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Z c is modied when the line is grouped with the others. For example if we consider two wires: out of a shield, the characteristic impedance is something like:

Z c = π √ r 0 c ln   D d + D d 2 -1  
When included in a shield, this characteristic impedance becomes:

Z C = π √ r 0 c ln 2D d • 4R 2 -d 2 4R 2 + d 2
From Branin's equations it is possible to dene an elementary network associated with a line in the Kron's formalism. Looking to equations (1.1), we can separate sources and coupling impedances, dening:

1 See http://www.iaeng.org/IJAM/issues_v44/issue_4/IJAM_44_4_04.pdf.

1 (1.2) Z = R G + Z c (R D -Z c ) e -τ p (Z c -R G ) e -τ p R G + Z c
and:

(1.

3)

E = E 0 E 0 e -τ p
where E 0 is the source applied on the line, any line can be completely represented by the couple Z, E 2 .

So we accept at this level that we know how to group lines inside a common harness.

If Z k si the matrice impedance associated with one line, the harness is given by:

Z harness = Z h0 = ⊕ k Z k .
Next step is to create the coupling between these lines.

Vabre's relations for cross talks

Vabre has calculated the relations that give the reported generator between two lines cross talked. The coupling between the lines adds generators to the corresponding branins. This generators adds coupling function between the currents of each line and the voltages of the opposite one. If we call u 0 the forward wave on line one.

We can give the generators reported on line two on its input (e 2 ) and output (s 2 ):

(2.1)

   e 2 (p) = α K+1 2 
1 -e -2τ p u 0 s 2 (p) = -α (K -1) τ pe -τ p u 0 u 0 is known. It is completely dened by e D and e G but without delays. For example: u 0 = (V G -Z c i G ). As previously, ratios can be computed to replace both Vabre's generators by reported sources or coupling impedances. All these coupling functions f C written as impedances and sources E C are added to the harness impedance matrix Z h0 and sources E:

(2.2)    E h = E + E C Z = Z h0 + f C α and K are the two Vabre's coecients. α = γ (γ + C) -1
. γ is the total capacitor between the two lines and C is the target line capacitor. K = M (Lα) -1 gives the magnetic contribution, L being the target line inductance. In both case, γ is the total capacitor between the line and can involve the other neighbors.

At this level, the couple (Z h0 , E h ) gives all the information to be able to model the harness and the cross talks between the wires and the lines. Next step is to consider various harnesses that can share partially common harnesses and then be separated in two harnesses, etc.

From the harnesses to the complete cables

The cable can be separated in harnesses. When lines belongs to one harness, previous techniques give the corresponding model. The problem becomes to know how to connect various harnesses. In fact we can consider that each time an harness joined a frontier behind which the line conguration changes, an impedance should identify this frontier. For two Branin's structure in serie we obtain next connectivity:

C =           1 0 0 0 1 0 0 0 0 1 1 0 0 1 0 0 0 0 1 0 0 0 0 1 0 0 0 1          
This is sucient to x the Branin's equations linked with this topology, edges being numbered from left to right:

Z =     Z 1 + Z c (Z 4 -Z c ) e -τ1p 0 0 (Z c -Z 1 ) e -τ1p Z c + Z 3 Z c 0 0 Z c Z c + Z 5 (Z 7 -Z c ) e -τ2p 0 Z 4 e -τ2p Z c e -τ2p Z c + Z 7    
The sources still equal to:

E 0 E -τ1p e E -τ1p e 0 .
A complete line from its input in the cable to its output can be modelled using this schematic. It stills to add the coupling functions between this lines and others using the same harnesses in some location of the cable. Each time a line uses the same harness than another, Vabre's coupling function must be added to both lines, at each extremities (input line 1 → input line 2, input line 1 → output line 2, output line 1 → output line 2, output line 1 → input line 2 and the same from line 2 to line 1. All interactions shown on the drawing at the end of the article).

BCI EMC test

In EMC, a quite well known test is called BCI test for bulk current injection test.

It consists in adding energy on a harness through a transformer made with ferrite.

At the location where the transformer is placed, a circuit is created, connected with all the lines going through. The primary of the transformer is a simple R-L mesh. The circuit to insert between harnesses is the secondary inductance, frontier capacitors and wire resistance. Let's use next topology (see the drawing at the end of the article):

(1) mesh 0 is the transformer primary;

(2) mesh 1 is the left input of the line;

(3) mesh 2 the mesh shared between the line and the transformer on left;

(4) mesh 3 the transformer secondary shared with both extremity of the line tested;

(5) mesh 4 the mesh shared between the line and the transformer on right;

(6) mesh 5 right output side of the line.

This leads to next connectivity:

C =                   1 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 1 -1 0 0 0 0 0 1 0 0 0 0 0 1 -1 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 1                  
that creates next impedance matrix:

Z x =           R O + L 1 p 0 0 -M p 0 0 0 R G + Z c 1 Cp -Z c e -τ1p -1 Cp e -τ1p 0 0 0 (R g + Z c ) e -τ1p Z c + 1 Cp -1 Cp 0 0 -M p 0 -1 Cp 2 Cp + L 2 p -1 Cp 0 0 0 0 -1 Cp 1 Cp + Z c (R D -Z c ) e -τ2p 0 0 0 1 Cp e -τ1p Z c -1 Cp e -τ1p R D + Z c          
Z x is the impedance matrix pour one line. If we have two lines, the mutual coupling M p must be added to the central circuit of this line, which have strictly the same organization as Z x . It means that it covers from mesh 7 to mesh 11. The mutual inductance is the coupling impedance Z 19 and its symetric Z 91 . These coupling impedances must be increased by the Vabre's coupling for cross talk between the two lines. It means to add impedances Z 27 , Z 72 , Z 28 , Z 82 , Z 38 , Z 83 , Z 37 , Z 73 between the left parts of the lines (left to the current injection) and impedances Z 5,10 , Z 10,5 , Z 5,11 , Z 11,5 , Z 6,10 , Z 10,6 , Z 6,11 , Z 11,6 between the right parts of the lines (to the right of the transformer).

Same operation is made for the measurement transformer, except that it doesn't have its own source of energy.

For the lines, losses can be taken into account using:

(4.1)        α 2 = 1 2 ωC R 2 /ω 2 L 2 -ω 2 LC β 2 = 1 2 ωC R 2 /ω 2 L 2 + ω 2 LC

Ferrite permeability

The coupling function M p can be detailed to include saturation phenomenon and other properties associated with the ferrite permeability. If we have a permeability

given by: µ = µ -jµ , M p becomes something like jζµ ω and a resistance of losses γµ ω must be added in serie with L 1 . Both coecients ζ and γ depends on the volume of material, temperature, waveform, etc. Whatever the complexity of this function it will be quite easily taken into account through the submit modelling.

And that in both case of injection and measurement. The mutual coecient M stills the classical κ √ L 1 L 2 and it can be understood that κ has a weak dependance with the wires organization, the transformer being placed over the whole harness.

In the case where the harness is shielded, transfer impedance of the shield must be added to the coupling function giving a chord similar to Z T = R T + M T p.

Conclusion

This paper just gives the principles to model BCI EMC test on harnesses. A software can be constructed in order to automate the computation, quite easily. The major diculty is in the input of datas and human machine interface to manage the harness description without too much information to give. Another work following this rst study may be to analyse diversions, starting form the equations and making characteristic impedances changing to take into account interlacing. Note that the BCI test involves backward loop to control the injection depending on the current or power limits. This can be implemented directly in the software to make virtual testing.