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Abstract:

This paper involves modeling and calculating the mutual electromagnetic characteristics in a
multiconductor system using finite element method and equivalent energy equations. The approach
is applied on a real three phase shielded cable. The finite element model of the cable is presented
for calculating the mutual parameters which depend on the frequency. The high frequency
phenomenas, the skin and proximity effect, are well studied.
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Tém tit:

Bai bao dé cap dén viéc nghién clru cac dac tinh dién tir truGng dan xen trong mot hé théng da day
dan bing phucng phap phan tir hitu han két hop viéc gidi cac phuong trinh ning Iugng. Phuong
phap nghién ctu dudc trinh bay chi tiét va 4p dung tinh todn chi tiét mot hé théng da day dan cu
thé - cap ba pha cd dai bao vé. Céc gia tri tuang ho gitra cac day dan, cling nhu' cdc hién tugng xuét
hién & tan s6 cao nhu hiéu ('ng bé mat va hiéu i'ng gan dugc xac dinh rd nét.

T khoéa:

Hé thdng da day dan, dién tir trudng, dién dong, hé phudng trinh Maxwell, phucng phap phan tor
hitu han.

1. INTRODUCTION varied. The propagation of

Multiconductor systems are frequently electromagnetic waves in transmission
used in energy transmission such as lines could be described by the Transverse

overhead lines and cables. The mutual Electromagnetic (TEM) mode. The terms

electromagnetic  effect is extremely of_voltages aqd currents are calculated_ by
using the circuit parameters of line.

Moreover, the switching of
Ngay nhan bai: 28/8/2017, ngay chdp nhan  semiconductor devices in power static
dang: 20/9/2017, phan bién: TS. Tran Thanh converters can generate the

San.
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Electromagnetic Interference (EMI).
power system, this high level of emission
can produce the high frequency
disturbance which propagate over the
power cables [1,2]. In order to analyze the
influence of transmission multiconductor
system on the EMI level, it is necessary to
precisely model the behavior of this
system in the frequency domain.
However, there are some difficulties in
modeling of system due to several factors
[3,5]. Firstly, the properties of materials,
thicknesses of insulation and shielding are
not fully known. Secondly, electrical
wires and frame are twisted, sometimes in
opposite sense. These physical parameters
are insufficient to model a multiconductor
system in the frequency domain;
therefore, it is necessary to take into
account the electromagnetic phenomena
such as the skin effect and proximity
effects [1,2,4]. To correct model, both of
these effects are highly dependent on the
characteristics of the materials and on the
geometry; thus, the finite element method
is proposed to use [4,7]. The number of
simulations by finite element method will
vary according to the number of
conductors in the multiconductor system.
Each simulation will provide an energy
value that will allow us to determine the
lumped parameter  (resistance and
inductance) matrices. Moreover, these
simulations will be performed for several
frequencies to capture the evolution of the
skin and proximity effects.

2. METHODOLOGY

In this section, the electromagnetic

(ISSN: 1859 - 4557)

formulations used to calculate the lumped
parameters are introduced. Based on
energy method, the seft and mutual values
are obtained from the finite element
model [8].

2.1. Finite
Formulations

Finite Element Method

The finite element method (FEM) is a
technique for the numerical resolution of
partial differential equations. This method
is powerful, general, robust and widely
used in engineering.

Element Method and
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Figure 1. Decompostion of a studied object
to finite elements

In reality, the FEM solves the weak form
of the partial differential equations by
using a mesh which serves as support for
the interpolation functions.

The weak formulation is also called
variational formulation. This formulation
can be defined by considering a
differential operator R and a function f
such as finding u on €Q checking
JR(u)v = fv for any adapted function v.
Q Q

The distribution of electric field and
magnetic field is described by Maxwell’s
equations. The studied object can be
discretized by the nodes, the edges, the
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facets and the volumes.

Solving the final  electromagnetic
equations in a complex object, such as a
multiconductor system, is extremely
difficult. Therefore, the author used the
finite element method and solved the
problem by using its numerical tool as
Salome software [6]. This is a software
which provides a generic platform for
numerical simulation. It is based on an
open and flexible architecture made of
reusable components. Salome can be used
as standalone application for generation
of Computer-aided design (CAD) model,
its preparation for numerical calculations
and post-processing of the calculation
results. Salome can also be used as a
platform for integration of the external
third-party numerical codes to produce a
new application for the full life-cycle
management of CAD models.

In this study, the value of the capacitance
matrix is supposed not to be frequency
dependent and not to be examined.
However, for the resistance and
inductance matrices which vary with the
frequency, the two magnetodynamic
potential formulations are used [9,10].

Magnetodynamic problem

As mentioned above, the purpose is to
determine the resistance and inductance
matrices which depend on the skin and
proximity effects. These resistance and
inductance matrices are calculated in
function of the frequency by solving the
magnetodynamic formulations.

The magnetic vector potential A and the

electric scalar potential ¢ are identified
such that the magnetic field B and vector
A are related by B=curlA and the electric
field E is equal to E=joA-grade.
Combining the previous equations with
the Ampere’s law (curlH = J, H as the
magnetic field and J as the current
density) and with the behavior laws
(B=uH and J=cE with p as the
permeability and o as the conductivity),
the partial differential equation to be
solved is:
curlicurIA:Js—o(ja}A+gradgp) (1)
The boundary conditions indicated on B
(B.n=0) and E (Exn=0) are imposed on
the application of Axn=0 on I's and
Axn=0and ¢=0 on I'z respectively.

There is another potential formulation.
The electric vector potential formulation
T and the magnetic scalar potential
formulation Q are introduced such that:

)

Where the source term Js=curlTs and the
unknown term Jing=curlT. Consequently
the equation to solve is given by a
conductive part

J=J,+J, 4=curl T +curlT

curl 1(curITS +eurlT)=—jou (T, +T—gradQ)
O

(©)
The boundary conditions of type J and H
on the boundary I'y by imposing Txn=0
and Q =0 on I'y. The main purpose when
solving both formulations is to obtain two
values of lumped parameters, one for each
formulation.
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2.2. Determination of
matrices

impedance

Based on the calculation of the energy,
Joule losses and magnetic energy, the
values of R and L matrices can be found.
In general, if the conductors are flown by
an electric current, the Joule losses and
the magnetic energy are expressed as
follows :

n

Z 1R,

i, j=Li#]

Wmagzg(g.m 3 .i.,.Li,.j

i,j=Li=]j

IDJouIes = Z:: Ii2 Rii + (4)

where R;i, Lii are respectively the self
resistance and inductance of conductor i;
and R;, L are the mutual reristance and
inductance between conductor i and
conductor j.

To take into account the evolution of the
resistance according to the skin and
proximity effect, the simulations must be
carried out at several frequency values. It
should be noted that self resistance values
corresponds to Joule losses in the three
conductors when only one is supplied.

For example, a simple two-conductor
system can be seen as below:

Figure 2. The mutual relationship
in the two conductor system
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In the magnetodynamic problem, the
relaitonship of resistance and inductance
between the condutors can be defined as

follows :
RQ}L{LM Lm}
RZZ L21 LZZ

R{Ru
R21

where Ry, Li1, Ry, Loy are respectively
the self resistance and inductance of
conductor 1 and conductor 2; and Ri, L1
(or Ry1, L) are the mutual resistance and
inductance between conductor 1 and
conductor 2. Ry, represents the effect of
proximity of conductor 1 to conductor 2
and L;, is the mutual inductance between
these two conductors.

(5)

The energy equations (4) in this case
become:

_ 12 2
I:)Joules - Il R11+ |2R22 +2|1|2R12

1 1
Wmag :§|12L11+E|22L22+ |1|2L12

(6)

The approach principle is the variation of
input currents in FEM model to calculate
the energy equations. The findings of
Poules @nd Wy Values are based on this
FEM model.

Thus, in order to calculate the resistance
and inductance of conductor 1 (Ry; and
Ly1), the established FEM model is
applied to the currents on two conductors
(13, 12) as (1,0) A. Based on Pyyes and
Wag 0f FEM model, the energy equations
(6) are calculated to obtain the resistance
and inductance of conductor 1. In order to
get the mutual values (Ry, Lio), the two
applied currents have to be different and
non-zero.

SO0 13 thang 11-2017
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3. CASE STUDY
3.1. Geometry and parameters

This cable has three cores, and each
conductive core consists of 61 non-
insulated copper wires. Each core is also
surrounded by a semi-conductive tape and
a XLPE insulation, and then there is the
jam, the sealing sleeve, the armature as
well as the outer sheath as being shown in
Figure 3.

Figure 3. Configuration of the cable

Table 1. Parameters of the cable

No Description Material Thickness Diameter
(mm) (mm)
1 Conductor 300mm? Copper. cable class 2 with 61 wires 208
longitudinal sealing
2 Insulation PRSXLPE 2.0 250
3 Assembly of 4 R Copper, cable class 2 7 wires 255
conductors 4mm” Insulation PRS/XLPE 0.7 4.01
4 Optical fibers 8 monomode fibers G652
5 Jams Polypropylen ropes
6 Inner sheath Sheath PEBD 22 599
7 Amor double layer Galvanized steel wires Diameter 5.0 79.9
8 Outer sheath Sheath PEBD 3.2 86.3

As a part of the study, all of the copper
strands are assimilated to a uniform
section. This assumption is valid as far as
the strands are not insulated from each
other and are wrapped by an insulating
sheath which contributes to increasing the
contact areas. Each conductor is
surrounded by semiconductor layers. As a
part of this work, these semiconductor
layers are consided playing a role of

insulation. Therefore, they are modeled in
the case of magnetodynamic model by a
non-conductive and non-magnetic
material in the case of electrostatic model
by a dielectric material & 2,4
corresponding to the XLPE insulation
surrounding the conductor. The studied
system is simulated for 1 m of length.

3.2. Mesh

Since there are three conductors and
conductive armature (Figure 4), the linear
parameters to be determined will be
expressed in a matrix form of around 4*4.

Figure 4. Representation of conductive parts
in modeling cable

Xl:l

(Proper term of cond. 1)
Amor

Xia
(Mutual term between
cond. 1 and amor)

Xaa

(Proper term of amor)

X23
(Mutual term between two cond.)

Figure 5. Index of matrix [R] and [L]

The numbering of the various conductors
is given in Figure 5, and in Figure 6, the
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equivalent circuit of this cable is
represented by the coefficients of the
matrices [R] and [L].

Instead, the magnetodynamic model will
present well the distribution of induced
currents of cable. The calculations are
carried out with the amor connection
condition as in Figure 6.

This figure shows the equivalent circuit of
the multiconductor system. The values
R11, Ry, R33, Ra and L11, Loo, L33, La are
respectively the resistance and inductance
of conductor 1, 2, 3 and of the amor. The
values Ri2, Ri3, Ra3, Ria, Roa, Rsa are
respectively the mutual resistance
between the conductors as well as
between a conductor with the amor of
cable. The rule of inductance is similar.

Figure 6. Equivalent circuit of studied cable
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The Figure 6 (bottom) represents the
equivalent circuit in case of forward
current in conductor 1 and back current in
two conductors 2 and 3. In this case, the
amor of cable is open circuit (i, = 0).

3.3. Solution and Results

The distribution of the induced current in
cable at f = 1 kHz is well presented in the
Figure 7.
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Figure 7. Density of current in cable (A/m2)

This result is corresponding to the case of
the current flowing through the conductor
1. The distribution of current in conductor
1 is according to the skin effect. At the
same time, the induced currents are
produced in the conductors 2 and 3. This
is the proximity effect that occurs at high
frequency in the multiconductor system.
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Figure 8. Density of current in amor (A/mz)
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This proximity effect also appears on the
amor of cable. The Figure 8 shows that
the induced current is maximum at
position near conductor 1 and minimum
corresponding to the farthest distance
from the conductors.

Therefore, the high frequency
phenomenas like the skin effect and the
proximity effect in conductors and also in
amor of cable are clearly demonstrated.

Solving the problem magnetodynamic by
finite element method, value of Joules
losses and magnetic energy are obtained
according to frequency.

The equations (4) in this case become as
follow:

Solving equations (7) by obtained energy,
values of resistance and inductance
depend on frequency. The parameters
variation of conductors (Ri;, Li1) and
shield (Ra4, L4s4) as well as mutual values
between two conductors (R, Li2) and
between a conductor and shield (R4, L14)
are calculated and shown in Figure 9 and
in Figure 10.

The value of resistance increases and of
inductance decreases with the frequency
of source. In the frequency range [O;
100kHz], the calculated resistance is
relatively small. It is explained by a good
conductivity material of this study cable.
As the frequency increases, due to skin
and proximity effect, the resistance value
increases and the inductance decreases.

PJouIes :Z Iilel + Z IinRiJ
i1 T (7y  The difference of result obtained by A-¢
1( & 4 and T-Q formulations is also evident at
mag — o ZlizLii+ Z IinLij i
2\ o T high frequency.
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Figure 9. Evolution of resistances depends on frequency
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Figure 10. Evolution of inductances depends on frequency

The self values of resistance (R;;) and the
inductance (L;) are always greater than
the mutual value between the conductors
(Rij, Li). However, this mutual value
cannot be ignored and that is the
electromagnetic interference effect in
multiconductor system. It is perfectly
consistent with the theory when the skin
effect and the proximity effect appear to
produce the induced current in the
conductors of system.

4. CONCLUSION

This paper presents a method which is
applied to determine the impedances of a
multiconductor system according to the
frequency. The results can assert greatly

the phenomena HF of the cable: the skin
and proximity effect. There are two major
advantages when conducting this method.
Firstly, the modeling of proximity effect
in high frequency is carried out
successfully. Secondly, another benefit is
the introduction of the connection matrix.
The impedance of other configuration of
system according to frequency can be
determined by changing this matrix. This
method can be applied in calculation,
planning and operation of cable and
distribution network. Furthermore, this
approach will be help for the next study to
determine the resonant frequency of the
transmission system.
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