenna able to induce and propagate interference currents until the electronic
equipment interfaces and potentially induce dysfunction or in the worst case destruction of
the equipment. At low frequency, the interference signal propagating on the cable network
is generally considered as more significant than the direct coupling between the incident
field and the equipment. On the other end, as far as emission problem is concerned, the EM
field emitted by the cable network may disturb itself the electronic equipments by direct
coupling.

To avoid these problems, automotive manufacturers have to perform normative tests before
selling vehicles. These tests are applied on electronic equipments outside and inside the car
first to verify that the equipments are not disturbed by an EM perturbation of given
magnitude and second to ensure that the EM emission of each equipment does not exceed a
limit value at a given distance. Obviously, these tests are not exhaustive and fully
representative of real conditions. For example, in immunity tests, two polarizations (vertical
and horizontal polarizations) of the EM perturbation are generally tested in free space
conditions. In reality, the EM perturbation due for example to a mobile phone outside the
car could happen from any direction of space and be reflected by all the scattering objects
located in the close environment of the vehicle (ground, other vehicles, buildings,...).
Consequently, the contribution of EM modelling is a great tool for automotive
manufacturers in order to proceed to numerical normative, additional and also parametric
tests at early stages of the car development on numerical models and for a reasonable cost.
Moreover, numerical modelling will reduce the number of prototypes built during the

www.intechopen.com



274 New Trends and Developments in Automotive System Engineering

development of a vehicle which is actually a strong trend in the automotive industry due to
the cost of prototypes.

A 2-step approach is generally used (Paletta et al., 2002) for immunity problem. First, electric
fields tangent to the cable bundle paths are computed with a 3-dimensional (3D) computer
code solving Maxwell’s equations such as Finite Difference Time Domain (FDTD) (Taflove
& Hagness, 2005) or method of moments (MoM) (Harrington, 1993). Second, a
multiconductor transmission line (MTL) (Paul, 2008) technique assuming transverse EM
(TEM) mode propagation is used to calculate currents and voltages induced at the input of
the electronic equipment devices by the excitation fields calculated in the previous steps
(Agrawal et al.,, 1980). Unfortunately, this method presents two important drawbacks.
Indeed, the MTL formalism is frequency limited by the appearance of transverse electric
(TE) or magnetic (TM) modes and due to the fact that the EM emission of cables are not
taken into account. Moreover, the huge complexity of a real automotive cable network
seems to be unreasonable to model considering the required computer resources. Thus, the
use of 3D computer codes at high frequency should be a suitable solution to overcome the
limits of the MTL formalism but with a large increase of computation times required.
Consequently, this chapter presents the so-called «equivalent cable bundle method »
(Andrieu et al., 2008), derived from previous work (Poudroux et al.,, 1995) developed to
model a “reduced” cable bundle containing a limited number of conductors called
“equivalent conductors” instead of the initial cable bundle. The huge reduction of the cable
network complexity highly reduces the computer resources required to model a real
automotive cable network. As an example, Fig. 1 presents the cross-section geometry of an
initial cable bundle containing 10 conductors and the corresponding reduced cable bundle
containing 3 equivalent conductors.

Initial cable bundle Reduced cable bundle
(10 conductors) (3 equivalent conductors)

900
2550 - O

Fig. 1. Principle of the « equivalent cable bundle method »: definition of reduced cable
bundle containing a limited number of equivalent conductors

Each equivalent conductor of the reduced cable bundle represents the effect of a group of
conductors of the initial cable bundle.

The objective of the method is to be able to calculate the common mode current (algebraic
sum of the currents in all the conductors of a cable bundle) induced at the extremities of the
reduced cable bundle. The method does not compute the current on each conductor of the
cable. For EM immunity problems, the common mode current nevertheless remains the
most significant and robust observable.

The method can be used for a large frequency range which constitutes an important
advantage provided that the simulation method is able to take into account the cross-
coupling between conductors.
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After an exhaustive presentation of the method for immunity problems (Andrieu et al.,
2008) as well as an application to a concrete example, the adjustments required on the
method for emission problems (Andrieu et al., 2009) are detailed with an other example.
Finally, the results of a measurement campaign performed on a simplified half scale car
body structure are presented in order to show the capability of the method when applied on
representative automotive cases.

2. The “Equivalent Cable Bundle Method” for immunity problems

The determination of the electric and geometric characteristics of a reduced cable bundle for
an immunity problem (Andrieu et al., 2008) requires a four step procedure detailed in this
section. It is important to make precise that the method is applied on a point-to-point cable
link. To model a cable bundle network as a real automotive one, the procedure has to be
repeated on each path of conductors of the network.

2.1 Constitution of group of conductors

The aim of the first step of the method is to sort out all the conductors of the initial cable
bundle in different groups according to the termination loads connected at their ends.
Indeed, each termination load, linking the end of a wire conductor to the ground reference,
is compared to the common mode characteristic impedance Zn. of a whole cable bundle
section, themselves sorted out in one of the four groups defined in Table 1.

Group 1 Group 2 Group 3 Group 4
Common mode
load atend 1 Ryi <Rpne Ryi < Ripe Ry >Ry, Ry; > Ry
Common mode
load atend 2 R2i < Rmc R2i > Rmc Rzi < RmC RZi > Rmc

Table 1. Definition of the method used to sort each conductor in one of the four groups of
conductors

All the impedance loads Rj are considered in this work as resistances, therefore with no
variation with the frequency; it is compared to the real part of Zy called Ry The index i
corresponds to the label of the extremity (1 or2) and the label j is the number of the
conductor.

The determination of Zn. requires the use of the modal theory in order to obtain the
characteristics of all the modes propagating along the cable. The diagonalization of the
product of the per-unit-length matrices of the MTL theory provides the modal basis. For
example, the diagonalization of the product [L].[C]! of a cable bundle of N conductors gives
the [Z2] matrix containing the square of the characteristic impedances (Z1, Z,..., Zx) of all
the modes:

_le o - 0
[ZEJ=[Tx]_1.[L].[C]_1.[Tx]=[Ty]_l.[C]_l'[L]'[TyJ: O Z% 0 (1)
0 0 .. Z}]
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1
[0]=[n] PCHm =[] (=] / ) ®

In the same way, the square of modal propagation matrix [I'2] containing the propagation
velocity v of all the modes is obtained with the diagonalization of the [L].[C] product.

[Tx], [Ty], [Tv], [Ti] are the eigenvector matrices allowing to link real and modal basis.

The authors make precise that the transmission lines are considered in the method as
lossless. In order to consider lossy ones, the following impedance [Z] and admittance [Y]
matrices (containing respectively the resistance [R] and the conductance [G] matrices)
should be used:

[Z]=[R]+ jo[L] ()

[Y]=[G]+ je[C] (4)

Zmc is determined from the common mode characteristic impedance of each conductor z; of
a cable which is determined thanks to the analysis of the eigenvector matrices [Ty] or [Ty].
For example, a [Ty] matrix of a 3-conductors cable bundle is presented in equation (5):

057 081 -01
[T,]=|056 048 -0.67 (5)
0.6 -0.32 0.74

Each column of the matrix contains an eigenvector associated to a propagation mode. The
eigenvector associated to the common mode can be distinguished from the others. Indeed,
all its terms have the same sign and all the coefficients of the eigenvector have close values.
Consequently, in the example of equation (5), the eigenvector linked to the common mode is
contained in the first column.

The last step to determine Z, consists in finding the characteristic impedance of the [Z:2]
modal matrix linked to the common mode.

In equation (6), where [Tx] has been replaced by its value, the characteristic impedance z;
linked to the common mode eigenvetor is Z;. Indeed, Z; depends of the term of the first
column of [Tx] matrix, the eigenvector of the common mode.

057 081 -01] [Z 0 0
(Z2]=[L.]" [L][c] " [056 -048 -067|=| 0 73 © ()
06 032 074| |0 o 22

z; also corresponds to the ratio of the common mode voltage Vi and current I, in the
modal basis as it is presented in Fig. 2.
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Fig. 2. Representation of the common mode currents and voltages in the modal basis for a 3-
conductor cable bundle

z; being determined, it is easy to determine Z;,.. The common mode voltage Vi, is assumed
to be identical on all the conductors of the cable bundle and Z,. equals the common mode
impedance of the cable bundle when all the conductors are short-circuited as it is shown in
Fig. 3.

conductor 3

c conductor 1

3

conductor 2

Imc conductor 3

PSS S SIS SIS SIS SIS SIS S ISP SIS A7,

Fig. 3. Physical representation of the common mode characteristic impedance of a cable
bundle

On the example in Fig. 3, Zn, can be written:

Z =ik (8)

Each group of conductors made in this step corresponds to one equivalent conductor of the
reduced cable bundle. Thus, each multiconductor cable bundle can be modelled by a
reduced cable bundle containing between one to four equivalent conductors according to
the terminal load configurations at the end of all the conductors of the initial cable bundle.
From a physical point of view, this operation consists in grouping together conductors
having a similar distribution of current which is strongly dependent of terminal loads.

2.2 Determination of the per-unit-length matrices of the reduced cable bundle
Group current and group voltage: The second step of the method consists in determining
the inductance [Lreduced] and capacitance [Crequced] matrices of the reduced cable bundle by
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making a simple assumption which considers a short-circuit between all the conductors of a
group. This assumption first allows defining a group current Igc and a group voltage Vgc for
each group of conductors. As an example, the group current and the group voltage of a
group containing N conductors can be written:

VEC :V1 :V2 :'“:VN (10)

From this point, in order to clearly present the demonstration allowing to obtain the
inductance matrix of a reduced cable bundle containing 4 equivalent conductors from an
initial cable bundle containing N conductors, the authors prefer to change the index of the
conductors belonging to the same group. Thus:

e the Nj conductors of the first group have the index 1 to o ;

e the Nz conductors of the second group have the index a+1 to B ;

e the N3 conductors of the third group have the index +1toy;

e the Ny conductors of the fourth group have the index y+1 to N.

Determination of the inductance matrix of the reduced cable bundle: In the MTL formalism,
the inductance matrix links the currents and the voltages on each conductor on an
infinitesimal segment of length dz:

Vl Lll L12 LlN Il

V. Ly Ly - Lyy||!
e T e R (11)
aZ . . . .

VN LNl LN2 LNN IN

The determination of the [Lrequced] matrix requires two additional assumptions. To present
and clearly justify these new assumptions, the currents flowing along all the N conductors
of a cable bundle are decomposed in Fig.4 in common mode currents Ic; and differential
current Id;;.

zl IZ'|'C|Z
1 le lgz - la1k lain 1
conductor 1—& = - = ]
: Ik la1k lage-1) lak(e1) lakn :
| |
conductor k|—< — . - — - - I
I len lain 0 lan la(n-1)N]

conductor Np—& = - - —
AL SSS SIS SIS SIS S SIS SIS S SIS SIS S S Ao

Fig. 4. Decomposition of the common and differential mode currents on a cable bundle
containing N conductors

Thus, the currents Ij, Ik and In on conductors 1, k and N can be expressed according to the
decomposition in common and differential mode currents:
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N
Iy =14 +Zld1i (12)
i=2
Iy = Zldzk + Z Iy (13)
i=k+1
T IcN z Ile (14)

In eq. (11), currents I; can be replaced by general expressions reported in equations (12), (13),
(14). When developing the system, the kth line of the system can be written in this form:

( (%—%»] (15)

Consequentlythe per-unit-length voltage OV%X on a infinitesimal segment of length dx
equals the sum of a term depending of the common mode currents I; and a term depending
of differential mode currents I4; between conductor k and all the other conductors. The
assumption made in the method consists in considering that the second term can be
neglected compared to the first term depending on the common mode currents. Indeed, in
an EM immunity problem, the common mode current induced on a multiconductor cable
bundle may be considered as larger than differential currents. This assumption can be
generalized with the following equation:

N-1

N N
%z—j.a) D (L de)+ D) D]
ox i=1 i=1 j=i+1

N-1
LR»ZZWQMW) (16)
i=1 j=i+l

The following matrix system linking the voltages on each conductor V; to the common mode
current on each conductor I; can then be written:

Vi Ly Lyp - Liy||ln

V. L L -« L Ic
21Va |t T2 vl 17
0z|: : : " : :

VN Lyy Lya - Law || Ien

The second assumption consists in considering that the common mode current on all the
conductors of a group is identical on each conductor. This assumption can be written in this
form for a group of N conductors:

I
Ic, = -£C 18
p=kC (18)

where Igc is the group current and Ick is the common mode current on a conductor of index
k in the group. This second assumption allows writing the matrix system in this form:
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o g ¥ N
- 2. Lij 2. Ly 2 Ly 2. Ly
1 ) =1 j=a+1 j=p+1 j=y+1
—=—j. Jreq + Ty + 25— Tprn + I
o ] N, EC1 , EC2 N, EC3 . EC4
[« g ¥ N
v 2Ly 2 Ly 2 Ly 2 Ly
S SRS ) [y SR A S S /A S SN AT () (19)
ox N, 2 3 4
[« g /4 N
v 2Ly 2 Ly 2 Ly 2 Ly
ox Ny 2 3 4

where Igci, Igco, Iecz and Igcy are the group current of all the equivalent conductors.
It is reminded that the voltages on each conductor belonging to a same group are considered
as equal. Consequently, the N*N matrix system of equation (19) can be reduced to a

simplified 4*4 matrix system relating the group currents
groups of conductors as follows:

and the groups voltages on the four

a «a a pf a 7y a N
2. 2L 2 2L 2 2 L 2 2 L
OViper i i=1j=l g isljzat i=1 j=f+1 i=1 j=y+1
. Adect o) 1Ec3 AEca
ox N7 1N, N;.N, N,.N,
A g B p V4 B N
2 2L 2 2L 2 2L 2 2L
avECZ:_]‘w imatlj=l o imaljzadl g isadlj=fil isatljzrl g
o 7 NN, E 2 o) N,N, = EC —Nz-N4 1Eca
- (20)
ro« r. B r.o X r. N
> 2Ly I > 2L > 2L
8VEC3=—ja) =pEL g iEBHlmad] g i=pEpel g iprljrl
o 1 —Nl.N3 Adect —NZ.N3 e 2 1Ec3 —N3.N4 dEca
"N a N B N 7 N N
2 2L IR 2 2L 2 2L
OVpca _ jo i=y+1j=1 i=y+lj=a+l i=y+1j=p+1 ==l
. ) ————lpc1 dpco v -!EC3 1Eca

www.intechopen.com



The “Equivalent Cable Bundle Method”:

an Efficient Multiconductor Reduction Technique to Model Automotive Cable Networks

281

where Vgci, Vecz, Vics and Vics are the group voltages of the 4 equivalent conductors.

Finally, with the assumptions made, a 4*4 reduced matrix system corresponding to the
reduced cable bundle is obtained and the [Lreduced] matrix appears:

VECl IECl
0 VEC2 . IECZ
— =—j.w.|L . 21
ox VEC3 ] [ reduced] IEC3 ( )
VEC4 IEC4

Each diagonal term of [Lredquced] corresponds to the MTL inductance of an equivalent
conductor of the reduced cable bundle with respect to the ground reference. It is equal to the
sum of each diagonal and off-diagonal inductance terms of the initial [L] matrix between all
the conductors of the group divided by the square of the number of conductors of the
group.

Off-diagonal terms of [Lrequced] represent the mutual inductance between both groups of
conductors and equal the sum of the mutual inductances between all the conductors
belonging to two different groups divided by the number of conductors of both groups.

As an example, the following 7-conductors cable bundle has been studied.

12
’4
5

AL SIS IS

Fig. 5. Example of groups of conductors of a 7-conductor cable bundle

3 Conductors of group 1

Conductors of group 2

‘ - Conductors of group 3

- Conductors of group 4

The reduced inductance matrix of the reduced cable bundle containing 4 equivalent
conductors equals:

[ Ly + Ly +Lag +2.Lyy +2.Ly5 +2.Ly, _
9
L14 + L15 + L24 + L25 + L34 + L35 L44 + L55 + 2'L45
6 3
. _ 22
[ reduced] L16 + L26 + L36 L46 + L56 ( )
—16 726 @ 756 - < L66
3 2
Lip+ Ly + 1Ly Lytls | |
_ 3 5 67 77 |

Determination of the capacitance matrix of the reduced cable bundle: In the MTL formalism,
the the capacitance matrix links the currents and the voltages on each conductor on an

infinitesimal segment of length dx:
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L Ch Cp - Gy || W

I C C . C V.
R e T R R (23)
oz| : : : . : :

Iy Cnv1i Cna o G| Wn

The determination of the capacitance matrix depends of the medium surrounding all the
conductors and the ground reference of the cable bundle.

In a homogeneous medium (generally air), all the modes have the same propagation
velocity v depending of the light velocity in the vacuum (C=3.108m.s) and the relative
dielectric permittivity &, of the medium:

V=—= (24)

The capacitance matrix of the reduced cable bundle [Creduced] is then directly obtained with
this simple formula:

1 _
[Creduced] = 0_2'[Lreduced] ! (25)

In a inhomogeneous medium where all the conductors are surrounded by a non uniform
dielectric medium as for example various insulating dielectric coatings, equation (25) cannot
be used to derive the [Creduced] matrix.

Replacing voltages V; on each conductor by the group voltage Vcg; of each group of index i
and developing the matrix system, equation (23) can be written:

Y

o, . |& g o
—6; =].w.[Zc1j.vEC1+ 2 CpVeea+ 2 CipViees™ X clj.vm}
j=1 j=a+1 j=p+1 j=r+1

a, . | £ L .
X j=1 j=a+1 i=p+1 j=r+1

Y

Ay, . | & £ L
j=1 j=a+1 j=p+1 j=r+1

Then, the common mode current of each group of conductors can be calculated by adding
all the lines corresponding to the current I; if i is a conductor of the group. Thus, a 4*4 matrix
system is obtained from the N*N matrix system linked to the initial cable bundle.

This reduced matrix system , a 4*4 matrix system the [Crequced] matrix having a dimension
equal to the number of groups of conductors made in the first step of the method.

Applying the simple assumptions described in this section, the reduced matrix system of the
MTL obtained has a dimension equal to the number of groups of conductors made in the
first step of the procedure.
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aIECl ) _a a a p o 4 a N
— i D2CiVeci+Y, 2 CiVeca+ D, Y CiVies+ 2, D CiVecy
X | i=1j=1 i=1j=a+1 i=1j=p+1 i=1j=p+1
ooy, . | & & g B g B N )
—SL2 ol Y Y CiViat X X CiVea+ X D CiViees+ 2, D CiVies
Ox | i=at1j=1 i=a+1 j=a+1 i=a+1j=p+1 i=a+1j=y+1 1 27
Apes . | |
%Zj.a). z ZC VEC1+ Z Z C VEC2+ z Z C VEC3+ Z z C VEC4
X | i=p+1j=1 i=f+1 j=a+1 i=f+1 j=B+1 i=f+1 j=y+1
ol . z
X _i:y+1 j=1 i=y+1j=a+1 i=y+1j=p+1 i=y+1j=y+1
Equation(28) presents the reduced matrix system obtained in a condensed form.
Ipcq Vect
0 IEC2 . VECZ
— =ijw.[C . 28
ox IEC3 J [ reduced] VEC3 ( )
Ty Vecs

The [Creduced] capacitance matrix corresponding to the cable bundle presented in Fig. 5 can
be written:

Cip +Cy +C33 +2.C1p +2.C13 +2.Cy3

[c = Cig +C5 +Coy +Co5 +C5y +Cy5 Cyg +Cs5 +2.Cy5 (29)
reduced Ci6 +Co +Cy Cye +Cs Ceo -
Ci7 +Cy +Cyy Cy7 +Cs; Cer Cpy

Diagonal terms of the reduced capacitance matrix [Creduced] €qual the sum of the physical
capacitances between each conductor of the group and the ground reference minus all the
physical capacitances between two conductors belonging to the group. As an example, the
C22 reduced term of the Fig.5 [Creduced] matrix can be expressed in this following form
according to the physical capacitances:

N N
C22_reduced T ZCZz + chl - 2Cfl)5 (30)
i=1 i=1
Off-diagonal terms of the [Crequced] matrix represents either the mutual capacitances between
two equivalent conductors or between both corresponding groups of conductors.
In this example, the Ci2 reduced term corresponds to the mutual capacitances between
equivalent conductors 1 and 2. The value of Ci2 reduced can be expressed with respect to the
physical capacitances existing between the various conductors of group 1 and group 2 in the
initial cable bundle.
CP

12 _reduce

a=Cly +Cls +Chy +Chs + Cf, + Cly (31)
Thus, the physical capacitances existing between two equivalent conductors equals the sum

of all the physical capacitances existing between 2 conductors belonging to these two
different groups.
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2.3 Procedure used to obtain the cross-section geometry of a reduced cable bundle
The aim of the third step of the method is to create the cross-section geometry of the reduced
cable bundle. This operation is not mandatory and is only required in case of a 3D modeling.
Indeed, for a MTL simulation, the reduced inductance and capacitance matrices obtained in
the previous step are sufficient and can be directly introduced in the MTL models.

The procedure developed in this method requires 6 phases detailed in the following. It
makes the assumption that the ground reference is a plane.

In the first phase, the height h; of each equivalent conductor with respect to the ground
reference is chosen by the user to be coherent with the geometry of the initial cable bundle.
For example, the height of an equivalent conductor can be the mean of the height of all the
conductors belonging to the corresponding group.

In the second phase, the radius r; of each equivalent conductor is calculated with the well-
known approximated analytical formula giving the inductance L; of a wire upon a ground
plane.

2.,
i = 27.L;
e Ho

(32)

where h; and 1; are respectively the height of the conductor over the ground reference and
its radius.

In the third phase, distances d; between equivalent conductors of index i and j are calculated
with the analytical formula giving the mutual inductances L; between two conductors above
a ground plane:

(33)

where h; and h; are the height of equivalent conductors i and j with respect to the ground
reference.

After the first three phases, a first cross-section of the reduced cable bundle is obtained; the
geometry is only an approached one. Indeed, the analytical formulas wused are
approximated. The use of an electrostatic code allows to obtain a cross-section geometry
which perfectly matches the inductance and capacitance matrice of the reduced cable bundle
obtained in the previous step could help but would not give a fully optimized solution.
Indeed, this process is necessarily iterative and may not give a unique solution.

By using an electrostatic code, the objective is to optimized the radius and the distances
between all the equivalent conductors to get a good convergence with the [Lrequced] matrix.
In the case where all the conductors of the initial cable bundle are not surrounded by a
dielectric coating (not a realistic situation for electrical wiring in systems), the building of
the cross-section geometry is completed. Otherwise, two additional phases are required.

In the fifth phase, the thickness of all the dielectric coating & surrounding each equivalent
conductor is fixed to avoid overlapping.

In the sixth and last phase, on optimization is made on the relative permittivity of the dielectric
coating surrounding all the equivalent conductors. The objective of the optimization process is
to calculate &, in order to comply the C;; terms surrounding all the equivalent conductors in
order to respect the Cj term of the [Crequced] matrix obtained at step 2. This process is also an
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iterative process which requires the use of an electrostatic two dimensional (2D) code
solving Laplace’s equation.

The six-phase procedure used to determine the cross-section geometry of the reduced cable
bundle is illustrated in Fig. 6 for a 3 equivalent conductor:

Step 1 Step 2 Step 3

hq,ry

h h
; ORI e T~

di2',
b4 h, hy,r; -dy
hy, |'2< ;E ’
xh3 ®h3,r3

(/7T | VI I I | (L s

Step 4 Step 5 Step 6

jice Do

~~<_ hs’, r3’

2 O |2 D
i 0 7| B
VIS LSS SIS ISP VSIS IIIIIV | (PP III I

Fig. 6. Illustration on 3 equivalent conductors of the 6-phases procedure used to build the
cross-section geometry of a reduced cable bundle

&r3
€r2

2.4 Equivalent termination loads of the reduced cable bundie

In the fourth and last step of the procedure, the objective is to determine the equivalent
termination loads to be connected at each end of the equivalent conductors of the reduced
cable bundle. Two kinds of loads have to be distinguished: termination loads connecting the
end of a conductor to the ground reference which are called common-mode loads and
termination loads connecting the ends of two conductors called differential loads.
Common-mode loads: Conductors of the same group are considered as short-circuited together
as it is shown on the left of Fig. 7.

Vig

Vec
Z; -9 - Zec-<—®

I2 IEC

Zy —<—o

In

Fig. 7. Terminal impedance network of a group of conductors and equivalent load at the end
of the corresponding equivalent conductor
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Consequently, the group current Igc can be expressed with respect to this straightforward
equation according to the group voltage Vgc:

1 2 N

Thus, the termination load Zgc at one end of an equivalent conductor equals all the
termination loads of all the conductors of the corresponding group at the same end set in
parallel.

J=Zl//Zz /1] ]2y (35)

Differential loads: Two kind of differential loads have to be considered depending if the load
connects two conductors belonging to the same group or not.

The case of differential loads connecting two conductors belonging to the same group is
illustrated in Fig. 8 on a group of 3 conductors having three differential loads Z1,, Z13 and Zss.

\'

Z1 Y H1
Z. | I

Zy3
|

Z, td12 Y | V,
V4 2

+2: la13 v

Z, d23 | —e °
3

Fig. 8. Terminal impedance network of a 3-conductor group having 3 differential loads: Z1»,
213 and Zz3

The admittance matrix of this termination load network is:

111 1 1
Il Zl ZIZ ZlB ZIZ Zl3 Vl
12 = _L i+i+i _L X V2 (36)
I Zy Zy Zyp Zy 2y V.
3 3
1 1 1 1 1
L Zy3 Zy Zy 2y Zys
For this group of conductors, the hypothesis of the method is applied:
Vec=V1=V,=V; (38)
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Consequently, the Igc group current can be expressed in this simple form:

I, =1 +1,+1; =£+£+£

(39)
Zl Z2 Z3

Equation(39) clearly shows that the group current does not depend of differential loads
connecting two conductors of the same group hypothesis. Consequently, in the method,
this type of differential loads is neglected.

The case of differential loads connecting two conductors belonging to two different groups
(conductors 1 and 2 in group 1, conductors 3 and 4 in group 2) is illustrated in Fig. 9 with
the loads Z13 and Zos.

V4
— Z1 1—‘
é l4 S Conductors
13 of group 1
Y v, ©
Z
2 | A
| z24
d13 y
Z; < .3
| I; S~ Conductors
d24 of group 2
V, / group
Z, IH
4

Fig. 9. Terminal impedance network of two groups of 2 conductors having 2 differential
loads : Z13 and Z4

The admittance matrix of this terminal load network can be written:

1 1 1

—t— 0 — 0
ZARAT Z13
I %
1 0 1 + 1 0 1 1
I _ Zy 2y 2 Va (40)
I 1 1.1 Vs
I Z13 VARNAT: Vy
0 _L 0 i + L
L Zoy Zy Zoy
For this example, the hypothesis of the method are the following ones :
[gcr =1 +1p (41)
Ipcr =13 +14 (42)
Vec1 =Vi=V; (43)
Veca =V3 =V, (44)
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Thanks to the admittance matrix of the terminal load network and the hypothesis of the
method, group currents Igc1 and Igc2 can be written:

Vv, V. 1 1

Iper =1 +1, :_1+_2+(VEC1_VEC2)'(_+_ (45)
Z, 7, Zis Zy
V., V 1 1

Ipcr =13+ 14 =_3+_4+(VEC2_VEC1)'£_+_ (46)
Zy Zy4 Zis Zy

Both equations lead to the conclusion that the common mode current of a group of
conductors depends of the common mode loads (Z1, Z,, Z3 and Z, in this example) and of
the differential loads connected to conductors belonging to the other groups (Z13 and Z»4 in
this example).

Thus, the group current Igc; depends of the differential voltage between the first and the
second group of conductors (Vcri-Vcez) multiplied by the differential loads placed between
the conductors belonging to different groups Z13 and Zo4 set in parallel.

Thus, the terminal load network to be placed in this example at the end of both equivalent
conductors is presented in Fig. 10.

Z Vet
EC1 |
lec
Ziec1-2
laec-2 VvV
- EC2
Zeco * IH
EC2

Fig. 10. Terminal load network at the extremity of both equivalent conductors

The terminal load values of this network have the following expressions:

1 1

ZEC1=Z—+Z—=Z1//Z2 (47)
1 4o
1 1
ZEcz=Z—+Z—=Za//Z4 (48)
3 4y
Zipc1-2 = L + i =213/ /2y (49)
Zis Ly

In the general case, the equivalent terminal loads between two equivalent conductors equal
all the differential loads connecting conductors of the two groups in parallel.

Consequently, the method is able to take into account all the types of terminal load
networks made of resistive loads.
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2.5 Example of application

To present a concrete example of use of the method in immunity, a 4-conductor cable
bundle of 1m length and located at a distance of 2 cm from a perfect electric ground has
been studied.

The following table presents the terminal loads of all the conductors having a 1 mm radius
at both extremities:

Conductor 1 Conductor 2 Conductor 3 Conductor 4
End 1 24 Q) 10Q 59 Q 63 Q
End 2 50 O 220 38Q 16 QO

Table 2. - Values of the common mode loads connected at the ends of each conductor of the
cable bundle

Considering the terminal load values and the common mode characteristic impedance of the
initial cable bundle (Zm. = 161 Q), the reduced cable bundle only requires one equivalent
conductor connected at both ends by loads of respective values 5.7 and 6.5 Q.

Fig. 11. presents the cross-section geometry of the initial cable bundle and of the
corresponding reduced cable bundle containing one equivalent conductor.

d=3mm
<>
----- @@ r=2,75mm
R
21,5mm| @ @5 @) O
18,5mm
LSS SSSSS LS. VIS S S S S A s

Fig. 11. Cross-section geometry of the initial cable bundle and of the corresponding
equivalent conductor

The per-unit-length inductance and capacitance matrices of the initial cable bundle are given
in the following (the matrices are symmetric and lower off-diagonal terms have not been
written):

6943 501.6 511.6 4555]
6742 4555 491.6

[L]= nH /m (50)
6943 501.6
674.2 |
458 -191 -193 2.7 ]
462 27 -188

€= 158 191 [PF/™ 1)
46.2 |

The per-unit-length inductance and capacitance of the equivalent conductor are respectively
L=536 nH/m and C=20.8 pF/m.
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Both cable bundles are supposed to be illuminated by a plane wave of 3 V/m amplitude
propagating in the direction of the cables. The electric field component is oriented vertically
compared to the ground reference.

Fig. 12. presents the comparison between the common mode current (in dBA) induced at the
first end of the initial cable bundle and the current on the corresponding equivalent
conductor at the same end. The calculations have been performed with the FEKO software
using the method of moments (MoM) to solve Maxwell’s equations.

Common mode current (dBAJ)

85t Initial cable bundle (4 wires) H
—+— Reduced cable bundle (1 equivalent conductor)

90 | | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10

frequency (Hz)

Fig. 12. Comparison of common mode current induced at the first end of both cable bundles
(initial and reduced) by a 3V/m plane wave

The excellent agreement between both curves shows the high accuracy of the method.
Moreover, the total computation times required to compute the [Z] impedance matrix in
MoM has been divided by a factor higher than 10 for this simple modelling.

3. The “Equivalent Cable Bundle Method” for emission problems

3.1 Specificity of the EM emission problem

In EM immunity problems, all the conductors are excited by the same EM incident field
whereas in EM emission problems, each conductor of a cable bundle can be excited by
sources of different amplitudes and internal impedances in different frequency ranges (or
for different time domain spectrums). Consequently, the application of the method requires
specific adjustments to be applied for EM emission problems.

In the following sub-section, the procedure required to define the electric and geometric
characteristics of a reduced cable bundle for an emission problem (Andrieu et al., 2009) is
presented. As in the previous section, the method is described on a point-to-point cable link.
To be applied on a tree-like cable network, the procedure has to be repeated on each path of
conductors inside the network.

The authors make precise that the whole problem is considered in the frequency domain
and the excitation sources are restricted to voltage sources localized at conductor ends.
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3.2 Presentation of the modified procedure

For EM emission problems, the procedure required to constitute the groups of conductors is
decomposed in two phases to take into account the second degree of freedom due to the fact
that each conductor of the cable bundle can be excited by its own source.

After a first classification of all the conductors of the initial cable bundle in four groups as it
is made for an EM immunity problem, a second phase is made inside the groups according
to the magnitude of the voltage source applied on each conductor belonging to the same
group. The objective is to avoid that two conductors belonging to the same group are
excited by sources having significant amplitude difference. Indeed, this configuration could
lead to important differential currents between both conductors of a same group not taken
into account by only one equivalent conductor. As it has been explained in section 2, the
method assumes that the EM emissions of a cable bundle mainly come from the common
mode current. Thus, the differential mode currents are neglected. The ratio of the voltage
source magnitude applied on two conductors belonging to the same group must not be
higher than a factor 3, 5 or 10 according to the accuracy aimed in the calculation.

Then, the three steps presented in sub-sections 2.2, 2.3 and 2.4 are performed identically.
Finally, a fifth additional step is required to determine the equivalent voltage sources used
to excite each equivalent conductor. Fig. 13. presents an example of a N-conductor group
where each conductor is lumped by a resistance Z; and excited by a voltage source V;. The
equivalent voltage source Vgc and terminal load Zpc to connect at the end of the
corresponding equivalent conductor are also presented in the figure.

Fig. 13. Equivalent voltage source and impedance of an equivalent conductor corresponding
to a 4-conductor group

According to Fig. 13, the current I; flowing along conductor i belonging to the group of 4
conductors and the current Igc on the corresponding equivalent conductor can be written:

Vtot -V

Ii = Tl (52)
i
Ige = M (53)
ZEC

With (52), the common mode current Igc of the 4-conductor group can be expressed in this
simple form:

IEC:ﬁ_ £+£+...+V—N (54)
Zy 2 ZAN
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Thus, the equivalent source voltage Vic to be inserted on the equivalent conductor model is:

V., V. V.
Ve =(Zp )| 2+ =2+ + 55
o= (ac[ e v ) e

where Zgc equals all the termination loads of each group of conductors set in parallel:

Zec=2y/ 125/ /] 2y (56)

3.3 Example of application

To present a concrete application of the method for an EM emission problem, the initial
cable bundle presented in section 2.5 has been studied. In this case, each conductor of the
cable bundle has been excited at the first end by a voltage source respectively equals to 1 V
for wire 1, 2 V for wire 2, 3 V for wire 3 and 4 V for wire 4. As for the immunity problem, the
reduced cable bundle contains one equivalent conductor according to the terminal load and
voltage source configurations.

The equivalent voltage source located at the first end of the equivalent conductor and
corresponding to this configuration equals 2.04 V as it is demonstrated with the following
equation:

V,, =5,73. i+£+i+i =2,04V (57)
1 24 10 59 63

The total radiated power by both initial and reduced cable bundles has been calculated by
the FEKO 3D MoM software on the half-superior sphere (above the infinite ground plane).
The total radiated power is obtained by making the integration of the Poynting vector on
numerous points of the halp superior sphere after the calculation of the electric and

magnetic fields emitted at these points. Fig. 14 presents the comparison of the total radiated
power (in dBW) of both cable bundle models:

e A

N
=]

A
o

&
=]

Total radiated power (dBW)

Initial cable bundle (4 wires)

—+— Reduced cable bundle (1 equivalent conductor)
1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000

frequency (Hz)

-120

Fig. 14. Comparison of the total radiated power (in dBW) of both cable bundle models when
introduced in a 3D MoM simulation
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As for the EM immunity problem, the results show on this example the high accuracy of the
method for EM emission problem. From the computation time point of view, the use of the
reduced cable bundle has been reduced by a factor 14 the time necessary to compute all the
terms of the [Z] impedance matrix with the MoM technique.

4. Example of application on a representative automotive case

This section presents some results of a measurement campaign performed on a realistic
automotive structure which is a half scale simplified car model, 180cm long, 80cm large and
70cm high presented in Fig. 15.

Fig. 15. Picture of the simplified car structure

The experiment has been performed in an anechoic chamber to ensure free space conditions.
The measurement setup is presented in Fig. 16.

Emitting Simplified car
antenna structure

Cable bundle

Spectrum
analyzer

HF source
(Pout=13dBm)

Tree-like cable
harness network

Fig. 16. Schematic description of the measurement setup

An emitting antenna illuminates with a vertical polarized electric field the front of the
simplified car structure located approximately at 3m. In order to cover a large frequency
range, two types of emitting antennas have been considered: a log periodic antenna up to
1 GHz and a double ridge horn antenna from 1 to 2 GHz. One cable bundle containing 5
conductors of 48 cm length plus one tree-like network having 4 extremities and a total of 16
conductors have been placed in the simplified structure. SMT (Surface Mount Technology)
termination loads have been connected to each extremity of all the conductors to a metallic
bracket fixed on the walls of the car which are considered as the ground reference. A current
probe measured the common mode current induced at the ends of the cables by the EM
incident field applied by the antennas.
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The corresponding 3D model has been built thanks to the FEKO software. The MoM model
of the simplified car structure containing the reduced cable bundle and the reduced tree-like
cable network are presented in Fig. 17.

Fig. 17. MoM modelling of the test structure

The first result presented in Fig. 18 corresponds to the comparison of the common mode
current at an extremity of the cable measured and calculated in MoM with a reduced cable
bundle containing one equivalent conductor. Indeed, all the termination loads connected at
both ends of all the conductors are small compared to the common mode characteristic
impedance Znc.

—— Measurement
,,,,,,,, | ==*~ Modelling i

Common mode current (dBA)

LT SO i S — ; .

-120

i i i i i i
[1] 200 400 600 800 1000 1200 1400 1600 1800 2000
frequency (MHz)

Fig. 18. Comparison of the common mode current measured and calculated at one extremity
of the cable bundle

The second result presented in Fig. 19 concerns the comparison of the current measured and

calculated at one extremity of the tree-like cable bundle network placed on the floor of the
simplified car structure.

-40

50

0

70
80
1Y SO . 4

-100

-110

Common mode current (dBA)

-120

i i i i i i i i
[} 200 400 600 800 1000 1200 1400 1600 1800 2000
frequency (MHz)

Fig. 19. Comparison of the common mode current measured and calculated at one extremity
of the tree-like cable bundle network
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Both figures present two very satisfying comparisons between measurements and modelling
results on a large frequency range (100 MHz - 2 GHz). The average level is very close and
the fundamental resonances of the bundles are quite well reproduced by the calculation.
These results are very encouraging due to the fact that the tested structure is very oversized
according to the wavelength.

To conclude, thanks to the use of the Fast Multipole Method (FMM) (Engheta et al., 1992),
our method provides reasonable computation times compatible with an industrial
application. For example, at the frequency of 1 GHz and on a 2.66 GHz processor with a
memory of 1.5 Go, only 4 minutes are required to solve the MoM problem which contains
more than 15 000 unknowns.

Applying the four-step procedure, our method has decreased the complexity of the reduced
cable bundle and network by a 50 % factor.

5. Conclusion

This chapter has presented the so-called “equivalent cable bundle method” allowing to
highly reduce the complexity of a real automotive cable bundle network. Consequently, the
modelling of the simplified cable bundle network can be made with a strong reduction of
involved computation times both for immunity and emission problems for any simulation
method able to take into account the couplings between coupled conductors and for a large
frequency range.

This work presents a lot of interesting future axis of work. The first one is to compute the
current on each conductor of the initial cable bundle after the use of the reduced cable
bundle. Another important one is to take into account real passive loads as inductive and
capacitive ones to represent with a more important accuracy real loads encountered at the
input of automotive electronic equipments.
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