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Abstract. This contribution contains the mechanisms for cal- at material boundaries. In a vehicle with combustion engine
culation of magnetic shielding effectiveness from material or electrical drive train are in most of the cases electromag-
samples, based on measured electrical parameters. For thisetic source and victim placed in a closed distangetd
measurement systems for the electrical conductivity of higheach other, that the near field conditiorg % is fulfilled
and low conductive material samples with respect to the di{(Schwab and Kirne2011). Separation of the field compo-
rection of current flow are presented and discussed. Also aents (electrical and magnetic field) for analysis of shield-
definition of isotropic and anisotropic materials with elec- ing effectiveness is necessary. The focus in this contribu-
trical circuit diagrams is given. For prediction of shielding tion is laid on magnetic shielding effectiveness in the near
effectiveness for isotropic and anisotropic materials, severafield area, reasoned by high switching currents generated by
analytical models are presented. Also adaptions to gain a neahe power electronics in an electrified vehicle. Strong mag-
field solution are part of this contribution. All analytical mod- netic fields with fundamental frequencies in the lower fre-
els will also be validated with an adequate measurement sysgjuency range (10 kHz to 20 kHz) with a wide spectrum up
tem. to the MHz range are the result, skchel (2011). Based
on measured electrical parameters (electrical conductivity),
a method will be presented to calculate magnetic shielding
effectiveness of material samples in the near field area. For
1 Introduction isotropic materials (i.e. Aluminum) there are several analyt-
ical models in the literature available. Among others a mod-
In common, shielding effectiveness of material samplesification of Schelkunoff’s Impedance Concept (S@®lf-
is measured with a capacitive coupled Transmission-Line-sperger2008 for the near field area and the analytical model
Holder (TLH) based on ASTM D4935-10 standard. This from Moser (seéoser, 1967). Also considered in this con-
TLH is a widened coaxial cable, where the surface of the matribution, materials like Carbon Fibre Reinforced Polymers
terial sample is coupled perpendicular to the inner and oute{CFRP). Anisotropy of CFRP will be discussed with electri-
conductor. In other words, the coaxial cable is separated byal circuit diagrams. An approach for calculating magnetic
the material sample. This means, that the field vectors arghielding effectiveness based on measured electrical proper-
oriented parallel to the surface of the material sample andies for the near field area will also be presented.
the far field shielding effectiveness is measured. In theory
this is described by the Impedance Concept of Schelkunoff
(seeSchelkunoff 1938 with the physical processes of reflec-
tion, transmission and absorption of electromagnetic waves
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Figure 1. Isotropic material and equivalent circuit diagram.
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Figure 2. Anisotropic material and equivalent circuit diagram foandy direction.

2 Near field shielding effectiveness 2.2 Magnetic fields

This section describes the physical processes accountable fathe magnetic field will be shielded respectively reduced by
shielding of electrical and magnetic fields in the frequencytwo physical processes (see Fig, the generation of eddy
domain. First of all, a definition of near field is necessary. currents in the shield and skin effect. The incident magnetic
Fields are defined in the frequency range as near fields, whefield leads to a voltage in the shield, which results in eddy
the wavelength. is large compared to the distaneg from currents in the shield. These eddy currents are generating an
field source to observing point. The following conditidl) (  inverse oriented magnetic field, which weakens the incident

must be fulfilled Echwab and Kirne2011): magnetic field. The skin effect describes the reduction of the
current density of a conductor or shield by raising frequency.
r& » 1) In summary, the magnetic shielding effectiveness depends on
2 the shield materiald, 11,) and the thickness of the shield.

The near field shielding effectiveness of electrical fields on

enclosure level is nearly infinity and the shielding process is3  \1aterial catalog and measurement methods
described by the Faraday cage. The electrical field bears a

force on charge carriers in a conductive material, Near fieldThe material catalog contains two types of materials:
shielding effectiveness should be considered separately for ) )
the electrical and magnetic field. At first, the physical pro- — !Sotropic materials

cesses for electrical shielding effectiveness will be described. _ Anisotropic materials

2.1 Electrical fields which will be described in the following subsections. Also

S _ _ _ two different methods for measuring conductivity will be
A finite piece of material (thickness and areaA =a - b) is presented and discussed.

penetrated by an incident electrical field, displacement cur-

rents transported by the electrical field lines are closing in3.1 Isotropic materials

the conductive shield material. A part of electrical field lines

encompasses the shield and closes behind it. So, electric&in isotropic material is defined as a material with a con-
shielding effectiveness on material level depends strongly orstant electrical conductivityo() in all three spatial direc-
the geometry of the shield (are®) and the distance from tions (, y, z). Figurel shows an isotropic material (i.e. Alu-
the source to the shield For an enclosure or housing, Minum) and the corresponding equivalent circuit diagram,
shielding process is described by the Faraday cage strugvhich is valid for all three spatial directions.

ture (principle: charge carrier separation). In theory electrical The equivalent circuit diagram consists of a resistor and an
shielding effectiveness of infinite extensive material samplegnductance in series, which are geometry dependent.

is nearly infinity.
Y Y 3.2 Anisotropic materials

An anisotropic material distinguishes from an isotropic mate-
rial in that way, that the electrical conductivity is not constant
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Figure 3. Anisotropic material and equivalent circuit diagram fadirection.

in all three spatial directions. For example CFRP (Carbon Ucontol
Fibre Reinforced Polymers) which consists of C-fiber lay- N\
ers (9C¢ woven) and a Polyamide 6 matrix. Obviously, the \V/
[ |
| I

conductivity should be similar in fiber direction and differs
through the layered structure. Both is visualized with equiv- I
alent circuit diagrams, in Fig for x, y direction and Fig3 <D
for z direction.

In fiber direction, the equivalent circuit diagram corre-
sponds to the isotropic material and consists of a resistor anc
inductance in series. b

Through the layered structure (assumption: alternating] ) (1)
layers of C-Fiber and Polyamide 6) the equivalent circuit MUT
diagram also contains a capacitor for the non conductive (3) 2 @
Polyamide 6 and parallel a high ohmic resistor. The C-Fiber
is also modeled by a resistor and inductance in series.

Power Resistor

Silver paste

()
3.3 Four-Point-Probe-Measurement U\-/
< Meas

Four-Point-Probe-Measurement method could be used fol':igure 4. 4-Point-Probe-Measurement method.
measurement of electrical conductivity at 0Hz (DC). A
known current {i, (1), (4)) was fed into the material sample
(MUT) and the voltage droplmeas (2), (3)) was measured.
The measurement setup is shown in Hig.

With the input current,, the voltage drofi/measand the
geometry of the material sample (aréalength!) it is pos-
sible to calculate the electrical conductivibywith the fol-
lowing Egs. @) based on the specific resistancéBowler,

OCFRRx,y & 1254 kS/m was measured for CFRP. Additional
is to say, that the conductivity of CFRP depends strongly of
the quality and consistency of the MUT like fibre position
and fibre concentration.

2006 3.4 Capacitive measurement method
_ Umeas A The missingz direction of an anisotropic material respec-
p= In 1 tively of CFRP could be measured by a capacitive measure-
1 ment method with an Impedance Analyser. This measure-
o= (2)  ment method is usually used for measuring permittivity of

dielectric materials respectively for materials with a very low
Four-Point-Probe-Measurement method was performed foconductivity (Impedance Spectroscopy). Also preparation of
Aluminium in x, y and z direction CFRP inx and y di- MUT with silver paste was necessary, for a better connec-
rection. For CFRP was silver paste used for better connection of the electrodes. With a Four-Point-Probe measurement
tion of the electrodes and a homogenous current distributiorwere the capacitance’() and the real part of the conduc-

in the MUT. Electrical conductivity of Aluminum is con- tance ') measured. Figuré shows the connection of the
stant for all three spatial directionsay,x,y,; ~ 37.9 MS/m electrodes and the preparation of the MUT.

(comparison to literature value: IMS/m, seeVinaricky Based on geometry of the MUT, the measured capac-
et al, 2002. Electrical conductivity int andy direction of  itance C’ and conductance’) calculation of electrical
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Figure 7. Impedance Concept by Schelkunaffplfsperger(2008.

measurement results in this chapter will be used in the next
chapter for the analytical calculation of the shielding effec-
tiveness.

4 Analytical models for calculating shielding effective-
ness

10°
f [Hz1

This section describes analytical models for calculating
shielding effectiveness of isotropic and anisotropic materi-
als.

Figure 6. Measurement results of CFRPzrirection with capaci-
tive method.

4.1 Impedance Concept by Schelkunoff

conductivity is possible, see Eg8. This method is only

suitable for materials with a very low conductivity, because The Impedance Concept from Schelkunoff (Setelkunoff
higher conductive materials occur a short between the eleci93g describes the physical processes reflection, absorption
trodes respectively the capacitor. The measurement was pegnd transmission of plane waves at material boundaries. This
formed for CFRP inz direction in the frequency range model is based on transmission line theory and the change
40Hz< f <10MHz. of wave impedance at material boundaries. It is valid for
isotropic, single layered materials. Figurevisualises the

Co= EOdA impedance concept for a plane wave (TEM-Wave). With the
c’ following equations calculation of free space impeda#dge
== (Eg.4) and impedance of the material samglg (Eq.5) is
CO/ possible.Zy; depends on the permeability, the permittiv-
' = G ity €, the frequencyw and the electrical conductivity. For
1) dia- and paramagnetic materials, like Aluminum or CFRP,
, is u, ~ 1. With this configuration, calculation of far field
e shielding effectiveness for material samples is possible.
o=¢-w (3)
Mo
The measurement results in the considered frequency rang%O = PN @)
is shown in Fig6.
The electrical conductivity measured with the capacitive
method was for CFRP indirectionocerp; &~ 0.41 S/m. The iop
results have shown, that single Carbon fibre layers are electriZm = o 1 ime (5)

cally insulated. An assumption, that CFRP is a multilayered
material with insulated layers could be made. All presented As mentioned above, shielding effectiveness in the near
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Figure 8. Analytical Model from MoserMoser(1967). X

Boundary 1 Boundary 2 Boundary 3 Boundary 4
field area is more interesting respectively the use case in ¢
vehicle. InWolfsperger(2008 is an approach for calcula- e d 2%, d
tion shielding effectiveness with the Impedance Concept by
Schelkunoff Schelkunoff 1938 in the near field area. This Figure 9. Enhanced Impedance Concepplfsperger(2008.
approach is based on substitution of the free space impedance
Zo by the impedance of an loop antenna/dipole antenna in the

near field areaZ; Eq.14; Z¢ Eq.7), Wolfsperger(2008. consists of transmission- and reflection factors for every ma-
terial and material boundary. The chain matrices could be en-
L= Zo- A ©) hanced for multilayered shields easily, also for CFRP mate-

21 -1 rials. In the first approximation every Carbon fibre layer with
90° fibre direction could be seen as isotropic (see conductiv-

ity measurements in Se&.3) and electrically insulated from

Zc = Zo-2m-r 7) the next Carbon fibre layer by a Polyamide layer. The validity

A of this approximation needs to ensured with measurements,

see Sectb. The measurement results in S&# have shown

a very low conductivity inz direction through the layered
The model from Moser (sedoser, 1967 is valid for the cal- ~ structure for CFRPdcrrp; & 0.41 S/m).

culation of magnetic shielding effectiveness in the near field For calculation of shielding effectiveness in the near field
area. The schematic draw in Figshows two coils (source area of multilayered materials (e.g. CFRP) adaptions of the
and observation point) seperated by an infinite material sheefnodel fromimo et al.(1993 were necessary:

- The model contains an exact solution of the vector wave _ Shielding effectiveness behind the shield respectively
g. @)- multilayered material

4.2 Model from Moser

v2A + kS A =0 (8) — Solution for near field sources

Validation with a measurement and comparison to theDPue to the simple structure of the quadripoles and the matri-
Impedance Concept by Schelkunoff was done Mgser  CeS, calculation of shielding effectiveness behind the screen
(1967). For validation of the measurement method, analog towas €asy. In the following, the method will be called: Chain

following example £ = 2 layers of Carbon fibre and =1

4.3 Enhanced impedance concept for multi layered layer of Polyamide, see Fid.0) the chain matrix looks like

structures (Egs.9 and10):
In Imo et al.(1993 is a model for calculation shielding effec- [al} = [11][P2] [T2] [ Ps] [ T3] [ Pa] [ T4] [05} ©)
tiveness of a parallel-plate-shield (see Fy.This parallel- by 0

plate-shield consists of two infinite extensive plates with a

defined thicknessd)) and a distance to each other of:@. a1 s t1[as

This shield structure is penetrated by a plane wave (TEM(-J: } = [ } [O] (10)
Wave) from outside and shielding effectiveness is calculate

in the middle of the plates with a chain matrix method. Ev- The parametdss = 0 because there are no reflections behind
ery single matrix could be understand as a quadripole, whichthe material, there is just free space. Shielding effectiveness

“lu v
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Extended Impendance concept by Schelkunoff (Nearfield Solution): CFK Multilayer
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O | o (9]
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Figure 10. Example for the chain matrix method for calculation i | LA
shielding effectiveness of CFRP. e 10° 0° 0 "y o o)
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Figure 11. Shielding effectiveness calculated with chain matrix

could be calculated by the following EdL): method for = m + 1 layers Carbon fibre

125 (11)

a
For calculation of the near field shielding effectiveness, a dewounded on a PVC tube (radids= 0.0375m,N = 5 Wind-
tailed view on the transmission matrify( see Eq12) re-  ings, distance between the coils= 0.085m) was inspired

spectively there elements,( » transmission factor equation by Fig.8. The material sample separates the coils in the mid-
and r;; » reflection factor) was necessary. As described indle. Shielding effectivenessS £) could be calculated after
Sect4.1a substitution of the free space impedangg) (vith measuring the induced voltage in the observation coil with
the impedance of the inductive field () or capacitive field  two different configurations{{ingmax Without material sam-

(Z¢) itis also possible to get the near field solution. ple, Uindsamplewithout material sample), see E4.5):
111 g 1}
[72] diia |:”11,l 1 12 g 20. log —ndmax_ (15)
indsample
dij1= 2 Zic rr1= _Zm—Zic (13)  The MUT (Aluminum, thickness/ = 300m) was chosen
T ZutZic ’ Zu+ZLc with adequate aread(= 0.3m-0.2m) to minimize the scat-

tered field (magnetic field outside the MUT), which would
: distort the measurement result. The frequency range were the
_Zok L _Zo2mer o, | iow (14) Measurement was performed: 500Kz < 300kHz. The
21 -r A o +iwe comparison with the Impedance Concept of Schelkunoff
(near field modification), the model from Moser and the mea-

surement for Aluminum is shown in Fig2.

Zy

The following Fig. 11 shows the results for the magnetic

near field shielding effectiveness fer= 1,5, 10, 20 layers .
; . 4 The measurement (blue crosses) and the analytical model
of Polyamide respectively = m + 1 layers of Carbon fibre. . .
- . L . . from Moser (green curve) show, especially in the lower
For raisingm or n magnetic shielding effectiveness in
A S frequency range f( < 1kHz), a very good match. The
the near field is also raising. In the lower frequency range
. L . : . ..~ “Impedance Concept from Schelkunoff (red curve) matches
(< 10kHz) is no shielding functionality available, this is
- . by f > 2.5kHz the measurement or the model from Moser.
reasoned by the low conductivity of the Carbon fibre layer . :
(0crRRy o ~ 125 kS/m) The frequency rang¢ < 2.5kHz is not described correctly
e ’ ' by the Impedance Concept, negative values are not plausible.
For f > 225 kHz a deviation from measurement to the mod-
5 Validation with measurements els is recognisable, this is reasoned by the limits of the mea-
surement system (dynamic problem). The same measure-
For validation of the previous presented models a suitablenent was also performed with a CFRP Material. The mea-
measurement method was designed, The previous presentedrement was compared with the results of the Chain Matrix
models need to be validated with measurements. For this, Method. Parametrisation of the model was appropriate to the
suitable measurement system was designed. The measuresrresponding CFRP material. Figurg@shows the measure-
ment system with two coils (source and observation point)yment results compared to the Chain Matrix Method results.
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Figure 12. Comparison of Schelkunoff’s Impedance Concept and Figure 13. Comparison of chain matrix method with measurement.
the model from Moser with a measurement.
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