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Sources of stationary and low-frequency magnetic fields
in inhabited areas

Nicolas Petit
Centre Automatique et Systemes
MINES ParisTech

This document exposes some of the sources of stationary and low-frequency magnetic
fields that can be found in inhabited areas.

One of the strongest magnetic field that one can observe is the Earth’s magnetic field
with an average of 48 uT in Central Europe. However, living in the 21st century, it is one of
the few magnetic fields originating from a natural source. Modern life involves innumerable
artificial sources of (electro-)magnetic fields, ranging from simple refrigerator magnets to
wireless LAN. These “man-made” fields are often linked to electric currents respectively to
electric fields and occur in a frequency domain from 0 Hz to several GHz [18].

We consider here magnetometers working at relatively low frequencies, that is to say less
than 500 Hz. In addition, only magnetic fields greater than

3 Onoise = 1.30 uT

can be clearly distinguished from noise of the embedded magnetometers [20].

1 The Geomagnetic Field

The geomagnetic field surrounding and penetrating the Earth is primarily produced in
its interior. About 95 percent can be attributed to the convection and rotation of electri-
cally conductive materials, particularly iron, in the liquid outer Earth’s core. The convection
currents result from temperature differences and chemical potential differences between the
Earth’s surface and its inner core, whereas the rotation is caused by the Coriolis force origina-
ting from the planetary rotation [10]. According to the dynamo theory [5], the geomagnetic
field is induced and stabilised by the electric current generated by the movement of the
electrically conductive iron melt in the magnetic field itself.

The remaining 5 percent of the geomagnetic field mainly have their origin in electric cur-
rents in the ionosphere ; the magnetisation of the outer layers of the Earth only have a minor
impact [10].

The geomagnetic field on the Earth’s surface can be approximated as a dipole field,

resembling to the magnetic field of a simple bar magnet. With increasing distance to the
surface the number of magnetic disturbances rises so that the dipole field is distorted.
At present the axis of this dipole is tilted by around 11A° to the Earth’s rotation axis.
It should be noted that the magnetic force lines point towards the Earth in the Northern
Hemisphere and into outer space in the Southern Hemisphere. Consequently, this means
that the geographical North is close to the South Magnetic Pole and vice versa, see figure
1.
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FIGURE 1 — Schematic representation of the Earth’s magnetic field [2]

However, the Earth’s magnetic field is going to be considered as stationary in the fol-
lowing, it is strictly speaking only quasi-stationary. It faces irregular short and long-term
changes caused by solar winds, magnetic storms, changes in the ionosphere, incidents in
the Earth’s core or crust [10]. Moreover, the geomagnetic field has undergone a continuous
reduction in field strength over at least the past century. This could possibly indicate that
the magnetic field is about to reverse itself within the next thousand years; an event that
on average takes place every 500.000 years [10].

1.1 Solar Quiet Variation

Figure 2 illustrates the variation and the rate of change of the Earth’s magnetic field
over the course of a calm day at the survey station of Chateau-la-Forét, which is located
approximately 100 km south of Paris. Subfigure (a) displays the deviation from the cal-
culated mean of the three components of the magnetic field in nT. B, points northwards,
B, castwards and B, points vertically downwards. The mean, stated in the right margin,
is calculated individually for each vector component over the observed period of 24 hours.
The sampling rate is 1 per minute. F', which is shown in the fourth diagram, denotes the
vector sum of the three components. The corresponding rate of change of B, B, and B, in
nT/min is shown in subfigure (b).

The course of the one-minute variation curve, especially of the horizontal components, shows
a very characteristic daily-periodic fluctuation of the geomagnetic field. It is called the solar
quiet course, which bears a simple reason : this kind of variation of the Earth’s magnetic
field can only be detected on magnetically quiet days, that is on solar wind free days.

The reason for the solar quiet variation lies about 90 to 130 km above the Earth’s surface,
in the ionosphere. This part of the Earth’s atmosphere contains large quantities of free elec-



trons and ions and consists of several layers. Of particular interest for the geomagnetic field
is the so-called E(lectrical)-layer that emerges on the sunlit side of the Earth and nearly di-
sappears after sundown. Currents of electrically conducting, ionised gases within this layer
induce electric currents and thus magnetic fields. As the E-layer reaches its maximum ex-
tension and ionisation at noon, the influence on the geomagnetic field is most pronounced
during that time of the day [12], [14].

As can be seen from figure 2, the solar quiet variation does not exceed a rate of change of
+1.5 nT/min on this particular day. But even on less quiet days this value only increases to
about £5 nT/min.

1.2 Solar Disturbed Variation

The geomagnetic field is not only facilitating navigation and orientation, but also fulfils
the essential function of protecting the Earth against solar winds and cosmic radiation. The
solar wind is a constant stream of protons, electrons, alpha particles and neutrons released
by the Sun. It massively deforms the geomagnetic field at a distance of several Earth’s radii.
During a magnetic storm, caused by Sun eruptions, the plasma stream from the Sun is
strong enough to enter the upper layers of the Earth’s atmosphere. The interactions with the
particles in the ionosphere induce electric currents and subsequently relatively fast variations
of the magnetic field [10]. Figure 3 - identically structured as figure 2 - shows the effects on
the geomagnetic field of a strong solar storm that occurred in autumn 2003. Just as the solar
quiet variation, which can also be attributed to the ionosphere, mainly the two horizontal
components are affected. The main differences between figure 2 and figure 3 not only lies
in the course of the curves, but also in the scales. For example, the one-minute variation of
the By-component ranges between 400 nT and -600 nT on magnetic storm day, whereas the
magnetic field varies between 20 nT and -30 nT on a solar quiet day.

However, even the peak between 6am and 7am, where the magnetic field changes about
800 nT within an hour, could not be distinguished from the noise of the measurement device.
As a conclusion we can state that the geomagnetic field can safely assumed to be stationary.

2 Electric Appliances and Installations

Inevitably encountering the geomagnetic field, we additionally face a great number of
electric-current-induced magnetic fields in daily life. These result from the electric devices,
which surround us, and the electric installations supplying them.

2.1 Electric Appliances

Households, offices and small businesses in Europe are usually supplied by the low voltage
distribution grid with 400 V, 50 Hz three-phase current. From the grid connection point the
current is then distributed by alternating (AC) and three-phase current cables to the various
power-points and consumers within the building. Power current consumers, such as a cooker
or electric heating, are provided with full three-phase current, whereas weak consumers are
only supplied with one of the three phases. To the latter belong computers, screens, lights
and so forth. All these electric devices create stationary and alternating (electro-)magnetic
fields induced by the electric current. Especially appliances with high power consumption
and those containing solenoids/transformers or an electric motor create strong magnetic
fields.
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FIGURE 2 — Geomagnetic field at the survey station of Chambon-la-Forét on a calm day
(11th of November, 2012), data provided by www.intermagnet.org
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As an example, figure 4, 5 and 6 display the time courses of the magnetic fields indu-
ced by a laptop battery !, a power supply unit (PSU) and a conventional filament lamp.
The always-present stationary part of the magnetic field in the fixed test measuring point
was vectorially eliminated. As the measurements were performed indoors, this is the geo-
magnetic field distorted in an unknown manner by mostly metal construction parts . It was
calculated as the average of a 10 minute measurement period, in order to rule out possible
time-dependent magnetic disturbance sources. However, for the actual measurements of the
different electric devices it was not possible to filter external time-dependant influences, such
as the Parisian metro.

The magnetic field of the laptop battery shown in figure 4 is clearly the field induced by
a direct current. The absolute value remains between the borders of 34 and 36 uT, the
high-frequency share can be attributed to the measurement noise. As the Y-component is
constant, the slight changes in the z- and z-component are most likely to be caused by an
external source. On the contrary, figure 5 looks very different. It shows the magnetic field
of a laptop PSU, containing a transformer and a rectifier. The magnetic field, both absolute
value and component-wise, is characterised by a pulsed course resulting from short charging
phases. In these phases the field is oscillating because the measurements were taken at the
AC supply side of the PSU. The filament lamp, which is also supplied with alternating cur-
rent, creates a similar field depicted in figure 6. But, it is continuously alternating, that is
to say the magnetic field does not have an additional overlaid time-course profile. The time
section was chosen very small in order to reveal the oscillations; it should be noted that
measurements over a wider time span have beats.

We conducted measurements for many other electric appliances, inter alia screens, phones,
cold and warm light lamps, a drilling machine, a vacuum cleaner, a fan heater etc. In favour
of a concise description of my work only the previously discussed are displayed because
they show characteristic curve shapes : electric appliances create either stationary (figure
4), pulsating (figure 5) or alternating magnetic fields (figure 6). Naturally, depending on
their circuit diagram, some devices also create mixed forms. For example, the magnetic field
of the propulsion chain of a drilling machine, shown in figure 7, has an alternating and a
pulsating contribution.

In order, nevertheless, to get an overview of the magnetic field of the most common electric
appliances, the average values published by the Deutsches Bundesamt fiir Strahlenschutz?,
are listed in table 1.

But, table 1 also shows that - and our measurements have confirmed this - the ma-
gnetic field rapidly decreases as the distance to the emitter increases. For example, an
average computer cannot be detected by a typical magnetometer at a distance of 1 m. Why
is that ? Common electric appliances contain all sorts of electrical parts : inductors, capaci-
tors, transformers, rectifiers, electric motors, heater spirals, batteries and so forth. Regarding
their magnetic fields these very different components can be reduced to a few basic sources,
namely the current-carrying wire, the static and the oscillating dipole. E.g. the magnetic
field induced by a solenoid passed through by a direct current is similar to the one of a
static dipole. However, most of the above mentioned electrical parts have relatively small
dimensions. According to [19], this is why their radiation behaviour resembles the static or
oscillating dipole, which is characterised by a magnetic field loss proportional to 1/7%; r
denotes the distance. Hence, magnetic fields emitted by common electrical devices are only
measurable at very small distances.

At this point, we can conclude that electrical appliances found in households and offices

1. while CPU in usage
2. German Federal Office for Radiation Protection
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create magnetic fields that are characterised by a very fast decay behaviour with increasing
distance.

For the sake of completeness, it should be mentioned that the above made assumption is not
valid in particular cases, for example machines using and/or creating very strong magnetic
fields, such as magnetic resonance imaging scanners, induction smelting furnaces, strong
electric motors or the like. As those apparatus are usually found under special circumstances,
they are not going to be the object of further investigation in this work.
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TABLE 1 — Representative values of the magnetic field of domestic appliances at different

distances [3]

Device Magnetic field at a | Magnetic field at a | Magnetic field at a
distance of 3 cm | distance of 30 cm | distance of 1 m [pT]
1T [1T]

Hair-drier 6-2000 0.01-7 0.01-0.3

Shaver 15-1500 0.08-9 0.01-0.3

Vacuum cleaner 200-800 2-20 0.13-2

Fluorescent light 40-400 0.5-2 0.02-0.25

Microwave oven 73-200 4-8 0.25-0.6

Radio (portable) 16-56 1 ;0.01

Cooker 1-50 0.15-0.5 0.01-0.04

Washing machine 0.8-50 0.15-0.3 0.01-0.15

Iron 8-30 0.12-0.3 0.01-0.03

Dishwasher 3.5-20 0.6-3 0.07-0.3

Computer 0.5-30 <0.01 ~ 0

Television (tube) 2.5-50 0.04-2 0.01-0.15

2.1.1 Complement : Magnetic Field of Rotating Iron or Steel Masses

Just as in the case of the geomagnetic field, iron and ferrous masses rotating in an already
existing magnetic field induce an additional magnetic field. The so-called self-induction ori-
ginates from the ferromagnetic properties of the rotating material and is related to induction
currents. Interestingly, the resulting magnetic field is a function of the rotational speed.
This effect can be seen in figure 8, which depicts the magnetic field at 1 cm distance to the
head of a drilling machine. The number of revolutions was constantly increased until ¢ =~ 3 s
and then equably decreased. At t &~ 2 s the Nyquist frequency is reached and aliasing-effects
occur. Nevertheless, the magnetic field induced by the rotation of the steel drill chuck within
the Earth’s magnetic field is well recognisable. A comparison between figure 8 and 6 shows
that such emitters can be treated as equivalent to AC magnetic field sources and can thus
be modelled by an oscillating magnetic dipole.

2.2 Cabling

Concerning cabling and electric installations, a differentiation between alternating cur-
rent (AC) and three-phase current is required. For a simple AC cable measurements have
shown that the magnetic field is very weak and the loss is incredibly fast with increasing
distance (1/72). For example, a cable passed through with 10 A alternating current cannot
be detected at 10 cm distance.

The three conductors within an AC cable, namely the return wire, the supply wire and the

12
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grounding, can easily be approximated as current-carrying straight wires of infinite length.
This means, it applies :
B = poptr - 2w -
The magnetic field decay is thus proportional to 1/r. Moreover, the sign of the magnetic field
depends on the direction of the current I, which is always of opposite sign for the supply and
return conductor. Due to the closeness within the cable, their magnetic fields superimpose
in an almost obliterative manner [19]. The grounding cable usually only transmit a current
in case of a defect. Hence, the field of an AC cable as a whole is merely measurable, even
though each wire itself creates a magnetic field decaying with 1/r.
The case of two conductors at a relatively small distance and with currents in opposite
direction will reappear in the following sections in this or a similar form. Therefore, it should
be pointed out that the magnetic field loss is usually described by a 1/r?-characteristic [1].

However, for a three-phase current cable the situation is not that simple. It consists of five
conductors of which three carry 50 Hz alternating currents, each phase-shifted by +120A°
in comparison with the other two currents. In case of a balanced load of all three phases
the sum of the three currents at all points and times is zero. Due to the closeness of the
conductors, the induced magnetic fields would also nearly sum up to zero.
But, for a household supply system this is not always be the case. For example, the three-
phase current might be split into three alternating currents at a subsequent point of the
power supply system; if only one of the electric consumers supplied by the alternating
currents is active, this inevitably results in an unbalanced load of the three phases. As
normally there is no voltage applied to the grounding cable, here the fifth wire, called the
neutral conductor, comes into play. It serves as a return conductor but is only carrying a
current, if the load of the three phases is unbalanced and the currents do not sum up to zero.
This current through the neutral conductor is equal to that sum, but reversed in direction. 3,
see figure 9. Applying the same obliteration-principle as for the alternating current cable,
the total magnetic field induced by a three-phase current cable is thus close to zero. Its
magnetic field loss characteristic can also be described by 1/r2. [1]

In summary, alternating and three-phase current cables are very unlikely to affect ma-
gnetometers due to their weak magnetic fields and the fast field loss with increasing distance.

3 Public Electricity Supply

As mentioned in the preceding section, most European countries, including Germany
and France, the public electric energy supply use three-phase alternating current at 50 Hz.
Households and small businesses are usually supplied with 400 V. But the long-haul trans-
mission takes place at high voltage and low current levels in order to minimise the losses,
which are proportional to the intensity of the current. In the so-called transmission grid,
consisting of the extra high and high voltage grid, the electric energy is transported from
the source to the main consumer points. There it is either used, e.g. for rail-traffic or large
scale industries, or transported to smaller consumers through the medium and low voltage
grid. Together, those two form the distribution grid.

At the end of 2011 the French electricity transmission grid had an overall length of 104100 ki-
lometres. Some 54% of these are accounted for by the high voltage grid operating at 150 kV,
90 kV and 63 kV ; the remainder is allotted to the extra high power grid using 225 kV and
400 kV [17]. The medium and the low voltage grid work at 1 — 50 kV, respectively < 1 kV

3. This only applies for linear consumers, that is to say electric consumers that do not create harmonics.
Harmonics can severely affect the current on the neutral wire, but are not further discussed.

14
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FIGURE 9 — Currents in the wires of a three-phase alternating current cable in case of an
unbalanced phase load

and have an overall length of over 1.3 million kilometres [7].

Germany is equally pervaded by its electricity network : the transmission grid has a total
length of 113000 kilometres, whereas the distribution grid nearly sums up to a length of 1.7
million kilometres. Unlike France, the extra high voltage grid operates at 380 and 225 kV ;
the high voltage grid uses between 60 kV and 110 kV [4].

Just like every other current-carrying wire, power supply lines create magnetic fields that
might be senses. We are going to take a closer look at the different grids with a focus on
the higher voltages (380, 225 and 110 kV), because they are also related to higher currents.
Equivalent data for the French voltages can be found in [9]. Unfortunately, owing to the lack
of detailed electricity grid maps and the (volitional) distance to inhabited areas, we were
not able to carry out own measurements.

3.1 Overhead Power Lines

Due to their easy maintenance and good heat dissipation abilities, overhead power lines
form the greatest part of the high and extra high voltage grid. The magnetic field created by
an aerial line depends on many factors, e.g. the type of the pylons, the number of conductor
ropes, the cables sag and even the weather conditions. [19] Moreover, the capacity utilisation
strongly depends on the energy demand, which varies over the day and over the year. For
this reason, any type of general statement can only be based on an exemplary study.

3.1.1 Spatial Course of the Magnetic Field Created by Overhead Power Lines

The most common type of transmission tower in Germany is the Donau pylon, a two-
level pylon with 6 hang-points, each equipped with n,, € {1,2,4} wires depending on the
voltage. This means, such a tower is able to transmit 2 - n,, x three-phase current. [13]
The geometric dimensions of a Donau pylon are shown in figure 10. It is very suitable to
serve as an example because it resembles the Beaubourg pylon, which is mostly used in
France.

15



FIGURE 10 — Geometric dimensions of a Donau pylon [13]

Figure 11 shows the spatial course of the root mean square value of the magnetic field un-
derneath an overhead power line with Donau pylons. It is based on Copperfield® calculations,
a software particularly designed to compute electromagnetic fields. The following conditions
and assumptions were defined [19] :

1.
2.
3.

8.

The distance to the ground is always 1 m.
The pylons are in the zero position.

The distance of the conductor ropes from the earth is assumed to be 12 m at the
position of maximal cable sag.

The distance (abscissa) is increased crosswise to the power line’s route at the point of
maximum cable sag and parallel to the ground.

The voltages stated in the legend of figure 11 are only nominal values, meaning that
the actual voltages could differ. As in reality the operating voltages are usually higher
than the nominal ones, they were chosen as follows for the calculation : %y¢q; (380 kV) =
430 KV, treqi(220 kKV) = 245 kV, and t,eq (110 kV) = 123 kV.

The power line runs at full capacity utilisation. It follows that the current in each wire
is the maximum operating current dependant on the voltage : 2(380 kV) = 2.58 kA,
(220 kV) = 1.29 kA and ¢(110 kV) = 0.535 kA.

The number of wires installed at each hang point is generally : n,,(380 kV) = 4,
N4 (220 kV) = 2 and n,, (110 kV) = 1. [13] As these n,, wires are very close to each
other and moreover carrying currents with the same phase shift, they are considered
as one wire passed through with rn, - 7.

There are interactions with other power lines.

Figure 11 indicates that magnetic fields created by aerial power lines could be detected by
magnetometers, in case they are close enough. As one might expect, the power lines working
at higher intensities of current are also the source of stronger magnetic fields.

But, what about the variation over time apart from the daily variation ? If the conductors
carrying the three phases were very close to each other, the resulting magnetic field would
be nearly zero. This is not the case : Figure 10 shows that their distances are 3.6 and 4.8 m.
Hence, the magnetic field that can be measured at fixed distance to the power line results
from the superimposition of several magnetic fields; all alternating at a frequency of 50 Hz,
but with different phase shifts and amplitudes.

16
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3.1.2 Time Course of the Magnetic Field Created by an 380 kV Overhead
Power Line

To get an idea of the superimposition of the magnetic fields created by the conductor
ropes of an overhead line, we will exemplary study the magnetic field of the 380 V (nominal
voltage) aerial line under the same conditions as in the preceding example. So here as well,
we have n,,(380kV) = 4, (380 kV) = +2.58 kA passing through each individual wire and
f = 50 Hz. Moreover, the 4 wires at each hang-point are again considered as one conductor
carrying the sum of the four operating currents, see figure 12. The distance to the point of
maximal cable sag is fixed at 420 m. The resulting defined point P = (0,0), which is the
origin of the used coordinate system, is marked with a red cross in figure 12.

With ¢ being the speed of light and

(1) olr,z) = arctan(f)

z

2) ea,2) = (_sfﬁ?giff;f)) ))

(3) r(z,2) = Vz2+22
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TABLE 2 — Parameters for the calculation of figure 13

Wire | x [m] | z [m] | r [m] | ¢ [rad] | Phase Agp [rad]
1 14 11 17.8 0.90 27/3

2 17.6 11 20.75 | 1.01 0

3 15.8 15.5 22.13 | 0.79 47/3

4 22.4 11 24.95 | 1.11 0

5 26 11 28.23 | 1.17 27/3

6 24.2 15.5 28.74 | 1.00 47 /3

we can approximate the z- and z-component of the vector of the magnetic field in P by :

@ (50) -

(5) =

NE

B,,;(t)
1

e [ o (- 220) )

= Lz

W = ?

The y-component is not affected as the y-axis is assumed to be parallel to the conductors.
Moreover, equation 5 implies the approximation of the cables as straight conductors of infi-
nite length.

These sure are severe simplifications of the real problem. But nonetheless it allows us to get
a rough estimate of the expected time course of the magnetic field, as shown in figure 13.
The three graphs are based on table 2, which in turn results from the geometric properties
of the problem, given in figure 12. The time scale is chosen to be small in order to properly
display the oscillations. It is important to point out that the measured time course by a
magnetometer would look different due to the low sample frequency of 100 Hz.

With this set of parameters, the x-component of the magnetic field vector varies between
+31.32 uT, whereas the z-component alternates between £13.33 uT. Resulting from a su-
perposition of several phase-shifted 50 Hz sine-waves, the sinusoidal form and the frequency
remain unchanged. But even when the distance to the overhead power line is dramatically
increased to 50 m, the fluctuations can still be detected by magnetometers. The same ap-
plies for a current reduction to ¢ = 1.29 kA (corresponding to 220 kV), but no longer for
i = 0.535 kA (corresponding to 110 kV).

However, in vicinity of high voltage overhead power lines the basic requirement of a statio-
nary magnetic field is thus no longer fulfilled.

3.2 Underground Cables

Underground cables are mostly installed in the medium and low voltage grid, but also
in the high voltage grid up to 110 kV. Such cables consist of three conductors carrying
50 Hz alternating currents, each phase-shifted by +120A° as usual for three-phase current.
The difference to the cables discussed in section 2 lies in the fact that there is no ground
and no neutral wire. Moreover, the three conductors have a greater distance for reasons of
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FIGURE 13 — Calculated time course of the three components of the magnetic field at 20 m
distance to an 380 V overhead power line

heat dissipation. The magnetic field in the surrounding of such underground cables is to be
exemplary examined for 110 V.

3.2.1 Spacial Course of the Magnetic Field Created by an 110 kV Underground
Cable

Figure 15 shows the spacial course of the root mean square value of the magnetic field 4
of an 110 V underground cable. The following conditions and assumptions were set [19] :

1. The distance to the ground is always 1 m.

2. The underground cable is in the x =0 m, z = —2.2 m position (figure 14).

3. The distance (abcissa) is increased crosswise to the direction of the underground cable
and parallel to the ground.

4. The cross-sectional area of each conductor is 630 mm?.

5. The strength of the current of each phase is i = 0.64 kA ; the phase load is balanced.
6. There are no interactions with other underground cables.

As can be see from figure 3.2 the magnetic field induced by an 110 kV underground cable can
only be distinguished from the measurement noise (1.35 uT) at |x| < 3, which is equivalent
to a distance of 3.72 m. This value will be lower for underground cables installed in the
medium and low voltage grid.

3.2.2 Time Course of the Magnetic Field Created by an 110 kV Underground
Cable

However, keeping in mind that the wires of the cable are passed through with phase
shifted alternating current, the induced magnetic field is subject to fluctuations over time.

4. calculated with Copperfield®
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FIGURE 15 — Calculated spacial course of the magnetic field (RMS) above an 110 V under-
ground cable at 1 m distance to the ground and crosswise to the direction of the cable [19]
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TABLE 3 — Parameters for the calculation of figure 16

Wire | x [m] | z[m] | r [m] | ¢ [rad] | Phase Ay [rad]
1 0 2.157 | 2.157 | O 27/3
2 0.025 | 2.2 2.2 0.011 0
3 -0.025 | 2.2 2.2 -0.011 | 47/3
4
3 -
2 -
g5 ;
%E 0 —Y
S z
4 A
2
-3
_4 T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100
Time [ms]

FI1GURE 16 — Calculated time course of the three components of the magnetic field at 2.2 m
distance above an 110 V underground cable

Using equation 1, 2 and 3, the magnetic field can be calculated similar to the overhead power
line by :

© (B0) = B

(7)

Il
Ll = ?
=
S
[N}
3| F
2
3
| —|
3| ®
—~|
k}N <~
&,
jm}
7 N
[N}
3
<
7N
~
=
)
o
<
S~—
N———
+
>
AS)
o
N————
| IR |

Inserting the values listed in table 3, figure 16 is obtained. The similarity to figure 13 is
obvious. But, the z-component of the magnetic field vector only varies between £3.42 uT,
whereas the z-component alternates between +3.48 uT.

3.3 Transformation stations

Transformation stations, which also form a key part of the public electricity supply
system, are to be mentioned in the context for the sake of completeness. All available sources,
e.g. [9] and [19], state that the magnetic fields induced by transformation stations are weak
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compared to those of underground cables and overhead lines. Also the field decreases very
rapidly with increasing distance to the station.
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FIGURE 17 — Principle structure and functional principle of the power supply of a direct
current railway system [8]

4 Electricity Supply of Public Transport Systems

For the investigation of low-frequency magnetic fields intercity and inner-city public rail

transport systems are of a great importance. In particular, it is the carefully thought-out
energy supply system that is of interest.
Due to economical and historical reasons, many different types of railway systems and trac-
tion power systems have emerged, which differ from country to country and also from city
to city. The voltages vary between 600 V to 50 kV, the frequencies range from 0 Hz, that
is to say direct current, to 60 Hz alternating current. However, the general principle of the
power supply, presented in figure 17, is always similar : the trains are permanently connected
to one or several current-carrying conductors, usually overhead wires or a third rail, by a
pantograph or a collector. The rails function as return conductors and are partly earthed to
avoid dangerously high voltages. Both, return and supply conductors end in a transformer
substation, which in turn is supplied by the medium voltage grid in most cases. The trans-
former substations are placed alongside the rail in distances that vary from several, up to
100 km. The contact line, the engine, the rails and the transformer substation thus form an
enormous electric circuit. Further details can be found in [8] or [19].

From the rail power supply, regardless of whether for trains, metros or tramways, arise
several possible problems. First, the conductors are passed through by more or less strong
currents (> 100 A); for example the later discussed RER trains require 413 A at 50% motor
load. As the distances of the return and supply conductors are not negligible, their magnetic
fields do not cancel each other.

Secondly, the rails are partly earthed. This means that the return current level is markedly
lower than the supply current level, meaning their magnetic fields differ significantly strength.
As both currents are of opposite direction, the magnetic field induced by the catenaries or
the third rail is less compensated as in a fictive non-earthed case.

Thirdly and lastly, the magnetic fields only appear, if the respective section of the route is
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being passed through by a train. In consequence, the time course is difficult to predict and
impossible to be described by an analytical function. Moreover - and that is an even greater
problem - the magnetic field created by highly-frequented railway systems with short supply
segments (< 5 km), tends to fluctuate vastly in very short time-scales. This applies for the
Parisian innercity train system depicted in figure 18.

Due to the extreme variety of systems, it is impossible to examine all different kinds of
cases. Just like for the public electricity supply systems, we will try to gain generally valid
statements from a thoroughly chosen example. As the magnetic field of straight conductors
at alternating current was already studied for the overhead power line and the underground
cable, we are going to examine a direct current railway system, more precisely the Parisian
suburban train. Inter-city trains, which are usually working with AC current, are shortly
discussed.

4.1 Direct Current Railway Systems

The RER, which stands for Réseau Express Régional®, is the suburban train of Paris.

It connects the inner-city district of Paris with its suburbs and airports through a traffic
network composed of 5 lines (A-E) and over 240 stations.
Outside of Paris the RER is operated by the SNCF (Société Nationale des Chemins de Fer
Francais) %, the national railway company running most of the French rail services. This
part uses 25kV /50 Hz alternating current, just as regular and express trains in France. But,
because the network was established in the late 1960ths and early 70ths, neither major
changes of the urban energy supply infrastructure nor of the subterranean railroad system
were possible. For this reason, within the city the RER uses mostly the Parisian metro net-
work and the appending power supply system providing 750 V direct current. In this area it
is operated by the RATP (Régie Autonome des Transports Parisiens)”, which is responsible
for the majority of the local public transport systems of Paris including the metro. Conse-
quently, the trains serving the RER network have the extraordinary characteristic of being
able to run with both direct and alternating current without stopping.

In order to demonstrate the magnetic impact of a public transport system, we will
take a closer look at the RER B. This line runs from Charle de Gaulle Airport/Mitry-Clay
to Robinson/Saint-Rémy-lés-Chevreuse and creates a 80 km North-South link. It serves,
among others, the station Luzembourg, located less than a one minute walk from the Centre
Automatique et Systémes (CAS) at 60, Boulevard Saint-Michel in central Paris.

The section between the stations Luzembourg and Cité Universitaire (see figure 18)

is particularly suited to serve as an example. First and foremost, it is close to the FEcole
Superiéure des Mines de Paris, which substantially facilitates the execution of measurements.
Secondly, all the stations in the section are exclusively served by the RER B and no further
RER or metro lines. This has the advantage that the traffic can be traced easily and only
two directions need to be considered. Moreover, the number of trains travelling in the section
and thus inducing a magnetic field can be estimated from the schedule with ease.
Thirdly and lastly, the tracks between the corresponding electrical substations Montsouris
and Luzembourg form a relatively straight section of the route, as can be seen from figure 18.
This enables modeling the catenaries and the rails as straight conductors of infinite length
for the calculations.

5. Regional Express Network
6. French National Railway Corporation
7. Autonomous Operator of Parisian Transports
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FIGURE 18 — Detail of the RER railway map around the station Luzembourg [11]

4.1.1 Measurement of the Magnetic Field Created by the RER B

Figure 19 shows the three components of the magnetic field measured at approximately
24 m distance to the RER B line over the course of 10 hours. The measurements were
conducted inside the Centre Automatique et Systémes (CAS) ; for further dimensional details
see figure 20. The axes of the sensor were oriented as such that the z-axis points northwards,
the y-axis points eastwards and the z-axis points into the ground. At first sight, the chosen
time scale might seem unusual. But, the interest of this measurements was to show that the
major part of the disturbances, measurable in the CAS during the day, can be traced back
to the RER that is not running during night.
What stands out immediately, is the lack of disturbances - apart from the measurement
noise - between 1 :30 and 4 :50 am. Reasonably assuming that the last train according to
the timetable is not necessarily the ”real” last train, such as cleaning or repair trains, figure
19 matches the RER timetable. The last official train leaves the section at exactly 1 :00 am,
whereas the first official train enters at 5 :18 am [16]. This hypothesis is supported by the fact
that the fluctuations decrease smoothly before reaching the constant level of measurement
noise. As the number of trains is reduced during low-traffic periods, this also matches the
RER timetable [16]. Furthermore figure 19 indicates that the fluctuations of the magnetic
field during the day are strong : the xz-component varies between 17.96 uT and 8.88 uT,
the y-component between 8.29 pT and —4.57 pT and the z-component alternates between
44.24 uT and 27.42 pT.
In conclusion, one probable hypothesis can be derived from figure 19, which will be differently
approached in the following section. The RER creates a strong fluctuating magnetic field
that is measurable at large distances and clearly surpasses the detection level of 1.35 uT
of the common magnetometers. In consequence, this would mean that all measurements
conducted in the CAS are inevitably influenced by the RER.
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the CAS
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4.1.2 Calculation of the Magnetic Field Created by the RER

For the subsequent calculation of the magnetic field induced in RER section between
Luzembourg and Cité Universitaire (see figure 18), several assumptions and simplifications
are necessary. As evidenced by the later part of this discussion, the results nevertheless give
a good approximation of the measured values.

1.

The trains designed for the RER B, specified as Z8100-MI79, are equipped with an
engine with a rated performance of P = 2480kW & at U = 1,5kV direct current [15].
The 1.5 kV direct current are delivered by two catenaries, each supplied with 750 V
by two electrical substations, in the studied case PR Luzembourg and PR Montsouris.
Let us assume that both substations are equally charged.

C =50%

In other words, the engine is supplied by two equal current sources connected in pa-
rallel.

. Reasonably, the trains do not constantly work at maximum motor load, which is

only required in cases of quick acceleration or braking. The minimum, average and
the maximum motor load (averaged over all the trains travelling in the section) are
considered as :

Lipin = 30%
Lavg = 50%
Liaz = T0%

The travel time between Luxembourg and Cité Universitaire is approximately 6 mi-
nutes. At peak traffic periods during the week? the trains travel at a distance of 3
minutes, whereas at average traffic periods '° the stations are used every 3 — 6 minutes
[16]. Accordingly, there are about 1 < n; < 2 trains driving in each direction within
the considered section of line.

This leads to an absolute current of
Icat,l = N, dirl * Ldir,l -C-

Icat,2 = Nt dir2 * Ldirz -C-

(1 lavAsiiy

in the overhead wires. The current changes of sign depending on the direction the
train is travelling in ; the assignment of the signs is shown in figure 20. The current of
the rails always runs in the opposite direction than the current in the corresponding
catenaries.

As mentioned above, the catenaries and the rails are assumed to be straight conductors
of infinite length. The magnetic field in their surrounding is thus described by :

I
B =po- pirm—
(8) Ko - o

As the distance of the two overhead wires of one direction is small and both have the
same direction of current, they are simply considered as one.

8. Power the electric locomotive can deliver for one hour without any danger.
9. from 7.00 to 9.30 am and 4.30 to 8.00 pm
10. from 9.30 am to 16.30 pm and after 8.00 pm
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6. The rails are partly earthed to avoid high difference voltage between the rails and the
soil. The non-earthed percentage, hereinafter referred to as NEA, is assumed to be :

NEA =20%

Each rail is supposed to carry the same current, thus 10 % of the current through the

corresponding overhead wire.
All those values are subject to constant fluctuations, e.g. depending on acceleration, braking
and velocity of the trains in the section. As the behavior is unpredictable, it is only possible
to calculate with such estimated values. However, the assumptions and conditions previously
listed, allow a simplified calculation of the magnetic field created by the RER B in the section
between Luxembourg and Cité Universitaire If the rails and overhead wires are assumed to
run in y-axis direction (see figure 20), the induced magnetic field only has an x- and z-
component. It is the sum of the magnetic fields of both directions, each in turn consisting
of the catenaries and the rails :

B (t

(B 8) =Byir1(t) + Bair2(t)
=[Beat,1(t) + Brair,1.1(t) + Brai,1.2(t)] + [Beat,2(t) + Brair,2.1(t) + Brai2.2(t)]

Taking into account equation 8 and the indices specified in table 4, we obtain the magnetic

field in the origin of the right-handed coordinate system - marked with a red cross in figure
20 - by :

(Bm(t)> o iy - Jeora(®) [e(xl,yl) _NEA. {e(xz,yz) . el@s,3) H

B.(t) 2 1 T9 r3

(9)_ o i Ica;fr(t) . {6(3?;1;94) _ NEA. {6(335’315) n 6(%796)}]

5 Te
C-P
=Ho * fir - “ M, dir1 (t) - Lair1 (t) - eleny)  ypg. {elony) + e(@s,4s)
2w - U 1 T r3

c-P
T . iro(t) - Lairo(t) -
Ho - o nt,dir2(t) d2()[ 4 +

s 76

U erav) npy. {e(mfv%) e(6, Yo) H

where ¢, e and r are :
(10) p(r,z) = arctan (g)

w = ()

(12) r(z,z) = Va4 22

The underlying principle is sketched in figure 21. Using the geometric specifications indicated
in figure 20, these variables take the values listed in table 4. As the RER is supplied with
direct current, the magnetic field is only time-dependant for two reasons : First, the number
of trains travelling within the supply section varies for both directions. Secondly, the averaged
motor load of the trains is not constant. This is represented by ¢ gir1(t), ne,air2(t) and
Lair1(t), Laira(t), even though they are not analytical functions.

As the line occupancy and the load of the trains strongly influence the results, many different
combinations were tested and are shown in table 5. For the line occupancy applies :

(13) N dirt, N,dir2 € {1,2}
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TABLE 4 — Parameters for the calculation of equation 9

Wire Index |  [m] | z [m] | 7 [m] | ¢ [rad] | Lnaz [A] | Imin [A]
Catenary 1 | 1 11.78 | 10.8 15.98 | 0.83 -248 -1157
Rail 1.1 2 11.06 | 15 18.64 | 0.64 24.8 115.7
Rail 1.2 3 12.5 15 19.53 | 0.69 24.8 115.7
Catenary 2 | 4 16.22 | 10.8 19.49 | 0.98 248 1157
Rail 2.1 ) 15.5 15 21.57 | 0.8 -24.8 -115.7
Rail 2.2 6 16.94 | 15 22.63 | 0.85 -24.8 -115.7

whereas the motor load is :

Ldir,laLdir,2 € {LminzLavg;Lmam}

More precisely, table 5 displays the calculated values of the z- and z-component of

the magnetic field in the observed point P depending on the respective conditions. The
x-component varies between —3.47 pT and 6.77 u'T'; the z-component fluctuates between
—7.39 uT and 6.38 uT. These extremes result from situations, when the currents in both
directions greatly differ, e.g. when there are many trains at high motor load driving in one
direction while there is only one train at low motor load travelling in the other direction.
But, both z- and z-component can also take all intermediate values.
In a completely theoretical view, we can deduce from table 5 that especially variations in
the line occupancy and in the velocity profiles of the trains result in rapid changes of the
induced magnetic field. These changes occur in all different kinds of situations : a train
leaves the section, a train enters the section, a train breaks while arriving in a station, a
train accelerates while leaving a station, etc.
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TABLE 5 — Calculated values of the - and z-component (according to model (4.18)) of the
magnetic field created by the RER B for different motor loads and line occupancies

Nt dirl 1 1 2 2
Nt dirl 1 2 1 2

loadgir1 | loadgir2

30 % 30 % B, = 058 puT | B, = —-052 uT | B, = 227 uT | B, = 117 uT
B, =-0.18 uT B, =161 uT B, =-214 uT B, =-0.36 uT

30 % 50 % B, =-015uT | B, = —-200 T | B, = 153 uT | B, = —0.31 uT
B, =1.02 uT B, =4.00 uT B, =-0.95 uT B, =203 uT

30 % 70 % B, = -089 uT | B = —3.47 uT | B, = 080 uT | B, = —1.78 uT
B, =221 uT B, =6.38 uT B, =0.24 uT B, =4.42 uT

50 % 30 % B, = 171 uyT | B, = 060 uT | B, = 452 uT | B, = 342 uT
B, =-1.49 uT B, =0.30 uT B, =—-4.77 uT B, =-298 uT

50 % 50 % B, = 097 uT | B, = —-087 uT | B, = 378 uT | B, = 194 uT
B, =-0.30 uT B, =269 uT B, = -3.57 uT B, =—-0.59 uT

50 % 70 % B, = 023 T | B, = —-235 uT | B, = 305 uT | By = 047 uT
B, =090 uT B, =507 uT B, =-238 uT B, =179 uT

70 % 30 % B, = 28 uyT | B, = 173 uT | By = 6.77 uT | B, = 5.67 uT
B, =-2.80 uT B, =-1.01 uT B, =-7.39 uT B, = —-5.60 uT

70 % 50 % B, = 210 T | B, = 025 uT | B, = 6.03 uT | B, = 419 uT
B, =-1.61 uT B, =137 uT B, =-6.20 uT B, =-322uT

70 % 70 % B, = 13 uyT | B, = —-122 uT | B, = 530 uT | B, = 272 uT
B, =-041 uT B, =3.76 uT B, =-5.00 uT B, =-0.83 uT
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What is interesting is that these calculated values are really close to what is measurable in

point P, which is similar to the monitoring point of the measurements in figure 19. However,
in this case the axes of the sensor were oriented as such that the y-axis was not pointing
eastwards but approximately in direction of the nearby RER line, which follows the course
of the Boulevard Saint-Michel. The evaluated data, that is to say the magnetic field created
by the RER without the geomagnetic field, is displayed in figure 22.
Even though it cannot be ruled out that this measuring is also influenced by other sources
of magnetic fields, the RER accounts as a key source. This conclusion can be safely drawn
from the closeness of the measurements and the calculations. As the changes are of an order
of magnitude that is detectable by magnetometers, the magnetic field induced by the RER
could influence algorithms using these data. This statement can easily be transferred to
other direct current public inner-city transport systems.

4.2 Alternating Current Railway Systems

Some inner-city transport systems also work at alternating current, e.g. the German un-
derground trains at 16.7 Hz. In this case, the precedingly discussed irregular, low-frequency
magnetic field, whose time course depends on the motor load and the number of trains, is
superimposed by the magnetic field of the alternating current. As the catenaries and the
rails are approximated as straight wires, this regularly oscillating magnetic field resembles
to the magnetic field of the previously discussed overhead power line. The strength of the
magnetic field however is significantly lower due to the fact that the current through the
overhead wires and rails are of opposite signs. The same applies for inter-city trains, which
usually run at 50 Hz alternating current.

5 Conclusion

Apart from the quasi-stationary geomagnetic field, we face numerous magnetic fields in
daily life. In the stationary and low-frequency domain the most important sources are :
electric appliances, public electricity supply systems, such as overhead power lines and un-
derground cables, and public transport systems. The relevance of each source essentially
depends on the respective location, but especially in cities many different sources accumu-
late to a very noisy magnetic field. For more information see [18].
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Nomenclature

A.1 Vectors and Matrices

A
B

state matrix (state space)
magnetic field vector in R;

VB = 2B Jacobian matrix of the magnetic field B

b . magnetic field vector in R,

b estimation of the magnetic field vector b
Vb = g—z Jacobian matrix of the magnetic field b
C output matrix (state space)

D electric flux density

E electric field (strenth)

e unit vector

ex, ey, ez basis vectors of the inertial frame of reference
€z, €y, €, basis vectors of the body frame of reference
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external forces

magnetic field strength
current density

gain matrix

magnetic dipole moment
coordinate vectors
observability matrix
rotation matrix

matrix containing the basis vectors of the body reference frame
matrix containing the basis vectors of the inertial reference frame

rotation matrices about the x-,y- and z-axis

distance vector

transformation matrix between R; and Ry

velocity vector in R;

estimation-based calculation of the velocity vector V
velocity vector in Ry

estimation of the velocity vector v

rate of turn vector in R;

rate of turn vector in Ry

position vector in R;

estimation-based calculation of the position vector X
position vector in Ry

output vector (state space)

magnetic field vector

velocity vector

position vector

linear transposition matrix (arbitrary)

state vector

alternative state vector

rotation matrix corresponding to the rate of turn vector W
rotation matrix corresponding to the rate of turn vector W
rate of turn vector

A.2 Scalars, Functions and Sets
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coordinates of B, the magnetic field vector in R;
coordinates of b, the magnetic field vector in Ry
coordinates of l;, the estimated magnetic field vector
substation charge

frequency

analytic function

auxiliary function

current

wave number

motor load

length

constant gains of the gain matrix L

magnetic dipole moment (absolute value)
quantities
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P Q, R
P g

Ay
¢, 0, ¥
w

coordinates of W, the rate of turn vector in R;

coordinates of w, the rate of turn vector in R

distance

body reference frame

basis of the body reference frame

inertial reference frame

basis of the inertial reference frame

time

start time

discrete time step, reciprocal of the sample frequency

coordinates of V', the velocity vector in R;

coordinates of V, the estimation-based calculation of the velocity vector in R;
coordinates of v, the velocity vector in Ry

coordinates of ©, the estimated velocity vector in R

Lyapunov candidate function

coordinates of X, the position vector in R;

coordinates of X , the estimation-based calculation of the position vector in R;
coordinates of x, the position vector in Ry

Cartesian coordinates
auxiliary angle

electric constant

relative electric permittivity
magnetic constant

relative magnetic permeability
volume charge density

angle of the right triangle defined by the Cartesian coordinates
x (opposite leg) and z (adjacent leg)

phase shift

set of angles describing a rotational state

angular velocity

A.3 Indices

avg

cat
dip
dir
e
eff
f

gyro
1

1

7, k

m
magneto
max
min

average
body

catenary

dipole

direction
estimation
effective

final

gyrometer
current

inertial

counter variable
measured
magnetometer
maximum
minimum
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MV
p

r

S

sp
stat

t
trans
w

X, Y, Z
T, Y, 2

mean value

prediction

distance

sensor

sample

stationary

trains

transient

wire

component in X-, Y- and Z-axis direction
component in z-, y- and z-axis direction

A.4 List of Abbreviations

AC
AWGN
CAS
DC
IRT
PSU
RATP
RER
RMS
SNCF

Alternating Current

Additive White Gaussian Noise

Centre Automatique et Systemes

Direct Current

Institut fiir Regelungstechnik

Power Supply Unit

Régie Autonome des Transports Parisiens
Réseau Express Régionale

Root Mean Square

Société Nationale des Chemins de Fer Francais

38



