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Modeling of Connections Taking Into Account
Return Plane: Application to EMI

Modeling for Railway
Edith Clavel, James Roudet, Thierry Chevalier, and Dragos Mihai Postariu

Abstract—The modeling of electrical characteristics of connec-
tions is an important stage of the design phase of a structure.
Indeed, they have an impact on the current density distributions
inside conductors as well as on the current distributions when sev-
eral components are connected in parallel. In the case of a return
plane in the studied structure as for power electronics converters
or railway applications, the model of connections has to be im-
proved in order to represent the physics better. For the first
application field, the cooling system itself can be a ground plane,
and for the second one, the earth has to be modeled. This paper
presents different ways to take into account a return plane while
modeling the electrical equivalent circuit of connections above it.
It starts with the simplest one, the image method, and continues
with the use of a complex skin depth result of solving the Carson
integral.

Index Terms—Electromagnetic interference (EMI) modeling,
equivalent impedance, finite-element method (FEM), partial-
element equivalent circuit (PEEC) method, railway system, trans-
mission line modeling.

I. INTRODUCTION

THE electrical modeling of connections is unavoidable
today, whether the applications concern a power electron-

ics structure, a power distribution bus bar, or a railway system.
Indeed, for power distribution purposes, the internal electri-

cal characteristics of conductors lead to supplementary losses
which imply over costs for the life cycle analysis of the product.
Moreover, current levels inside these conductors can be high
which can lead to an over heating of the structure. Dissipating
these losses can be difficult.

In the power electronics field, it consists of controlling the
value of the impedance of the commutation loop in order to
have a good working of the static converter. Moreover, when
several semiconductors are connected in parallel, it is necessary
to have an equal distribution of current inside them. Now,
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everyone knows that the electrical characteristics of the layout
have an effect on the balance of currents.

For these two kinds of applications, conductors are very often
near a return plane which can be the earth for railway applica-
tions or the cooling system for power electronics structures.

While modeling the connections of every kind of electrical
devices, it is then necessary to take into account the char-
acteristics of this ground plane. Accordingly, the application
assumptions will be different, and then, the modeling method
must be adapted.

In this paper, different modeling approaches are presented
according to the studied application. Section II is dedicated
to the modeling method which is commonly used to evaluate
the electrical characteristics of conductors. In Section III, the
influence of a perfect ground plane is recalled. The characteris-
tics of a nonperfect ground plane are progressively inserted in
Section IV, and the appropriate methods are presented. Finally,
the application of the modeling of a railway system is detailed
in Section V.

II. MODELING OF CONNECTIONS

The intrinsic electrical characteristics of conductors can be
taken into account by using different methods. However, the
most convenient model is an electrical equivalent circuit. This
model is based on the partial element equivalent circuit (PEEC)
method. In [1] and [2], Ruehli details the modeling approach.

Assuming uniform current density inside the cross sections
of conductors and nonmagnetic materials (i.e., relative perme-
ability equal to 1), the value of electrical characteristics is ob-
tained using analytical formulas. A nonuniform current density
is modeled using a meshing of a conductor. It is not necessary
to mesh the air around the studied device, which is a great
advantage compared with the finite-element method (FEM).

According to the application field, the analytical formula-
tions will be different.

Indeed, for a low-frequency model (until some megahertz),
it is not necessary to take into account the propagation along
the conductors, and the modeling process is shown in Fig. 1.
According to the assumption upon the current direction inside
conductors, the description will be pipe oriented or 2-D. The
meshing is adapted to this description. Then, the following
stages of the modeling consist of evaluating the values of
electrical components using analytical formulations and solving
the Kirchoff equations to obtain the currents, the losses for
instance.

0278-0046/$25.00 © 2009 IEEE
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Fig. 1. Principle of the PEEC method.

Fig. 2. Image method principle.

This method has been widely used in order to evaluate
the electromagnetic interference (EMI) performance of power
converters [3], [4], thanks to the development of the software
InCa3D.1

For high frequencies, the PEEC approach is adapted for
transmission line purposes, which is called multiconductor
transmission lines (MTL) [5]. The principle of modeling is the
same; only the formulations change.

III. IMAGE METHOD

In the case of a perfect ground plane, e.g., infinite sizes
and conductivity, it is possible to use the well-known image
method to introduce the influence of the ground plane upon the
electrical characteristics of conductors.

In one word, the values of the intrinsic inductances of con-
ductors as well as the values of mutual inductances between
conductors are modified.

1[Online]. Available: http://www.cedrat-groupe.com/.

Fig. 2 shows the principle and the results.
For a large number of applications, this modeling is a good

approximation. It remains easy to apply and understand.

IV. MODIFIED IMAGE METHOD

A. Case of High Conductivity

For a return plane of high conductivity, e.g., for copper or
aluminum, the image method remains quite well adapted.

However, for some power electronics applications, it is not
possible to assume infinite sizes of the return plane. For in-
stance, the thickness of ground plane of the insulated metallic
substrate (IMS) applications is very low, and the assumption of
infinite sizes for the image method is not verified specially for
low frequencies.

In this case, it is possible to adapt the image method. Indeed,
the distance between the conductor and its image is modified.
For the image method, this distance is equal to 2d where d is the
distance between the return plane and the conductor. Here, we
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Fig. 3. Modified image method.

Fig. 4. Inductance of an IMS loop with return plane: comparison between
modeling and measurements.

propose to equal this distance to 2(d + δ) where δ is the skin
depth as Deri et al. also proposed [6] (Fig. 3).

For this case, it is not the complex skin depth.
It is defined in the following where μ is the permeability,

σ is the conductivity, and f is the frequency:

δ =
√

2
ωμσ

=
1√

πfμσ
. (1)

This has been applied to an IMS structure, and the value of
the equivalent inductance of the modeling has been compared to
measurements. Indeed, when frequency increases, the distance
between the conductor and its image decreases compared to a
constant value for the image method.

In Fig. 4, the two models are compared with measurements.
With this model, the influence of the return plane is only on

the value of the inductances and mutual inductances of con-
ductors. Indeed, since geometry has been meshed to take into
account nonuniform current density, when circuit equations are
solved, this influence appears on the real part of the equivalent
impedance and, therefore, on the global losses of the structure.

B. Case of Earth Return Plane

However, in some cases, the assumption of a high conduc-
tivity of the return plane is not verified, like for the earth in
the railway system. Hence, the Carson’s integral [7] has to
be solved in order to take into account the return plane and
to obtain an electrical equivalent circuit of this part of the
structure.

Different solutions have been proposed to solve the Carson’s
integral. Some are based on a truncation of the Bessel function
used; others propose a double logarithmic approximation [8].
However, since it is more convenient to work with an equivalent
circuit, in this paper, we propose to continue the use of the
image method and, then, to apply the Deri solution [6].

For this case, the distance between the conductor and its
image is increased by the complex skin depth δ

δ2 =
1

jωμσ
. (2)

In the example of one conductor above a return plane (Fig. 2),
its self-inductance is given by

L =
μ0

8π
+

μ0

2π
ln

(
2d

r

)
+

μ

π
Jground

with Jground =

∞∫
0

exp(−2dx)

x +
√

x2 + jωμσ
dx (3)

where d is the distance between the conductor and the return
plane, r is the radius of the conductor, and x is the frequency-
dependent conductivity of the earth.

A simple variable change [(4)] and two successive approxi-
mations [(5) and (6)] lead to

x =
u

2δ
(4)

u

u
2 +

√(
u
2

)2 + 1
≈ 1 − exp(−u) (5)

∞∫
0

exp(−ax) − exp(−bx)
x

dx ≈ ln
(

b

a

)
(6)

Jground =
1
2

ln
(

d + δ

d

)
. (7)

Once again, the distance between conductor and its image is
modified.

The value d + δ is a complex number which is possible to
write as a modulus and phase. Then, we can see that Jground

is also a complex number. Therefore, not only the inductance
of conductor Lc is modified with this approach but also the
resistive part of the conductor. That way, the influence of finite
conductivity of return plane is modeled through the following
electrical characteristics:

d + δ = h exp(−jθ) (8)

Lc =
μ0

8π
+

μ0

2π
ln

(
2d

r

)
+

μ

2π
ln

(
h

d

)

Zc = Rc +
μω

2π
θ + jLcω (9)

with Rc as the resistance of the conductor.
The same approach can be undertaken for two conductors

above a return plane in order to evaluate the influence of
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Fig. 5. Inductance of loop with two return planes: comparison between
(dotted line) modeling and measurements.

this plane upon the mutual inductance between these two
conductors.

The solving steps are the same, and once again, the conclu-
sion is to modify the distance between conductors and images
introducing the complex skin depth. Not only the imaginary
part but also the real part of the intrinsic impedance of con-
ductors is modified. Real couplings are also introduced.

V. COMPARISON BETWEEN MODELING METHODS ON

SIMPLE EXAMPLES OF RETURN PLANE

A. Case of Power Electronics Application

A design constraint for power electronics applications im-
plies the reduction of the sizes of devices. Therefore, it is not
possible to accept large ground planes to dissipate the losses.
The sizes of ground planes are usually the same as the ones of
the circuit above them. Therefore, it is not possible to assume
that sizes are infinite. Fig. 5 shows two circuits with different
ground planes and their modeling with the classical image
method. The equivalent inductance of the loop has also been
measured.

In order to dissociate the effects, the distance between ground
plane and conductors is constant (original image method) that
is why, for low frequencies, the model is not so good. We have
seen in the previous section the influence of this distance upon
modeling.

In this simple example, we can see that the finite sizes of
a return plane have an impact. The modeling using image
method is no longer appropriated if return plane sizes cannot

Fig. 6. Comparison between measures and modeling in the case of return
planes as real conductors.

be considered as “big” compared with the sizes of the studied
electrical equipment.

One solution is to describe the ground plane like a conductor
as the other ones and to use the PEEC method to model the
structure as shown in Section II. In order to model a nonuniform
current density inside it, this new conductor is meshed. Since
no assumption can be done upon the current direction, a 2-D
meshing (see Fig. 1) has been applied. Moreover, its electrical
equivalent circuit is coupled with the other conductors with
mutual inductances. Its influence upon the current distribution
as well as on the global losses can then be evaluated [9], [10].

This solution has been applied on the previous example, and
results are shown in Fig. 6. The finite size influence is well
modeled. The difference between the modeling and measure
which appears for high-frequency domain is only due to an
insufficient meshing of the return plane. It must be said that this
meshing but be adapted to frequency to take into account the
skin effect but this highly increases the number of subdivisions
and, then, the matrix sizes for the circuit solving. That is why
this difference is less important for case 2. In that case, return
plane sizes are lower; therefore, the meshing can be denser than
for case 1 with the same computational time. We can observe
in Fig. 6 the well-known decrease of inductance with frequency
due to the skin effect.

B. Case of Transmission Line Application

For high-frequency applications, the approach can follow
the same way. Indeed, when the characteristics of the return
plane avoid the use of the image method, it is possible to
describe it as a conductor. Its meshing is simpler than in the
previous case since the current is in only one direction. Then,
the electrical characteristics of conductors above the return
plane are modified. This modeling has been widely described
in [11].

Figs. 7 and 8 show a test configuration and the comparison
between measurements and modeling, respectively.
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Fig. 7. Test configuration.

Fig. 8. Comparison between measures and modeling for the configuration
in Fig. 7.

A good accuracy of results can be observed on this
studied case.

Then, this modeling method has been successfully applied
to more complex configurations. The only limit is the size of
the matrix when solving the circuit equations of the whole
problem.

C. FEM

Another way to model nonperfect return planes is to use the
well-known FEM. This is the most common method used to
numerically solve Maxwell equations for every kind of con-
figuration [12]. Assuming a good meshing of the problem and
adequate boundary conditions, the results are reliable. In this
paper, it has not been used because PEEC and MTL approaches
prevent the air meshing which is unavoidable for FEM. Never-
theless, its use can be justified when the assumptions of PEEC
or MTL methods are not valid. It is particularly well adapted
when nonlinear behaviors appear in the magnetic (conducting
or not) materials.

D. Conclusion

To model nonperfect return planes, an alternative to the
numerical solving of the Carson’s integral can be the use of
its geometrical and physical descriptions in order to find an
electrical equivalent circuit. Then, according to frequency range
or the geometrical configuration, the PEEC method which gives
lumped elements or the MTL method which gives a per unit
length model can be used, or FEM can also be well adapted if
the described domain is not so large.

Fig. 9. Studied railway structure.

Fig. 10. Per-unit length impedance of the contact wire.

VI. APPLICATION TO RAILWAY SYSTEM

In this section, a railway application is detailed.
In fact, the return plane is the earth. Therefore, the as-

sumption of a perfect ground plane is not valid in this case;
its conductivity is not so high. Therefore, the classical image
method is not valid, and we are going to compare results using
modified image method and FEM, taking care of numerical
hypothesis, so that results can be reliable.

The studied configuration is shown in Fig. 9.
It is a classical structure constituted of a feeder wire, a

contact wire, a carrier wire, two rails, and the soil.
The electrical characteristics of each wire are evaluated either

with the modified image method or the FEM.
A first comparison between the different modeling methods

has been made. The per unit length electrical characteristics of
each part of the structure have been evaluated and compared.
Fig. 10 shows this comparison upon the per unit length im-
pedance of the contact wire. These three modeling methods
give the same results upon all the electrical characteristics of
the structure (impedance and mutual impedance). Therefore,
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Fig. 11. Electrical connections of the studied configuration.

for the following comparison with measurements, only one of
them is used.

After this first set of comparisons and evaluations upon the
per unit length parameters, we have calculated the impedance
of the configuration shown in Fig. 11. This is the configuration
test on which measurements have been undertaken.

In order to evaluate the input impedance Z0, it is necessary to
take into account the length of wire �, the load impedance Zc,
and all other connections between the wires

Z0 = V co/Ic. (10)

Then, (11) gives the current and voltage for any position z
along the wires.

[Z] and [Y ] are the per unit length impedance and admittance
matrices, respectively, using either Deri or MTL methods,
γ’s are their eigenvalues, and [T ]’s are the eigenvectors{

∂ V (z)
∂z = [Z][Y ]V(z)

∂ I(z)
∂z = [Y ][Z]I(z)

(11)

[T ]−1[Y ][Z][T ] = [T ′]−1[Z][Y ][T ′] = [γ2]{ (
I(0)
I(l)

)
=

(
−[B]−1[A] [B]−1

−[B]−1 [B]−1[A]

)(
V (0)
V (l)

)

with ⎧⎨
⎩ [A] =

[Zc][T ]([e−γl]+[eγl])[T ]−1[Zc]−1

2

[B] =
[Zc][T ]([e−γl]+[eγl])[T ]−1

2 .

Fig. 12 shows the evaluation of impedance Z0, and Fig. 13
shows the measurements on the test configuration.

The measurement conditions have not been clearly estab-
lished; therefore, it has been difficult to compare measurements
and simulations. For example, a power substation with a three-
phase transformer is in the close neighborhood of the railway
measured loop. This electrical equipment has not been model
even if it is well known that electromagnetic field can be influ-
ent and can modify the impedance value. Since no information

Fig. 12. Evaluation of Z0.

Fig. 13. Measurements.

has been given concerning it by the private company, it was not
possible to model it to obtain better results.

Some assumptions on the connections between the wires
have been made without certainty.

Nevertheless, a good agreement on the behavior can be
observed. The characteristic frequencies are well evaluated as
well as the low frequency impedance.

This kind of model for connections can complete the model
which is used in [13] in order to design a multilevel hybrid
power filter for railway applications.

Moreover, this modeling process is well adapted to the design
of every kind of connection. The equivalent impedance can be
used to evaluate the EMI performances of systems such as those
presented in [14] or [15].

VII. CONCLUSION

This paper has presented different methods to model a return
plane for electrical structures. Three approaches were detailed
according to the assumptions which are valid on the studied
device. This is not an exhaustive list of modeling methods but a
practical way to take into account nonperfect return planes.
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The PEEC method is well adapted to give an electrical equiv-
alent circuit of connections. Coupled with the image methods,
high conductivity return planes can be modeled.

If the conductivity or sizes are not so high, the image method
can be used if distance is modified and skin depth or complex
distance is added.

For high-frequency applications, a transmission line method
is preferred. In that case, the MTL method is used to evaluate
the electrical equivalent circuit of connections.

The FEM can be used for every kind of application, assuming
that it is correctly used. For some cases, it can be used as a
reference method to test other models. However, calculus with
this method can require heavy memory and a very long time for
calculation.

The railway application which has been presented is a good
example to show interest in such a modeling.
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