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Abstract— This paper deals with different methods to find
systematically critical coupling configurations. Acritical coupling
configuration can appear between a cable and an asna or
cables for data and power transmission. In the latecase the
minimum distance between the cables or the maximuhength for
placement in one cable bundle must be determined.rn@ option to
find the critical parameters can be standard circui simulation. In
this case the simulation has to be repeated sevetahes. A better
approach is using a direct inverse method based dhe Modified
Nodal Analysis (MNA). Both approaches are discusseth this
paper and critical coupling parameters are determied for
several configurations.
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. INTRODUCTION

Determination of critical coupling parameters candeen
as a standard EMC problem. Systematic approacleesass.
Mainly trial and error approaches are used.

One computational method to find critical parametean
be using standard circuit simulation and finding parameters
with several trials by iterative approaches. Instbase the
simulation has to be repeated several times totfiadhreshold
value by searching algorithms [3]. The optimizatican
require complex search algorithms if taking intocamt
multiple criterions. Convergence cannot be enswed the
computation time can be extremely long. The pras@ms of
this method are discussed in this paper.

A better approach presented here is using diracrée
methods. When a coupling problem can be formulated
electrical network the Modified Nodal Analysis (MN&an be
used for the analysis. Standard formulation of Mbbnputes
the nodal voltages of a circuit, whereas circuitapgeters and
excitation are given as input. For finding criticabupling
configurations standard MNA cannot lead towardsirect
solution. Critical excitation pulse shapes or coupl
parameters can only be found by using searchirgittigns. A
direct solution would require providing a maximum

One example for a critical configuration can be theP€rmissible node voltage as input. A circuit par@mer an

coupling between a cable carrying a time varyiggai and an
antenna. It can be necessary to change the shape chble
signal to fulfill EMC demands. Here it would beéngsting to
find the optimal signal shapes having frequency temts
exactly below the limits. The shape of the sigmahére the
critical parameter and has to be found [1].

Another example for a problematic coupling can be t
electromagnetic disturbance from cables betweenC#AD
inverter and the electrical engine, carrying putsedulated
high voltages [2]. Bus cables running in parallégm be
influenced and data transmission could be corruptbadrefore
the critical coupling thresholds that ensure safatad
transmission have to be determined. The deterroimaif the
shape of an interference source is not the quediErause the
shape of the inverter signal as the most criticabmeter is
given, whereas the distance between the HV cabidstlze
data bus can be the interesting critical paranatdrhas to be
determined.

excitation pulse shape have to be found. Suchase circuit
simulation method based on MNA can be formulated.
Implementation details and applications are shoane.h

The conventional method, based on circuit simutatiad
search algorithms, and the inverse circuit simofatmethod
are discussed in this paper. Critical coupling pei@rs are
determined for several configurations.

. METHODS FOR DETERMINATION OF CRITICAL COUPLING

In this section the two methods for the determoratdf
critical coupling thresholds are described. Thet finethod is
based on standard circuit simulation. It is diseddsased on an
example. The minimal distance between transmidgies and
the maximum length of the lines has to be found: pioblem
is solved by repeating the simulation for seversfathces and
lengths. The second method introduced here isegtdimverse
method to determine a voltage shape according ¢oitiaal
limit that can be given even as voltage over fregye

Additionally, many more configurations can be found A. Optimization Method

where the shape of the interference source or tseande
between coupling structures are the critical patarse

As introduced above, one method to find criticaliing
parameters like maximal length or minimal distaotearallel
cables is to simulate the data signal integrity.edample for
such a configuration is given in Figure 1. Here tloeipling



between a three phase HV cable and a communicatisn
cable has to be analyzed. The simulations have: teepeated
for different lengths and distances. With the cotaguesults it
is possible to find minimum or maximum values. To ttie

simulation, precise models of the employed compt:éke

the multi conductor transmission lines, transceiv@C/AC

inverter, electrical engine etc. are needed.
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Figure 1. Scheme of the involved components
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B. Inverse Modified Nodal Analysis (IMNA)

In this section a new inverse method to specifystiepe of
disturbance pulses or circuit parameters basedgivea nodal
voltage (sink or victim voltage) is described. Thigthod is
based on the modified nodal analysis (MNA) which is
described first. Subsequently the extensions neddedhe
inverse Modified Nodal Analysis (IMNA) are outlined

The MNA is a method to analyze the nodal voltages a
branch currents in an electric circuit. This metloéequently
used in circuit simulation programs [4]-[7]. To &® an
electric circuit in the time domain, the followirgguation is
used:

Cx(t)+Gx(t) =w(t) (1)

The vectorx(t) contains the unknown voltages and specia
currents. The vectow(t) includes all known excitations. The
matricesC andG characterize the circuit.

By calculating for example the shape of a distudean
pulse, that does not hit a limit line (nodal vokaghape),
several computations of the vectgft) with several input
vectorsw(t) would be necessary using the standard formulatio
(MNA). In this method search algorithms are reculite find
the excitation voltage or current shape. In ordeffihd an
excitation signal shape over time for a given noadfage an
inverse method is better to use and was developed.

1) Calculate disturbance signalsin general
It is assumed that the shape of a disturbing pidse
unknown but the sink or victim limit voltage is kmn. Under
the assumption that the source of the disturbasi@ violtage
source with unknown voltage Viisummaned and current
(I pisturbancd the vecto is defined as follows [1]:

@)

T —
X = [X IDisturbance V Disturbancl

This leads to a modification of the matric@sandG. The
matrix C has to be extended with two rows and columns with
zeros because the disturbance source does noenn#éuthe
derivative. The stamps for the voltage source @eanthe
unknown source (red), and the given sink voltaggedefined
(blue) are considered in the matéxand the vectow [1].
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The resulting equation system can be solved withwkn
algorithms [7].

2) Considering transmission linesin the inverse method
In order to consider transmission lines combinedh wi
predefined signals, the matric€sandG and the vectors and
w have to be extended. Basically it must be disistgrd
between simple transmission lines and multi coratulihes.
First simple transmission lines are analyzed.

Based on the transmission line theory, the solutibthe
telegraph equation in the time domain can be destdras [8]:

v, (1) -z, (t)=v,(t-7)+ Zi,(t-7) ©)

v, (1) - Zi, (1) = v, (t-7) + Zi,(t - 7) (6)

The voltage and current at the end of the wirgt)(and
i»(t)) depends on the voltage and current at the bagjrof the
Wire (vi(t) and iy(t))) including the delay timer and the
characteristic impedanc&. of the wire. To consider a
transmission line the vector has to be extended with the
branch currents of the line:

()

X" =[x i iy

n

In the inverse method it is not possible to inclutie
equations (5) and (6) directly in the matric@sand G. It is
necessary to transform both equations. It is asdutmat the
predefined signals are given at the end of the \@idex 2).
This implies that the sink signal is known at atiés and that
these values can be used as future values in thicesa As a
result the solution of the telegraph equation (&p ho be
rewritten as follows:

v, (t+7)-Z,(t+7)-v,(t)-Z.i,(t)=0 ©)

This leads to changed vectorandw and matrice€ and
G. The MatrixC is extended with two rows and columns with



zeros. In the matrixc and the vectors these equations have to 1) Determine the minimal distance

be incorporated as follows [1]:

K= [v(1) vy(t+7) (1) i,(t+7)] 9)
a b M+1 M+2
a [ 1 ]
G (10)
G= b 1
M+1| 1 -Z.
M +2| -1 1 -z, -Z. |

wW'=[w v, (t-1)+Zi,(t-7) 0] (11)

To determine the minimal distance the configuration
described in Figure 1. is analyzed. As describddrbeprecise
models of each component are necessary. One wanibine
such different components in a simulation is VHDMA&
(Very High Speed Integrated Circuit Hardware Deggin
Language — Analog and Mixed Signal). This modeling
language is supported by the FlexRay consortium ted
German working group VDA FAT AK-30 by developingdan
providing VHDL-AMS model libraries [9].

The DC/AC inverter drives the electric motor wittpalse
width modulated (PWM) signal. Such a configuratan be
found in electric vehicles (EV). Here the voltagapditudes
can be high (300 V and more), and the slopes steeppling
problems are possible. Cables for high voltages aiten
shielded. If there are failures in the system, thg.contact to
ground of the shield of a HV cable is not relialdgnificant

The resulting system of DAE (differential algebraic coupling to bus cables running in parallel can od2li Also

equations) has to be solved. To consider multi gormt

transmission lines the approach has to be modifiexiead of
using scalar quantities, vectors have to be usaded on the
transmission line theory the solution of the tedgdr equation
in the time domain for multi conductor transmisslores can
be described as [8]:

Vim (t)—Zch 1m(t) =(V zm(t_rm)_z oh zm(t_rm)) (12)

Vom (t)—Zch 2m (t)Z(V]m(t—Z'm)—Z orh m(t_rm)) (13)

For the nodal analyses of multi conductor linesisit
important to decouple the whole system. This isedarith
transformation matrices. One transformation matfor
decoupling the voltaged () and one for the current3j are
needed.

V=TV, (14
I =TI, (15)

After the calculation the nodal quantities are:
K= [v(t) vy(t+7) (1) i,(t+1)] (16)

To get the correct values for the voltages andecusrit is
necessary to extract the delay timen all previously delayed
signals. After that the vectaris:

K= v () v,(t) HOBAO!! 17)

I1l.  APPLICATION OF THE METHODS

In this section applications for both methods d@s. As
described before, the search method combined witANs
used to calculate a minimal distance between wifdse
inverse method (IMNA) is used to determine a shape
disturbance sources.

unshielded HV cabels can be used in order to rethe&ost
and the weight of a vehicle.

Models of the electric motor and the DC/AC inveffrem
[9] are used here. Instead of a typical EV-DC \gdtaf around
300V, 75V is used here for the calculation beeatse
inverter model is only verified up to this voltatgyel so far
[10].

The multi conductor transmission line model conside
electromagnetic coupling between the lines and uiaqy
dependent losses, as the skin effect [11]. Thimportant for
the simulation of pulses with steep slopes comagiriigh
frequency parts. For the simulation a 35 fumoss section HV
cable is used. The used cross section of the bble ia a
typical value, 0.35 mf Figure 2. shows the configuration
used for the simulation. While keeping the distabetwveen
the HV cableslz constant to a minimum of the typical isolation
thickness, the distanch: between the HV cables and the
reference plane and thus to the bus cable is vdfigthermore
the parallel length of the cables is varied stepstep to find
critical coupling. It is also possible to vary tharameters like
distance and length automatically and apply adwérssarch
algorithms [12]. Anyway, many computation iterasoare
needed where the simulation has to be startedvaillagain.

HV cables

he
bus cable
hg reference plane

Z %

Figure 2. Cross section of the multi conductor line configima

As an example, a LIN (Local Interconnect Networkisb
system with accurate models of LIN transceiveranalyzed.



The simulation results of this network in companigo the
minimal eye diagram of a LIN bus are shown in Fég8r

a) I=0.5m rg=l,81cm b) 1=0.5m ré=3cm
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Figure 3. a) broken and b) not effected eye diagrams of thiesignal

In Figure 3. limit cases where the eye diagramffisceed
and not affected are shown. After several simubatioritical
length and distance combinations could be found.
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Figure 4. Limits for distances at parallel lengths of HV dril cables

In Figure 4. the minimal distances between the b
cable and the HV cable are shown over length. Tfextad
eye diagrams do not necessarily lead to wrong dtiéation,
because the disturbances are very short and mightbe
recognized by a typical transceiver. On the othemdhthese
results are no worst case scenarios. The DC voiagmly
75 V. For higher voltages the disturbance will leadyreater
minimal distances.

2) IMNA

There are many different applications for an ingesicuit
analysis. In this paper three examples are preddateerify
the method and to demonstrate the applicabilitye Tinst
configuration consists of a single wire disturbgdclapacitive
coupling. In the second example cable crosstalanilyzed.
The last example deals with a simple cable to awteoupling
configuration to analyze electromagnetic radiatiah low
frequencies.

As a first example a simple data transmissionavingle

disturbance source is located at the beginnindh@fwire and
the victim signal at the end. The structure of tledwork is
shown in the following figure. Here it is assumdutt the
disturbance source should not produce pulses that be
interpreted as communication signals.

R=50kQ

singleline

tng

« Voltage at the end of the wire
known
* VoltageUpisurbance iS Unknown

C=1CnF

simple couplini

? ) Ubisurbance

Disturbance
source

Figure 5. Network: Single Wire

The determined disturbance signal (Figure 6. ) usesl as
a voltage source in the MNA to verify the method.

calculated disturbance source

amplitude [V]

QWLLLLL ULV LEL IV LD L LV

0 100 200 300 400
time [ns]

Figure 6. Shape of the disturbance source

In the next figure, the comparison between the kitimn
results of both methods (IMNA and MNA) is shown.

signal at the beginning of the wire signal at the end of the wire
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Figure 7. Signals of the network

It is possible to generate the given sink nodatagd with
the calculated disturbance voltage. The comparnisibh the
MNA vyields no difference.

The second configuration is a system consistingwaf
wires with different diameters. It is shown in Rig. For the
receiving node a typical simple equivalent LIN uaitc
consisting of a resistor and a capacitor with thieies of 30 K
and 27 pF is used. The LIN transmitter is modeked aoltage
source with a source resistor of @ K13]. The distance
between the two wires is 2 cm. A critical signddelithe eye

wire over ground is assumed. The capacitive couplediagram is given as sink at the receiver node (€ig0. ). The



shape of the source voltage at the beginning oHYecable
has to be determined. This can be done directiy wlie

inverse method.

Disturbancesourct Multi conducto transmision line
L =9CmH
Disturbance
R=1kQ R=3CkQ
t D E C=27pF
Simple equivalent circui Simple equivalent circui
LIN-Transceiver LIN-Transceiver
(transmitter) (receiving)

* HV cable is wire or
‘ Q@ + communication cable is wire two
« signal at receiver is known
 voltageUpjsurbance iS Unknown
200

Figure 8. HV cable and LIN communication cable

The inverse method determines the shape of theesdhat
is shown in Figure 9. :
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Figure 9. Shape of the disturbance source

To check the accuracy of this method the soureseésl as
input in the MNA to compare the signals at the insgrenode.
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Figure 10.Compare signal at the receiver

Figure 11.Cable to antenna coupling in vehicle

In the CISPR 25 standard [14] no limit for radiatits
given below 150 kHz (Class 5). With the inverse hoeitit is
possible to calculate directly a disturbance sigthat will
emulate the threshold line from CISPR 25 for argenn
measurements, but does not exceed it. The following
disturbance spectrum is possible.

Predefined frequency signal

80 Maximal
predefined

Spectrum
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Figure 12.Antenna signal amplitude in frequency domain

Here it is assumed that the amplitude up to 150 IdHz
80 dB (V). Above that level the amplitude is 45 dB/) and
for frequencies which are higher than 530 kHz timplaude is
38 dB (V). With the inverse Fourier transformation it is
possible to calculate a time signal from the gigpectrum as
shown in Figure 13. The Phase is assumed to be zero

Predefined timesign
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Figure 13.Antenna time signal

This time signal is used as the sink signal atah&nna
port. The equivalent circuit for the configuratifom analysis is
shown in Figure 14. Due to the low frequencies kattec

The comparison of the results shows that the ieversshort antenna and only capacitive coupling canssaraed.
method is working accurately. By increasing thetadise

between the wires the amplitude of the disturbasigeal is
rising but the rise time is nearly the same. Aash dpplication
example the field coupling to an antenna is analymehe low
frequency range. Also here an automotive configomais
taken as an example.
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Figure 14.Equivalent ciruit for cable antenna coupling in lr@quncy range
By using the IMNA the disturbance voltage is cadtet!
(Figure 15.).
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Figure 15.Disturbance source voltage
This disturbance source voltage is used as a \whkagrce
in the MNA. The comparison of the simulation reswdf both
methods is shown in Figure 16.
antenna voltage
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Figure 16.Antenna voltage
Here it could also be shown that IMNA gives thereor
source voltage.
IV. DISCUSSION
Two methods for computation of critical coupling
configurations are shown. The benefit of the dineetwork
analysis and the search methods is the possitiityuse
advanced network simulation programs and availahdelel
libraries. But it is necessary to repeat the sitimiaseveral
times and this may take a long time. For the inverethod

only one simulation run is necessary. That is wimg t
simulation time is much shorter. The algorithm $miving a
network inversely is new and not yet supported daypmercial
simulation programs. Only simple configurations che
considered today.

V. SUMMARY AND OUTLOOK

Identifying critical coupling parameters by simidat can
be seen as a standard problem in EMC. The convehtio
approach is using simulations and searching alguost This
method can be used with any kind of simulation pogbut
can be very slow. A new direct inverse method based
Modified Nodal Analysis is presented. This meth@h give
directly with one simulation run critical voltagbapes, when
the permitted noise margin is given. Currently oalybasic
implementation of this method is available. In foture the
inverse method will be extended to calculate abjtrcircuit
configurations.
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