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Abstract. This paper deals with the validation of a measure-1 Introduction

ment method for determining the magnetic shielding effec-

tiveness of a wire mesh enclosure in the frequency range

from 10 kHz to 150 kHz. The comparison with an analytical Vehicles with electric drive have enormous potential to re-
model (parallel-plate-shield, sé@den 1959 for magnetic duce the growing dependence on fossil fuels, for sustainable
shielding effectiveness of wire mesh is also part of this con-€conomic growth and to support environmentally-friendly
tribution. To measure the shielding effectiveness of an enclo€nergy usage. The German government has set a goal for

sure in general, two steps are necessary: Germany to be the market leader in the development of these
technologies in the next years. However, huge technological

1. Reference measurement of the incident challenges, which can only be addressed through an extraor-
electro-magnetic field. dinary degree of interdisciplinary research, are standing in

the way of Germany achieving the above said goal. Apart
2. Measurement of the incident electro-magnetic field in  from some individual solutions that represent a certain level
the enclosure by same conditions. of vehicle functionality, the requirements for a mass mar-
ket product are immense. Customer demands in reference to
This method presented in the contribution uses a Helmholtdriving safety, comfort and quality, over and above, the per-
coil as magnetic field source, controlled by a signal gener-severance of electromagnetic compatibility (EMC) are oblig-
ator and an amplifier in voltage mode. At first, a field me- atory requirements (such as CISPR 25) which need to be
ter was used to measure the frequency dependent magnetioet. The key challenge here is the electro-magnetic decou-
field in the center of the Helmholtz coil. The magnetic field pling of the electric powertrain, which is composed largely
strength was also analytically calculated and compared tmf coaxial cables, connectors, a battery, the inverter and the
the measurement results. The next step was to measure thldectric motor. Within the machine, a rotating field is gen-
induction voltage caused by the magnetic field with a mag-erated through the pulse-width modulated (PWM) voltages
netic field probe, which was later used for the measurementsf the inverter, which typically have fundamental frequen-
of the shielding effectiveness either. A signal amplifier wascies between the range of 8 kHz to 24 kHifichel (2011).
needed to raise the signal-to-noise-ratio (SNR). The gain ofStrong magnetic fields are the result with a wide spectrum
the signal amplifier was also determined and measured. Twap to the MHz range. The entire high-voltage wiring is per-
positions of the enclosure in the Helmholtz coil were con- formed in a completely closed shielding to comply with the
sidered, horizontal and vertical. The vertical position of the requirements for electrical safety and the reduction interfer-
enclosure approaches the analytical modekadlen(1959 ence emissionslilimer et al.(2009. Conventional shielding
closely and the results show a good match with the analyticahgainst magnetic fields are made of solid metal plates with
model. thicknesses from 1 mm upward&ghwab and Kiirne2010.
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Evidently, the resulting weight gain is counterproductive to
an efficient hybrid or electric vehicle. Therefore, lightweight
fabrics, composite materials or wire mesh screens come ti -
the fore. For predicting the shielding effectiveness of those "2 -
materials it is necessary to validate measurement method
and their results with analytical models. e
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2 Magnetic shielding effectiveness
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The magnetic shielding effectiveness is a part of the shieldinc T '3‘ i
effectiveness in the frequency domain. The frequency rangt
is divided in two parts of shielding effectiveness. These are

magnetic shielding effectiveness and electromagnetic shield-

ing effectiveness. The magnetic shielding effectiveness reprig. 1. principle behaviour of shielding effectiveness[dB] in the
resents the behaviour of the shield in the frequency ranggrequency domain.

where the wavelength is large compared to the dimensions

of the shield or enclosure. The magnetic field will be reduced

by two physical processes (see Fig. 1), the generation of edd$-1 Analytical model for homogeneous materials

currents in the shield and skin effect. The incident magnetic ) o )
field leads to a voltage in the shield, which results in eddyAt first we analyse the magnetic shielding effectiveness of a

currents in the shield. These eddy currents are generatingarallel-plate-shield based on homogeneous matgrial defined
an inverse oriented magnetic field, which weakens the inci0Y @ model fromkaden(1959. The parallel-plate-shield rep-
dent magnetic field. The skin effect describes the reductiof€S€Nts & closed shield structure (like a conductor loop) with
of the current density of a conductor or shield by raising fre- the condition, that the distance between the plates is even
quency. In summary, the magnetic shielding effectiveness deSmMaller than the length of the plates|(>> xo, see Fig. 2).
pends on the shield materiat (11,) and the thickness of the The moplel_ is based on_the ratio of the magnetic f|_eld com-
shield. In the frequency range to be considered here, the inPONent inside and outside of the parallel-plate-shield. This
cident electrical field could be neglected due to Faraday cag8'del is only valid for the magnetic shielding effectiveness,
effect. When the wavelength reaches the dimensions of th€® the wavelength is even larger than the screen dimensions.
shield or enclosure (approximately’10, see als@Schwab 1€ skin effect is also considered by this model. The mag-
and Kiimer 2010 the electromagnetical shielding effective- N€tic shielding effectiveness is calculated by Hg.gnd @)

ness gets dominant. The shielding effectiveness is influencefP! @ parallel oriented vector of the magnetic field to the
by apertures and the shield dimensions itself. Therefore, regoarallel-plate-shield, so the incident field penetrates the con-
onances occur at discrete frequencies, which are represent&ictor loop Kaden(1959, page 74, equation 11, 12).

by a drop in shielding effectiveness. The complete shielding
behaviour in the frequency range is shown in Fig.ilpoff- K= ky - X0 )
sperger2009. T

Two analytical models, based on a parallel-plate-shield
from Kaden (1959, for calculating the magnetic shielding
effectiveness in the frequency range of a homogeneous mags = 20- log|coshtk,d) + K sinh(k,,d)| (2)
terial and a wire mesh will be used for comparison.

The parametet,, describes the eddy current constart,
is the half distance between the plates ahid the shield
3 State of the art thickness. The main parameters for influencing the shield-

ing effectiveness are the conductivity)( the permeability

This chapter describes two analytical models selected fron{w, ), both considered in the eddy current constgntand the
the literature. The main focus was laid on analytical mod- shield geometry. Figure 3 shows the magnetic shielding ef-
els for calculating magnetic shielding effectiveness of enclo-fectiveness of a parallel-plate-shield (copper and aluminum,
sures. As above described, the wavelength is large comparech = 0.15m,d = 1 mm) with respect to frequency.
to the dimensions of the enclosure or shield. Two major mod- Figure 3 describes in the frequency domain (100#iz
els from Kaden Kaden 1959 are described for a homoge- f < 1 MHz) the behaviour of the shielding effectiveness of a
neous material (for example: copper, aluminum) and a wireparallel-plate-shield structure penetrated by a magnetic field.
mesh screen. There are other models available for calculatingihe shielding effectiveness was limited to 120 dB, because
the coupling through the apertures of the mesh, for examplédigher values are not realistic and the electromagnetic shield-
Casey(1988 or Wolfspergen2008. ing effectiveness was also not considered. Theoretically the
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Fig. 4. Structure of a parallel-plate-shield based on wire mesh

. ) . (Kaden 1959.
Fig. 2. Structure of a parallel-plate-shield for homogeneous materi-

als (Kaden 1959.

3.2 Analytical model for wire mesh screens
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In order to describe the magnetic shielding effectiveness of
a parallel-plate-shield based on a wire mesh, a model from
Kaden(1959 will also be used for comparison of measure-
ment results. In this case the homogeneous material is sub-
stituted by a wire mesh. The wire mesh to be investigated
consists of equidistant wires, which are defined about the dis-
tance to each other (mesh size) and the wire radius. Figure 4
shows the model structure of the parallel-plate-shield for a
wire mesh used for the analysis. The physical shielding ef-

I L e B T fects are similar to the parallel-plate-shield for homogeneous

- 'S ——— materials. The difference is, that opposite wires are forming
a short connection, where eddy currents are induced and gen-
erating an inverse directed magnetic field, which weakens the
Fig. 3. Calculated shielding effectiveness of a parallel-plate-screenincident magnetic field. The variation of the wire resistance
using the Kaden model. and inductance in dependency of the frequency is also, due
to the skin effect, part of the Kaden mod&laden (1959,
page 276, equation 16).
magnetic shielding effectiveness would converge to infinity  Figure 5 shows the calculated magnetic shielding effec-
by raising frequency. Figure 3 shows also, that the magnetigiveness as a function of frequency. As in Fig. 3, two mate-
shielding effectiveness of the copper parallel-plate-shield isrials (copper and aluminum) are compared. The mesh size
approximately 3dB higher than the shielding effectiveness(y,) is 1 mm and the wire radius.() is 10 um. As in Fig. 3
of the same structure build by aluminum material. AnOthershown, copper has a higher magnetic Shie|ding effectiveness
model of the parallel-plate-shield for homogeneous materi-in comparison to aluminum by the same shield conditions
als fromKistenmacher et a[1993 is available and similar  (approximately 4 dB). This is reasoned by the higher con-
to the above described model from Kaden. The main differ-ductivity of copper. The field penetration through the mesh
ence is the consideration of the area and the circumferencg not considered, the model is only valid for the magnetic
(ratio) instead of the distance between the plates. shielding effectiveness determination. (The characteristic pa-
rameters of the parallel-plate-shield model for wire mesh are:
the conductivity §), the permeability &, ), the distance be-
tween the platesx), the mesh sizeaf) and the wire radius

(rw)).
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Fig. 7. Measured and calculated magnetic field in the center of the

Fig. 5. Calculated shielding effectiveness of a wire mesh parallel- Helmholtz coil.
plate-shield using the Kaden model.

[}
10 120

8 10 12 14
fIHz] x10°

was measured with a field meter (solid line in Fig. 7) and an-

Magnetic Field Generation with a Helmholtz Coil alytically calculated (dotted line in Fig. 7). The difference of
Ampiifier measured and calculated values occurs due to the complex
[ Signal Generator '—» (Voltage Mode; resistance of the coil pair and the influence of the capacitive
100kHz — 1GHz) . : .
coupling between the layers of the coil. The complex resis-
tance was calculated for this application with a simplified
‘ Magnetic Field Probe }. circuit model of the Helmholtz coil.
(100 kfHz 100 MHz) For the measurement of the induced voltage, a magnetic
field probe from Rohde & Schwarz (6 cm diameter, specified
Reference Measurement with/without Signal Amplifier frequency range: 100 kHz to 100 MHz) and a signal amplifier
from Langer EMV (20dB gain, specified frequency range:
. Signal Amplifier Spectrum Analyzer 100kHz to 1 GHz) to raise the SNR were used. Additionally
Magnetic Field Probe (20dB; 100kHz - (Rohde & Schwarz
3GHz) EsPl) a spectrum analyzer also from Rohde & Schwarz was ap-
plied. The signal amplifier was validated with measurements
Shielded Measurement with an Horizontal/Vertical Oriented Enclosure of the induced VOltage with and without the Signal amp“flel‘

inside the Enclosure signal amplifier as a function of frequency is visualized. The

graph shows, that the induction voltage for both measure-

Fig. 6. Setup for shielding effectiveness measurements. ments is nearly constant, except for the lower frequencies,
where the signal amplifier does not work properly. By sub-
tracting both curves, the gain of the signal amplifier could

4 Measurement setup be calculated and for approximately 19 dB in the frequency
range from 30 kHz to 150 kHz.

This chapter describes the setup and the achieved results With the magnetic field measurement results shown in

of the magnetic shielding effectiveness measurement. Arig. 7 and the induced voltage shown in Fig. 8, the transfer

Helmholtz coil was used to generate the magnetic field. Thefunction of the field probe can be calculated. For calculating

field generation was controlled by a signal generator and anhe shielding effectiveness of the wire mesh enclosure, two

amplifier in voltage mode. A constant amplitude (4V, sine measurements are necessary:

wave, peak-to-peak) in the frequency range from 10 kHz to ] o .

150 kHz was adjusted in the signal generator and boosted by 1. Reference measurement with magnetic field probe in

the amplifier (40 dB voltage gain). Figure 6 shows a block  the center of the Helmholtz coil.

diagram of the measurement setup for magnetic field gen- 5 - gpiejded measurement with magnetic field probe in the

ergtlon by the Helmholtz coil, reference measurement and geometric center of the enclosure in the Helmholtz coil.

shielded measurement. center

Consequently, there was no constant magnetic field ampli-
tude. It was dependent on the impedance of the Helmholtz The measurement procedure applied here is based on the
coil. The magnetic field in the center of the Helmholtz coil standard DIN EN 61000-5-7.

— In Fig. 8 the induced voltage measured with and without the
{ AEEERFE I B H Signal Amplifier H Spectrum Analyzer J
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Fig. 8. Measured voltage of the field probe located in the center of 7'9: 10. Wire mesh enclosure and position of the magnetic field
the Helmholtz coil. probe.

Fig. 11. Horizontal (left) and vertical (right) position of the enclo-
sure inside the Helmholtz coil

For the shielded measurement horizontal and vertical po-
sitions of the enclosure were considered (see Fig. 11).

Fig. 9. Microscopic view of the wire mesh. 5 Measurement results

A discussion of the results and a comparison with the an-
alytical model Kaden(1959, page 276, equation 16) will
be presented. The shielding effectiveness was calculated by

For the magnetic shielding effectiveness measurements gubtracting the induced probe voltage values of the shielded

wire mesh enclosure was chosen, too. The enclosure basdgéasurement from the reference measurement. Equation

on a wooden frame with overlapping copper wire mesh onshows this r_elatlon_ and must be calculated for each frequency

each site for an electrical connection of the sides, so that £{€P- All units are in dB and depend on the frequency.

closed shield structure is guaranteed. The size of the enclo-

sure is 3030-10cm, thg mesh material is copper WI'[.h a mesh SE= Vief — Veield 3)

size of ~364 pm and wire radius of ~100 pm, see microscopic

view in Fig. 9. Two positions in the Helmholtz coil are pos- 5.1 Reference measurement of magnetic shielding

sible for the enclosure: horizontal (leads to small areas for effectiveness

the incident field) and vertical (large areas for the incident

field). The enclosure in the vertical position approaches theThe reference measurement was done by placing the mag-

above introduced parallel-plate-shield model for wire meshnetic field probe in the center of the Helmholtz coil and

nearly. The following Fig. 10 shows the wire mesh enclosuremeasuring the induced voltage. The frequency depended in-

with opened cover, the magnetic field probe was located induced voltage is shown in Fig. 8. As above described, the

the geometrical center and was rotated to the field directiorinduced voltage falls about 20 dBuV by 10 kHz, because the

accordingly. signal amplifier is not specified for the frequency range be-
low 100 kHz, this does not affect the shielding effectiveness

4.1 Wire mesh enclosure

www.adv-radio-sci.net/11/189/2013/ Adv. Radio Sci., 11, 18885 2013
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Fig. 12.Measurement result of the shielding effectiveness (SE) of a

horizontal oriented wire mesh enclosure (see also Fig. 11 — left) Fig. 14.Measured and calculatetigden 1959 shielding effective-

ness (SE) of a vertical oriented wire mesh enclosure.

45 5.3 Comparison with analytical model
—
40 T For the comparison with the analytical model of Kaden, the
/ results of the vertical shielding effectiveness measurement
=3 were used. There is an even better approach to the parallel-
;% / plate-shield. The comparison with the analytical model and
0 the measurement results of the vertical oriented enclosure is
shown in Fig. 14. In the literature (for exampl¢olfsperger
= (2008; page 207) it was also reported, that the theoretical
calculated shielding effectiveness will be according to expe-
Ty 4 6 Y 10 12 ia rience maximal 10-20dB higher than the practical reached
Z x10*

values. This could also be observed for the measurement
Fig. 13.Measurement result of the shielding effectiveness (SE) of af€Sults presented in this paper. The measured results ?nd
vertical oriented wire mesh enclosure (see also Fig. 11 —right)y ~ the model of Kaden are showing an almost constant devia-
tion for the frequency range to be covered (approximately

22 dB). The model uses the exact material parameters of the

. wire mesh enclosure (mesh size;,—= 364 um, wire radius:
measurement. Due to the fact that the conditions are the same

i i =y, = 100 pm). This deviation is mainly due to:
for all measurements (with and without enclosure). Tw km) y

. 1. Geometric properties of the model and the enclosure
5.2 Shielded measurement

2. Electrical connections between the plates and the sides

The results for the measurement in the horizontal position
are shown in Fig. 12. The magnetic shielding effectiveness The geometric properties differ. The model is based on
is very low (from 5dB to 23 dB in the frequency range to be a conductor loop and the wire mesh enclosure is a fully
considered), this is reasoned by a small area for the incidenghielded box (6 sides for shielding). Subsequently the aspect
field (1030 cm), so the propagation of eddy currents was lim-ratio of the model is assumed to pg| >> 2- xg and for the
ited. Therefore the compensation of the incident field causedvire mesh enclosurg) = 2-xg. The effective area of the con-
by the inverse directed magnetic field of the eddy currents isductor loop from Kaden is even larger than the effective area
very low. of the wire mesh enclosure and the induced voltage depends

The results for the measurement in the vertical position areon the size of the area, which interacts the magnetic field. The
shown in Fig. 12. The magnetic shielding effectiveness of thegeometric dimensions of the shield, like the effective shield-
vertical position is in comparison with the results of the hor- ing area are not considered in the model from Kaden. Just
izontal position larger (~20dB). This is due to larger areathe distance between the plates has been considered. The in-
(30cm30 cm) for the incident field and the occurred eddy creasing resistance by raising the distance between the plates
currents in field direction. Therefore, there was a better comis also not considered in the model. Although the electrical
pensation of the incident field by inverse directed magneticconnections between the plates of the wire mesh enclosure
field resulting from the eddy currents. are not perfect.
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in this paper, the magnetic shielding effectiveness of an en-
closure depends on the size of the area, where the incident
magnetic field vector is oriented perpendicular. Also, sharp
edges and corners (see corner eff&gden 1959 have an
influence on the the shielding effectiveness and need to be
analyzed within the next steps. The connection of the enclo-
sure parts have also an impact to increase or decrease the
shielding effectiveness.

7 Outlook
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