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Study of Conduction and Induction Phenomena
In Electric Circuits Using a Time-Domain
Integral Formulation

Francois Bost, Laurent Nicolas, and Gérard Rojat

Abstract—T his paper deals with the modeling of the suscepti-
bility of electric circuits. A thin-wiretime-domain integral formu-
lation based on the antenna theory is used to calculate both con-
ducted current dueto avoltage generator and induced current due
to an electromagnetic perturbation. Special numerical treatment is
used for angular points and multiple junctionsin the electric cir-
cuit. Voltage source can beinserted in the model. Non linear com-
ponents, such as diodes or transistors, are described under their
high frequency behavior.

Index Terms—Wire scatterers, time domain analysis, integral
equations, numerical analysis.

I. INTRODUCTION

HE calculation of the electromagnetic susceptibility of an

electric circuit without taking into account its nominal op-
erating conditionsisnot really significant. On the other hand the
superposition of both electromagnetic phenomena—conducted
and radiated—isimportant in order to determine the behavior of
the electric circuit when illuminated by an electromagnetic per-
turbation. The main difficulty lies then in superimposing both
conducted current due to a voltage generator and induced cur-
rent due to the perturbation. To our knowledge, no such attempt
has been made previously.

A review of time-domain methods used in electromagnetics
has been given in [1]. Since we are mainly concerned by thin
wire devices, an integral equation formulation seems very at-
tractive. Several implementations of a such a method have been
published, especially for volume problems and for the magnetic
field integral equation [2]. However, because of the presence of
thin wires, only the electric field integral equation (EFIE) may
be useful [3]. In[4], atime-domain model developed in order to
provides the transient response of a complex 3D wire structure
ispresented. Our purposeisto usethe sameformulationin order
to modelize both induced and conducted problems, so that the
analysis of the susceptibility of an electronic device in normal
running is made possible.

For such a purpose, three mgjor difficulties have to be solved.
First, the conductive wires can be connected each others with
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multiple junctions. Second, generators may be inserted in the
conductive structure. Third, the conductors may be loaded with
non linear electronic components. All these points are discussed
in the following sections. In conclusion, two examples of simu-
lation show the capabilities of the formulation.

Il. THE THIN-WIRE TIME-DOMAIN INTEGRAL FORMULATION

The thin-wire time-domain integral formulation is deduced
fromthe classical EFIE. It isobtained with the assumptions that
the scatterers are perfect conductors and that the current density
may be restricted to itstangential term. It isthen written as[4]:

t/ . Einc(x/’t)
Ho t/ -t 8 t/ -R 8
i/, [ R o (@ e g 1)
t' R [ O
2

where E*¢ jstheincident field, I isthe current inthe wire, t is
the tangent vector to the wire at the computation point, t’ isthe
tangent vector at the collocation point, R isthe distance between
both of these points, 7 = ¢ — R/cisthe retarded time (Fig. 1).

A. Numerical Solving of the Thin-Wire Time-Domain EFIE

This integral formulation is solved by the Method of Mo-
ments. The current is described by a first order expanding
scheme. The delta function is used as testing function for
point-matching. The unknown current at the observation time
is then obtained by solving an implicit time scheme [4]. The
final matrix system may be written symbolicaly as.

e = Zur In+ E5S forj=1k-1 (2

where Ei'¢ isthe incident field vector tangent at point M and
time ¢, Znsr isthe geometrical matrix of the elementary con-
tributions between nodes M and I, Iy, is the current vector at
node I and time+;,, and E57; isthe scattered field vector tangent
at point M depending on the earlier currentsat timest¢; (Fig. 1).

The stability and the accuracy of the scheme depend on the
characteristic parameters of the wire and on the space and time
discretization. It has been shown that the optimal valuesfor a
length wire and a A wavelength illumination are:

- Radius of thewire: a <« Landa < A,

- Space discretization: Al = 5a, with Al < A\/10,

- Time discretization: At = Al/c to 4Al/c, with At <

A/10c.
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Fig. 1. Contribution of a straight segment at the collocation point A .

B. Ability for the Model to Handle Conducted Currents

By using the EFIE, the scattered electric field due to the in-
duced currents is computed at any point. If the electric field is
calculated from the global contribution of the currentsin all the
circuit, the modeling may be seen as general, since the radia-
tion of all the circuit istaken into account: itisaclassical EMC
problem. Onthe other hand, if theelectric field iscal culated only
from the localized contribution of the currents in the adjacent
segments, the modeling becomes circuit-like. In other words, by
coupling only the adjacent segments, the energy is transmitted
by going through the wires, and the formulation can then handle
pure conducted phenomena.

1. CHARGE DISTRIBUTION AND MULTIPLE JUNCTIONS

Singular geometric points are defined as points where the ge-
ometry varies abruptly. They are of three kinds: free extremi-
ties, angular points and multiple junctions. Free extremities are
easy to handlewith, sinceit is sufficient to apply the appropriate
boundary condition. On the other hand, special numerical treat-
ment is used for angular points and multiple junctions.

A. Case of the Angular Points

The choice of the basis functions has a great influence on the
representation of the physical phenomenon. Since a first order
scheme is used for the current, the charge distribution is as-
sumed to be constant along each discretization segment. So the
continuity is not applied to the charge density along the wire,
and a charge accumulation can be observed in some case on a
straight segment. The distribution of charge depends actually on
the relative values of the coupling terms between the adjacent
segments, i.e. the charges are divided up in the same proportion
as the coupling values. The coupling terms are directly related
totheinner product t’ - t, wheret’ and t arerespectively thetan-
gent vectors at the collocation point and at the current point of
the contributive segment (Fig. 1). It becomes then sufficient to
make the structure symmetrical at angular points by calculating
an average tangent at the collocation point (Fig. 2).

The electric circuit shown in the Fig. 3 is used to validate
this numerical treatment. The circuit is discretized with 16 seg-
ments, the space discretization is Al = 3 cm. Vaues of the
resistance and the voltage source are respectively R = 100 €
and £ = 100 V. Two configurations are studied: with correction
of the tangent at angular collocation points (nodes#7 and #11),
and without correction. As shown in Fig. 4, the distribution of
the charges is accurate only if the tangent at the angular points

Fig. 2. Tangent at the collocation point A for an angular point.
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Fig. 3. Comparison of the 2 configurations used to validate the correction of
the tangent at angular points. Left: with correction. Right: without correction.
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Fig.4. Distribution of thecharge () and the current I along the electric circuits
for both configurations. (21 and I1 are computed with tangent correction, )2
and 12 are computed without correction.

is corrected, since a discontinuity appears in this case only at
node #1 and node #9 corresponding to the generator and the re-
sistance. The magnitude of the current isthen in good agreement
(equal to 1 A).

B. Case of Multiple Junctions

A multiplejunctionisalso seen asasingularity. Inthiscase, it
is not possible to define an unique tangent vector t’ at the junc-
tion node. The first order scheme used to describe the current
affects also the Kirchhoff’s laws on the currents and voltages.
The junction is then first made symmetric, in order to obtain
identical values for the inner product t’ - t. Secondly, it is re-
placed by as many nodes as connected segments (Fig. 5), and
the Kirchhoff’ s law written at the junction isinserted in the ma-
trix system.

Fig. 5 shows the case where 3 segments are connected: the
angle between the segments is equal to 120°, and the value of
the inner product t’ - t is equal to cos(120°) = 1/2. The case
of thejunction between N segmentsisten deduced by recursive
process (Table I).

Thismodel of junction may be validated analytically. The ex-
ample shown at Fig. 6 presents aconfiguration of electric circuit
with 3junctions (nodes#3, #5 and #13). Computed values of the
current are in good agreement with analytical values.
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Fig. 5. Tangent at the collocation point M for a 3 segments junction.

TABLE |
SYMMETRIZATION OF THE JUNCTION: VALUES OF THE INNER PRODUCTS
DEPENDING ON THE NUMBER OF CONNECTED SEGMENTS

Number of Value of the inner  Angle between the segment
connected segments product t'.¢; (after symmetrization)
2 1 180°
3 12 120°
4 113 109.47°
N 1/(N-1) Acos[1/(N-1)]
R,,=50Q
NN, Ve Vo N
R,,=50Q
L-2-7.

ot

5| R=100Q |3

E,=100V
§R9=IOOQ §R18=200£2 T—

I 131

Fig.6. Validation of themodel of multiplejunctions. Analytical and computed
values of the current in the voltage source (I;) and in the resistances.

IV. INSERTION OF VOLTAGE SOURCES

A voltage generator is defined as alocal source of radiation,
i.e. as an additional electric field E’, for which an integration
on aclosed loop is not zero. With first order basis functions, the
voltage isrelated to the electric field at anode M by using:

a1+ /2
Uv]w = / E(.’L’,t) dx
Tar—1+xa /2
~ 5 (a1 — ea-1) - Ejy(#) @)

V. INSERTION OF NON LINEAR COMPONENTS

Any component can be taken into account in the modd,
whether linear or not, if its insertion respects several rules.
First, components are inserted at the nodes of the structure.
Second, they are described in their transient form. Third, their
model simulate the real high frequency behavior.

IEEE TRANSACTIONS ON MAGNETICS, VOL. 36, NO. 4, JULY 2000

A. Nodal Insertion

By assuming that the dimension of acomponent is not signif-
icant, its self susceptibility and self radiation are not modeled:
a component is reduced to a nodal contribution.

B. Time-Domain Formulation

A component is characterized by its transient impedance. If
non linear, the impedance has to be calculated at each time
step. The relation between the electric field E; at node ¢ and
the “nodal” voltage Ui across a segment centered at the node
iswritten using (2). The Ohm’s law is used to describe the be-
havior of the component. In the general case, with the previous
notations, it may be written in matrix form as:

k—1
Uni = Zh I + Z Zy, L €)
j=0
where Z ;s is the impedance of the component located at node

M and at time ¢;. For the R, L and C' components, it can be
written as:

Resistance: U]\{k = R]wIJWk
Inductance: U pi = % Iy — % | BV
Capacity: Uppi = % T + % | YT
k—1
+ % ; (Inrj +Larj—1)  (4)

Thefinal electric field equation is obtained by adding (1) and
Q):

; Ui VAT
ln(‘,‘ — Z I . S(‘,H/.'
Mk + 4Al]\4 < MI+ Al]\{ i+ Mj
1 k—1 )
M =0

where Al isthe half-length of the segment [z 1, /] Note
that the matrix Z,,; remains constant during the solving, since
itisonly dueto the geometry of the electric circuit. On the other
hand, the matrix Z%, has to be generally updated at each time

step.

C. High Frequency Behavior

The frequencies and the magnitudes of the radiated fields de-
pend actually strongly on the parasitic elements of acomponent.
For example a parasitic capacity in paraléd with a high induc-
tance may develop high frequency resonance, which are of great
importance for an EMC purpose. So a component has to be de-
scribed with a detailed model such as those found in [5] or [6].
Fig. 7 shows as example the model of the diode used in the fol-
lowing section.

VI. EXAMPLES OF SIMULATION
A. lllumination of a Mono-Alternance Rectifier

Figs. 8 and 9 show the current in a single loop loaded with
a soft diode [5] and a 100 © resistance, in normal running
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Fig. 7. Detailed model of the diode [1].
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Fig. 8. Current in a single loop rectifier: normal and perturbed currents are
exactly superimposed, except during the pulse at time 0.15 ps.
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Fig. 9. Zoom of the previous curve around 0.15 us.

and when illuminated by an electromagnetic perturbation. The
source suppliesa 100 V aternating voltage. In normal running,
one can observe a large reverse recovering current due to the
fact that it is a power diode. The biexponential plane wave
perturbs the circuit at 0.15 us. Since the loop is small and the
decay time of the pulseis large, normal and perturbed current
are superimposed except during the pulse: only itsleading edge
is observed.

B. lllumination of a Distribution Network

Asshown in Fig. 10 the distribution network is modeled in a
very simplistic way, in order to demonstrate the potentiality of
the formulation. The network is made of a AC voltage generator
withitsinternal resistance» and by aresistance R protected by a
surge arrester. It is assumed that only the generator branch isil-
luminated by alightning stroke defined by a biexponential. The
dynamic model of the surge arrester is found in [6]. The con-
ducting ground plane is modeled by applying the image theory.

963

Einc i
\ P { 25m -
< e Pl
e
05 r=20 : b
m i 250V-500A $ R=2Q
Up=240V | i
: >

Fig. 10. Modeling of the distribution network.
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Fig. 11. [llumination of the network: pulse in the generator branch, arrester

voltage and current in the load.

Fig. 11 shows the efficiency of the arrester, since the current
in the load induced by the pulse is limited as soon as the surge
arrester becomes conducting. Note that, dueto the time constant
of the pulse, the regular sinusoidal variation due the generator
can not be observed (its periodicity is 50 ms, compared to time
constant of the pulse defined in nsl).

VI1I. CONCLUSION AND PERSPECTIVES

In this paper, a new transient model to evaluate at the same
time both induced and conducted currentsin wirecircuitsis pre-
sented. It is based on a coupling formulation between radiated
fieldsand wires. It is shown how to deal with multiple junctions
and to insert electric components and generators. This new for-
mulation allows to study the susceptibility of electric circuits
loaded with non linear components in operation.

Further developments have now to be made. First, it is nec-
essary to validate the formul ation with an adapted experimenta-
tion, since no numerical comparisons are available. Second, the
formulation hasto be optimized from anumerical point of view.
Third, the thin-wire model has to be coupled with a boundary
element model in order to modelize the environment.
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