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Abstract — The aim of this project is to verify the
magnetic field shielding effectiveness of the carbody of
a Bombardier Transportation’s distributed power
train in order to preliminary establish the value of the
magnetic field inside the train knowing the emission
values of the electrical equipments installed in the
underframe. Both simulations and measurement of
the shielding effectiveness were carried out, which
have led to slight different values. A secondary aim of
this project is to understand the causes of these
differences.

I.  INTRODUCTION

The design of a new train is a very complex work that
involves several engineering disciplines; it starts from a
first design phase that fixes the technical requirements
and the preliminary concept (technical characteristics that
the new train shall have) and continues with successive
phases of detailed design.

One important step of this complex work is the EMC
design; by knowing the EMC field limits fixed by the
Standards the goal of the EMC engineer is to preliminary
check, by doing proper calculations and assumptions, if
the values of the EMC field inside and outside the train
complies with the standards and, if not, take the proper
countermeasures in order to bring the values below the
limits.

The instruments that the EMC engineer has in his
hands are the EMC theory and the experience gained in
the previous projects. It is therefore clear the importance
of the simulation, performed to estimate the field values
generated by the on-board power equipment and the
amount of field transmitted inside the train. One of the
most important elements necessary to properly perform
those estimations is the calculation of the carbody
shielding effect by knowing the carbody design and
material.

The first part of this article will be focused on these
aspects of the EMC design.

In order to prove that the values generated by the model
are correct, the second step is to measure the shielding
effectiveness on a real carbody, as soon as it is available.
The second part of this article will be focused on the
measurements done by Bombardier Transportation in a
carbody of a distributed power train.
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II. CARBODY DESIGN AND MATERIALS

The train carbody floor frame, object of this study, is
made of two horizontal aluminium sheets with a
thickness of 3.8° mm located at a distance of
approximately 60 mm from each other, the two sheets are
separated by aluminium stiffening ribs placed with an
angle of 45° from the horizontal plane; this structure is
obtained with a die casting process.

The total thickness of the carbody floor is 65 mm.

A cross section of the carbody floor frame is provided in
the following Fig 1.
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Fig 1 - Carbody floor - Section view

In the train the cables and the power equipment (i.e.
traction inverters, transformers, etc.) are located just
under the carbody floor; the power cables are installed
inside a rack directly screwed on the carbody underframe,
the power equipment is mounted below the rack.

Fig 2 - Carbody floor — Upper view
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The carbody shielding effectiveness measurements were
done on a train carbody in the factory during the
assembly phases of the train; since the train was still in
construction, the carbody did not contain any other
equipment (i.e. cables, bogies, power equipment, etc.);
this allowed us to perform the measurements without the
influence of other ferromagnetic materials.

Assuming that the major source of magnetic field is the
cable rack, the measurements were aimed to simulate the
field generated by the cables by placing the field
generator just under the floor.

I1l.  THEORY AND SIMULATION

The theory of the magnetic field shielding effectiveness
of a sheet of metallic material is well known. A short
summary of this theory is presented in the following
paragraphs (Ref. [5]).

The magnetic field Shielding Effectiveness (SE, in % or
in dB) of a metallic material is mainly due to three
principal effects:

1. Electromagnetic reflection (R);

2. Electromagnetic absorption (A);

3. Multiple reflections of the electromagnetic field
inside the metallic material.

An explanation of each effect is given below.
-Electromagnetic Reflection. The incident magnetic
field can be reflected by the surface of the metallic
material, the amount of reflected field is dependent by the
distance from the source and the angle between the
source and the reflective surface; also the frequency of
the EM field affect this phenomena.

-Electromagnetic Absorption. This phenomenon is due
to the generation of Foucault currents inside the material
induced by the magnetic field.

The absorption of an EM field inside a metallic
(conductive) material is function of the following
parameters:

e  Electrical conductivity (o [Q7]) of the material -
Measures the material's ability to conduct an
electric current.

e Magnetic permeability (u [Hm™']) of the
material - Measures the ability of a metallic
material to conduct the magnetic flux; a high
permeability gives better magnetic field
conduction. The magnetic permeability is the
product of two terms: the permeability of
vacuum (p0 = 47x107 Hm ™) and the relative
permeability of the material (ur). Ferromagnetic
materials (like iron or carbon steel) are very
suitable for this shielding purpose at low
frequencies, because pr is very high (ur =~ 180)
for frequencies below 1 kHz. At higher
frequencies (greater than 1 kHz) the relative
permeability is more or less equal at the one of
the air (ur = 1). For this reason, at high
frequencies, the magnetic field shielding
effectiveness of a ferromagnetic material
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decreases.

e Thickness (d [m]) of the material

e EM field penetration depth (8 [m]) - is a measure
of how deep an electromagnetic radiation can
penetrate inside a material. It is defined as the
depth at which the intensity of the EM field
inside the material falls to 1/e (about 37%) of its
original value at the surface. The penetration
depth & can be calculated with the following
equation (1):

5 =

1
Vrke

Observing the equation, the penetration depth is
frequency dependent (the higher the frequency
the lower the penetration depth). Therefore if the
permeability of the material is low (like
aluminium or copper) at higher frequencies the
shielding effectiveness grows rapidly due to this
phenomena.
The shielding effectiveness is also depending on
the thickness of the material:
- Minimum shielding (95%, SE = 30 dB)
requires a thickness of at least 39.
- Medium shielding (99%, SE = 40 dB)
requires a thickness of 5.
- Excellent shielding (99.999%, SE = 120 dB)
requires a thickness of at least 1186.
At DC or low frequency the bulk specific conductivity is
important for electric shielding.
At higher frequencies the currents in the conductors are
concentrated into the surface and the surface conductivity
becomes more important than the bulk conductivity. This
surface concentration of current increases with frequency,
conductivity or permeability (see equation (1) for
penetration depth).
Since at higher frequencies good surface conductivity is
required, conductive coatings and cladded layers are
used.
Al and Cu (reference) have a high conductivity:
Al =373 Q'm?, Cu=595Q™m?, but a low relative
permeability: pr = 1. They are good for electric field
shielding, but bad for magnetic shielding.
-Multiple Reflections. If the shield is composed by many
layers separated by other materials (like air) there is the
phenomenon of multiple reflections of the EM field. This
is the case of a train carbody that it is composed by two
sheets of metallic material separate by metallic ribs. In
this case the shielding effectiveness is increased.

Any slots, holes or imperfection on the frame
compromising the shielding integrity assumed so far can
reduce the shielding effectiveness. During the
measurements of the attenuation, it was observed that
inspection holes and other reductions of floor frame
thickness are present: it is expected that, if cables are
located nearby, the induction magnetic field may be much



higher, since the assumed attenuation is drastically
reduced.

For this reason it is highly recommended that: cables are
routed away from these apertures; if not possible (since
these holes and apertures are there to ensure the access to
the same cables), additional shielding must be installed
on the power cables, on the doors of inspection holes,
cabinets access and on cable duct sides, where the
magnetic field can flow around the floor frame.

IV. ESTIMATION OF THE SHIELDING
EFFECTIVENESS (SE) OF THE CARBODY

The carbody structure is explained in Section I1.

All the power cables of the train will be placed inside an
underframe cable tray that is covered, on top and
laterally, by metal planks and planes in aluminium or
steel of about 2 to 3 mm of thickness.

In the presence of a sheet of metal, shielding is achieved
mainly by reflection and also for magnetic field in the
near field region at low frequency (our case) it is possible
to identify an expression to estimate the related shielding
effectiveness (SE):

SE [dB] = 14.57 + 10 logy,(fd*—)
fu‘?" (2)

Where o, is the electrical conductivity of the material
relative to copper, p, is the magnetic permeability relative
to free space, f is the frequency in Hertz [Hz] and d the
distance between the field source and the shield in metres
[m].

The carbody structure is made of aluminium that has
the following properties:

* 6,=03
* u =1, at a frequency ranging between 50 Hz and
2 kHz

The resulting SE ranges between 6.3 and 22.4 dB at 0.1
m distance and 12.4 and 28.4 dB at 0.2 m distance (6 dB
more for doubled distance).

Those results are approximate since they do not take
into account the shield thickness.

Tabular data obtained by testing aluminium sheets as
per MIL STD 285 (Ref. [1]) confirm, for a 0.1” (2.54
mm) thickness, 8dB @ 50 Hz and nearly
40 dB @ 2 kHz. Using iron, which has a much higher but
not exactly quantified magnetic permeability, for the
same thickness, SE increases to 35 dB @ 50 Hz and more
than 160 dB @ 2 kHz. The distance of the source from
the shield was 30 cm.

Being the floor frame a double layer of horizontal
aluminium sheets of 3.8 mm thickness, located at 6 cm
distance from each other, with a third equivalent sheet in
between due to the internal elements (thickness of 2.8
mm), an approximate 12 dB increase of attenuation is
expected.

V. FIRST BATCH OF MEASUREMENTS

The estimated value above (12 dB better than
theoretical formulation in eq. (2)) is compared with the
results of the measurements performed in the factory on
June 28, 2012.

Measurements were performed with a source of
magnetic field build with 200 turns on an open C shaped
core (made of high permeability material) supplied by a
signal generator.

The relative position of the source and the field meter
was annotated, to be able to reproduce it in the laboratory
with an equivalent magnetic field in air, without the train
floor frame in between. The attenuation is found as the
ratio of the two variables, the induction field without the
frame and with the frame, so B, / B respectively.

The used field meter is an Aaronia NF5035.

The overall thickness of the train floor, after the surface
treatment, was measured equal to 85 mm. The height
above the floor level of the field meter suspended on its
tripod was 120 mm. The distance between the C shaped
core surface and the floor was 50 mm. So, the total
distance between the source and the field meter was 255
mm, and that distance was used to measure the reference
induction field value in free air, By

The results, consisting of the measured attenuation
curve and the two theoretical curves (one with and one
without the 12 dB additive for multiple layers) are shown
in the following Fig 3.

Attenuation

Frequency [Hz]

Fig 3 — Floor frame attenuation: measured (black),
theoretical 1 aluminum sheet (blue), theoretical complete
frame (red)

Theoretical and experimental results match quite well

at low frequency, while the attenuation determined
experimentally is much higher already above a few
hundred Hz.
The aim of the second batch of measurements was to
validate the theoretical attenuation showed in Fig 3 at low
frequency by performing measurements with an higher
level of magnetic field in those range of frequency.

VI. SECOND BATCH OF MEASUREMENTS
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In order to verify the shielding effectiveness of the
carbody floor when the magnetic field value is the same
generated by the underframe cables, another batch of
measurements was done. These measurements were done
only at frequencies of 50 and 100 Hz, but with a higher
field intensity compared to the previous batch. The aim of
this was to understand if the shielding efficiency was
function of the field intensity; our expectation was that
the magnetic working point of the material moves and
that the resulting permeability could be different.
In particular, we have measured the shielding efficiency
of the carbody in three different conditions:

+ Horizontal magnetic field at f= 100 Hz

 Horizontal magnetic field at f =50 Hz

+ Vertical magnetic field at f = 50 Hz
The horizontal field is a condition that better simulates
the effect of the field produced by the cable located
underframe.
For the test a three—axial magnetic field sensor was used,
optically connected to the readout system. The
measurements were done in the time domain allowing
extraction of the three spatial components of Magnetic
Flux Density (MFD) vector at any specific point in the
measurement volume.
The winding consists of 200 coils of copper wire around
a plastic frame (not ferromagnetic), connected to a power
supply which injects a current value that generates a
magnetic field of 2600 uT.
The field measurements were carried out after the
characterization of the field generating winding. The
characterization consists of the measurement of the
magnetic field in air at a distance of 65 mm above the
winding.
The measurement set-up is shown in the following Fig 4.

Maghetlc Flelad
Sensor

Fig 4 — Measurement set-up

The measurement results are given in the following
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Table 1.
Table 1. Measurement results.
Frequency Field Field Carbody
[Hz] reference | measured | damping
value above the factor
[UT] carbody
floor
[MT]
100 Hz 2620 uT | 200 uT 13.1
(\ertical)
50 Hz 2600 uT | 500 puT 5.2
(Vertical)
50 Hz 800 uT 130 uT 6.2
(Horizontal)

By comparing the results of the measurements of the two
batches we can notice that with higher values of magnetic
field the carbody damping factor at low frequencies
(under 100 Hz) is more similar to the calculated one, this
proves that the magnetic working point of the carbody
material moves and lead to higher permeability value.

VII.  CONCLUSIONS

The result showed that the theoretical attenuation of the
carbody matches quite well at low frequency with
experimental results, while the attenuation determined
experimentally is much higher already above a few
hundred Hz: this conclusion is valid with a low level of
magnetic field; on the other side, with higher magnetic
field intensity, the damping factor of the carbody is quite
higher, thus the final conclusion is that the shielding
effectiveness of the carbody is highly depending on the
field intensity generated by the source. With those results
it will be possible to estimate the magnetic field intensity
inside the train by optimizing the simulation model of
carbody attenuation.
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