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Abstract When large structures such as residential

compounds or public buildings are under the influence of

extremely low frequency (ELF) magnetic fields, such as

the one generated by a system of railways fed by

16.67 Hz, standard methods of designing shielding

structures by numerical methods usually fail. The latter

can be explained by the difficulty posed in the computing

process by the large aspect ratios involved due to thin

layers of metal (a few millimetres or centimetres) in

contrast to the large dimensions of the affected structure

(several tens of meters). In some cases one has to utilize

special approximations such as surface conductivity,

which are not easy to handle when the designed shielding

structure is clearly three -dimensional. Other alternatives

such as experimentation in situ are very costly. Here, a

new technique is presented of mitigating the field by

using three-dimensional propagation of induced currents

optimizing the field reduction factors and minimizing the

cost of shielding material. The particular designing

method is a hybrid of numerical simulations combined

with lab experimentation using scaled models of the large

structure. The method is rather cost-effective and flexible

as various designs can be easily tested. Results are pre-

sented in the form of magnetic field values, at various

locations in the buildings, before and after this mitigation

technique is applied.

1 Introduction

There are two major sources of extremely low frequency

magnetic fields (ELF/MF) which are able to affect large-

scale areas in their extended vicinity (i.e. tens or in some

cases even hundreds of metres). One of them is overhead

power lines and the other is AC powered railway systems.

Mitigation techniques for the first source have been

extensively studied for more than two decades and there

are a manifold of references in the literature. On the other

hand, although some studies related to magnetic fields

originated in rail systems have been published (Buccella

et al. 2004; Chadwick et al. 1998; Röösli et al. 2005; Rossi

et al. 2003; Minder 2001; Information Ventures 1999),

there is a lack of literature on mitigation techniques of

magnetic fields originated from AC railway sources. In this

investigation, the magnetic field produced by a system of

trains operating at 16.67 Hz is analyzed and mitigated

using a combined technique, i.e. designing a structure able

to redirect induced currents improving their effectiveness

and performing cost-effective experimental settings at re-

duced scale. The present study was made before starting

the construction of the buildings. Figure 1 shows the

location of the railway system in the central area of the city

of Stockholm. The configuration of the buildings is also

shown, which is ‘‘L’’-shaped formed by two type of
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buildings, Lateral and Frontal. The notation is related to

the ways the trains pass with respect to the buildings. Two

reasons motivated this study. Firstly, there is a growing

concern on suspected harmful effects of ELF/MF on human

health. Although several epidemiological studies suggest

that long-term exposure to fields in excess of 0.2–1 lT

(depending on the study) can explain some bias in the

statistics of some diseases. The issue is still not resolved at

the moment and there is no clear indication that there will

be a conclusive answer in a near future. Some countries are

adopting some policies upon limits in residential and public

buildings, as low as 1 lT, while others subscribe to

ICNIRP recommendations of 100 lT for 50 Hz and

300 lT for 16.67 Hz, limit based on effects of induced

currents in the human body (ICNIRP 1998, 2003). Sec-

ondly, this type of field is able to produce interference on

electronic equipment driven by electron beams such as TV

and computer screens, oscilloscopes and electron micro-

scopes. This interference becomes evident at field values

over 0.5–1 lT, depending on the device. For the present

study, we have chosen to aim at averaged (per floor) after-

mitigation field values not exceeding 0.5 lT while trying to

keep peak values at the sub-microtesla level. The feasi-

bility of achieving these values will be explained in the

next sections.

2 The sources of the field

Power is supplied to the train system by the overhead wires

of 15 kV carrying an average current of 200 A (rms). The

current’s return path follows the rail track (Fig. 2). In fact,

the amount of traction current depends on the power con-

sumption of the engine needed to accelerate these trains;

which reverts in a complex time-variability. The magnetic

field rms values against time are shown in Fig. 3. The

measurements shown were taken during 1-h at a high

traffic time. In spite of the short duration of the pulses,

these are still rather long compared with the period corre-

sponding to 16.67 Hz. Therefore, this study is concern only

with the influence of the periodic signal. The number of

tracks considered is ten. Two of them, the closest to the

lateral buildings, will stop before reaching the frontal

buildings. The other eight trains will either not stop or stop

for a few minutes and then continue to the next station

crossing the frontal buildings.

3 The shielding challenges

The dimensions of the building are, for the lateral build-

ings: (20–30) m · 100 m; and for the frontal buildings:

18 · 65 m. The height of both buildings is 34 m. Tradi-

tional methods of mitigating magnetic fields suggest plac-

ing a metallic plate (shield) between the source of magnetic

fields and the affected area. The most commonly used

materials for the shield are steel (ferromagnetic), or alu-

minium (pure conductive). Because of the large dimensions

of the building, iron would be excessively heavy, thus

aluminium seems to be the obvious choice. However, when

an aluminium shield is applied to the frontal buildings,

some issues arise. The nearest floor (5th floor) to the rail-

way track has an average distance of 1 m to the upper cable

of the feeding source; the extreme proximity of the cable

poses a challenge to the shielding properties, for most of

the eddy currents will be behaving as if they were induced

by a homopolar (single cable) source. Figure 4 shows the

Fig. 1 Location of the buildings in the central part of the city of

Stockholm; the pictures are virtual as the study was performed before

the buildings were constructed. The lower picture shows the way the

trains would pass with respect to the buildings

Fig. 2 A simplified diagram of the source of magnetic field. The train

is powered by an overhead wire carrying an average current of 200 A.

The return path is by one of the rail tracks
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similarity of the eddy current pattern on a shield placed on

the floor in close proximity to the upper cable of the rail-

way dipole and a single cable in the same location. In the

same figure one can also observe that eddy currents try to

generate a cancellation field to the source that originated

the effect (by Faraday and Lenz laws) with a concentration

in the middle of the plate. At the same time they also go

towards the edges as they try to reach for a return path.

Thus, the result is that an aluminium plate alone would not

be very effective shield when a train is passing through just

under and in close proximity to the shield. The simulations

were performed using 3d software Opera and its solver

ELEKTRA (Opera 3d User manual 1996).

A proposed solution to this issue is to redirect the in-

duced currents in a spatial configuration such that the

returning paths will become useful to mitigate the field

inside the enclosed area. This can be achieved by con-

ductive ribbons joining two plates. The upper plate is used

as part of the currents’ returning path, thus it can be thinner

than the bottom plate (Fig. 5). In some designs the upper

plate or even both plates can be replaced by a set of ribbons

providing further cost reduction. Yet, as different shielding

configurations will yield different results, balance between

material cost and mitigation factors has to be considered.

Considering the lateral buildings we note that the

sources pass alongside the buildings at different distances,

some even under the building, such as the one shown in

Fig. 1. An aluminium shield alone, even if thick relatively

to the skin depth (d), will neither be optimal nor cost

effective. The solution is a combination of optimally

positioned system of loops and shields. Because the

lateral region is 100 m long with a cross-section area 20 m

(width) · 34 m (height), such a section can be modelled

approximately assuming that fields do not change in the X

direction (see Fig. 6). Such a simplification can be con-

sidered accurate for the central part of the lateral buildings,

but it does not model its ends, which are in fact intercon-

nected. From the latter, is noticed that the total eddy cur-

rent (at the cross section) must be zero. This condition

comes from the fact that the eddy currents must find a

return path when they meet the physical ends of the lon-

gitudinal extension. After performing numerical 2d simu-

lations for the cross section (see Fig. 6), it was found that

the results depend on the kind of boundary condition

Fig. 3 Time variability of the

magnetic field. The values were

taken at the nearest floor to the

rails, near the intersection of the

lateral buildings with the frontal

buildings. Although the short

duration of the pulses; these are

still rather long compared with

the period of the feeding current

Fig. 4 Comparison between a

railway feeding-dipole and a

homopolar source; both sources

behave similarly in the

proximity of an aluminium

conducting plate
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assumed (the total domain boundary is far from the region

of interest).

It is observed that the boundary condition: Ax = 0 at ¶W
(Ax is the x- component of the magnetic vector potential

and W is the problem domain) allows a net eddy current

flowing at the shielding structure. If the total domain

boundary ¶W is far from the region of interest, we can

assume the magnetic field intensity H = 0 at ¶W as the

boundary condition. This boundary condition makes the net

eddy current be zero because its circulation on ¶W is zero.

Figure 7 shows 2d numerical results using both boundary

conditions; the 2d simulations were performed using the

code Femlab 3.1 (Comsol AB 2004). A line L was added

for comparison reference between the two conditions; this

will be plotted later when contrasted with experimental

validation.

4 Scaling rules

The computation of shielding factors for the frontal struc-

ture (which is evidently 3-dimensional) by numerical

simulations, is rather complicated as a result of the large

aspect ratios involved. Something similar can be said for a

fully 3d numerical simulation of the lateral structure, since

the 2d- simulations presented can only represent accurately

the central region. Here an experimental technique, based

on scaling rules, is combined with the suggested 3d

structures which are the paths of the induced currents. This

technique will make it possible to experiment in a lab with

various shielding designs and to predict shielding factors of

3-dimensional structures more accurately.

Let the scaling factor between two shielding systems M

and M¢ be k then length, surface and volume scale as L¢ = k L;

A¢ = k 2 A; V¢ = k 3 V respectively. A current I is scaled

assuming a homogeneous scale-invariant current density J.

Then: J¢ = J, I¢/A¢ = I/A, and I¢/(k 2 A) = I/A, there-

fore:I¢ = k 2 I. Having units of length, the skin depth d scales

linearly: d¢ = k d. This expression allows the computation of

Fig. 5 Extended shielding structure that redirects the induced

currents, creating effective current loops, resulting in field minimi-

zation inside the enclosed region (a). In some designs, the upper

conductive plate, or even both plates, can be replaced by ribbons

resulting in further cost reduction (b)

Fig. 6 The lateral shielding structure is shown which can be

modelled using YZ symmetry (the field does not depend on the x
coordinate). The eddy currents (dotted arrows) on the shielding

structure are shown as well as the source (continuous arrows). This

simplification can be considered accurate for the central part of the

lateral buildings, but it does not model the endings

Fig. 7 Numerical results are

shown for the two boundary

conditions discussed above. In

(a) the boundary condition is

assumed Ax = 0 at ¶W, while in

(b) it was assumed H = 0 at ¶W.

The line L is added as

comparison reference when

contrasted with experimental

validation
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the scaling rule for the frequency: (2 lp¢r¢ f¢)–1/2 =

k (2rlpf)–1/2. Assuming scale-invariance and homogeneity

of the materials (l = l¢, r = r¢), then the frequency scales

as: f¢ = (1/k)2 f . The application of Ampere law yields the

scaling rule for the magnetic field: B¢ = k B, i.e. it is linear

with respect to scaling. Finally the shielding factors (SF)

which are relative comparisons between the magnetic field

before and after mitigation become invariant with respect to

scaling, i.e. SF’ = SF. When applying this method (Salinas

et al. 2005, 2006) to our study we will adopt a scaling factor

k = 1/10. Therefore the frequency for the small system is

1.67 kHz. These settings were implemented in a laboratory

where the frontal and lateral structures were built and tested

independently. Figure 8 shows the structure tested and the

values obtained, before and after mitigation procedures were

applied, for one of the floors (two stories above the train

tracks).

Returning to the shielding issues and numerical mod-

elling, a comparison was made (Fig. 9) between the

experimental results and the two results applying two dif-

ferent boundary conditions mentioned in the two-dimen-

sional modelling (see Fig. 7). The line L was taken at

z = 22.7 m. The result is that the condition H = 0 fits the

obtained data more accurately than Ax = 0. This boundary

condition is also physically more realistic as it makes the

net eddy current be zero; which is demanded in the

experiments due to the connecting paths of the shielding

loops.

5 Conclusions

The problem of shielding extremely low frequency mag-

netic fields of 16.67 Hz that affect large buildings certainly

poses several challenges to standard field mitigation

schemes and to modern numerical modelling methods too.

A new technique was used based on re-directing eddy

currents towards ribbon paths that effectively contributed

to reduce the magnetic field inside the buildings. Due to the

3-dimensional character of the proposed models the design

was elaborated using scaling rules and performing tests in a

low-power laboratory. The scaling factor for the experi-

ment was 1/10 and the frequency 1.67 kHz. The division of

lateral and frontal buildings proved to be useful in the

design of shielding structures. Complex but cost-effective

structures based on conductive material consisting on

Fig. 8 Before and after

mitigation field values are

shown for the level located two

floors above the train tracks.

The resulting average magnetic

field levels in each floor were

kept below 0.5 lT

Fig. 9 Comparison between numerical results and experimental data

is shown. The values taken over the line L at z = 22.7 m (see Fig. 7).

Notice that the boundary condition H = 0 agrees more with

experimental data. The experimental data is obtained by using the

scale model described in this article. Notice that the peak values are

outside the building
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plates and ribbons were built. Good shielding factors (up to

SF = 10) were achieved. After shielding, averaged field

values were measured under 0.5 microtesla and peak values

were kept (with a few localized exceptions) under 1 mic-

rotesla.
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