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Electromagnetic Action of Heavy-Current
Equipment Operating With Power Frequency

Karol Bednarek

Institute of Electrical Engineering and Electronics, Poznan University of Technology,
Poznan, Poland

The paper presents an analysis of the effect of magnetic fields of power frequency generated by heavy-current
electric equipment on the environment. The results of computation and measurements of the magnetic field
in the vicinity of power busducts are included. Possible hazards are considered that result from the effects
of the magnetic field on workers present in the vicinity of busducts as well as secondary hazards caused
by the degrading effect of the magnetic field on ferromagnetic structural materials (in reinforced concrete
structures). Attention is given to an ergonomic aspect of interaction of the magnetic field with cathode ray

tube computer monitors (annoying oscillation of the image).
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1. INTRODUCTION

Development of technical civilization during
recent decades has been accompanied to a
significant degree by an increasing application of
electric and electronic systems, automatization
of manufacturing processes, and transmission
and processing of information. This, in turn,
is unavoidably related to production and
delivery of growing amounts of electric power.
Operation of all these devices goes together with
generation of electromagnetic fields (EMF) of
highly differentiated frequencies in the range
from gigahertz (related to radiolocation, mobile
telecommunication or microwave technology),
through broadcasting waves, to low frequencies
(chiefly power network and
fields

fields of maximal frequencies, in the range of

frequencies)
constant (in  particular circumstances
ionizing radiation, can be emitted too). In some
circumstances the fields are generated and emitted
intentionally, e.g., in telecommunication systems,
while in other cases they are an unwanted result of
the operation of some systems and equipment.

An important part of those interactions are fields
of mains frequency (extremely low frequencies)
caused by transmission of electric power. They are
emitted by power elements, generating, switching
and transmission devices that interact with the
environment, often becoming a hazard for people.

Various hazards are caused by electromagnetic
fields of low frequencies [1, 2, 3, 4]. They are
mainly related to the effect of a current induced by
the electromagnetic fields in the body and cellular
membranes (particularly the excitable ones). The
fields also interact with the elements and devices
located in the environment, the consequences of
which can threaten human safety or adversely
affect the ergonomics of human activity. This is so
because correct identification of the interaction is
key to correct and safe operation of the equipment
and the need of meeting the provisions of
regulations and standards on their operation.

This paper presents the computation and
measurement results field
generated in the proximity of three-phase power
busducts. The effect of this field on the human

of the magnetic
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body, structures made of ferromagnetic materials
and other systems located in the neighbourhood
were analysed. Possible hazards to people
approaching such locations or working there, and
possible worsening of working conditions (i.e.,
ergonomic factors) were considered.

2. NORMATIVE CONDITION
RELATED TO THE EFFECT
OF THE ELECTROMAGNETIC
FIELD ON PEOPLE

The electromagnetic field is represented by
factors that can negatively affect people both
in their working and living environments.
Basic protection of the human being against
electromagnetic fields consists in determining
admissible levels of the intensity of the field (or
possibly other values defining the intensity of the
interaction) in which people may stay without a
deterioration of their health and general well-
being.

Directive 2004/40/EC provides legal regu-
lations pertaining to the protection of people
against electromagnetic radiation; they are
based on data provided by the International
Commission on  Non-lonizing  Radiation
Protection (ICNIRP), considered as recommen-
dations for European Union states [5, 6, 7].
Admissible values of the intensity of the
interacting field complying with those documents
can be also found elsewhere [2, 8].

These are values of the fields determined
with regard to the effects of absorption of the
electromagnetic field power in the form of the
induction current flowing through the tissues
or resulting in temperature increase, burns and
paralysis [3, 8, 9, 10]. The results of long-term
(including  possible
effects) are not taken into account, since to date

exposure carcinogenic
there has not been sufficient scientific proofs of
these hypotheses.

The recommendations of EU Directives allow
individual home standards provided that the
protection related thereto is not worse than the
one of the Directive. Some European countries
implemented recommendations based on
ICNIRP guidelines [6]. Other ones introduced

JOSE 2010, Vol. 16, No. 3

their own, more severe standards. In Poland,
there is a regulation of the Minister of Labour
and Social Policy [11]. It defines limit values of
the strength of electric E and magnetic H fields
for EMF interaction with the human body in the
working environment (according to the frequency
of the field) as

e prohibited exposure [E,(f), H,(f)]; workers
are not allowed to stay where the field level
of the intensity exceeds prohibited exposure
(in exceptional cases the stay is permitted in
screened protective clothes);

e occupational  exposure

[E, (D), H,()];
workers can stay for a limited period (under
8 h) where the field level of the intensity
exceeds occupational exposure (but is below
the prohibited level) provided the dose of
admissible exposure is not exceeded. The
duration of admissible exposure is determined
by measuring the field at the workstand
(because of the requirement of observing the
dose of admissible exposure; the so-called
exposure factor W);

e non-occupational exposure [E(f), Hy(f)]; there
is no restriction on staying in a field whose
level of intensity is below the limit. If the
level of intensity exceeds non-occupational
exposure, which is below the occupational

threshold,

throughout their working shift near the sources
of that field.

exposure workers can  stay

Poland’s regulation lists thresholds of exposure
limits (for various frequency bands) [11]. This
document shows that the admissible strength of
the magnetic field interacting with the human
body for the frequency of 50 Hz is, according
to Directive 2004/40/EC, 400 A/m (which
corresponds to magnetic flux density B = 0.5 mT
in the air environment) [5], while according to
Poland’s regulation, the threshold of occupational
exposure to magnetic components is 200 A/m
(B = 025 mT for air) (see also Bednarek
[1], Karpowicz, Hietanen and Gryz [2] and
Karpowicz and Gryz [8]).

In Poland there are separate standards for the
general population (in the living environment).
According to the regulation of the Minister of



Environment, the admissible strength of the
magnetic field for the frequency of 50 Hz is
60 A/m (which corresponds to B = 0.075 mT for
the air environment) [12].

3. DESCRIPTION OF THE SYSTEM

Among the elements of the electric power supply
there are heavy-current transmission lines (power
busducts). They are used in almost all locations
of a power system, in the range of medium
voltage, to transmit power of up to 200 MVA.
They are used

e (o transmit power to mines, steel works, large
industrial plants or city centres;

e in large buildings, to connect supply networks
to transformers;

(a) y
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e in power plants, to connect generators to unit
transformers and transformers to medium-
voltage switchgears;

e as heavy duty power outlets in particularly
difficult conditions, e.g., in underground
hydroelectric power stations;

e (o connect switchgear sections, etc.

This paper considers three-phase heavy-
current busducts in plane arrangement with
composite epoxy-resin insulation (Figure 1).
Due to the values of the current of up to several
kiloamperes, they are sources of a strong
magnetic field [4, 13, 14]. The interaction occurs
in a near field so the energy can be absorbed by
objects located in the field. The field emitted by
the sources directly affects workers present in
the proximity of the devices and objects located
nearby.

insulator

phase conductor

(b)

Figure 1. Geometry of two system: (a) configuration of a busduct, (b) a busduct in a two-dimensional
system (cross-section). Notes. a, b—dimensions of conductors, k—distance between axes of conductors.
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4. CALCULATION OF MAGNETIC
FLUX DENSITY AROUND THE

BUSDUCTS

Magnetic flux density at various distances
from a three-phase heavy-current busduct can

be calculated analytically, which is not very
complicated. Nevertheless, because of the more
advanced computation that would have to follow
(an electrodynamical analysis of a magnetic field
generated with ferromagnetic elements near
busducts), the distribution of the magnetic flux

0.022 =

0.020 -

0.018 -

0.016 -

0.014 -

B(T)

0.012 -

0.010

0.008

0.006

0.004 —

0.002 = I

A A

0 50

100

150

200 250

300 350 400 450 500

x (mm)

Figure 2. Distribution of magnetic flux density B (T) on the x axis of the phase conductors for the
system in Figure 1b, with phase current of /, = 1250 A and the distance between the axes of the
conductors k = 62 mm. Notes. a, b—dimensions of the conductors.
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Figure 3. Distribution of magnetic flux density B (T) on the x axis of the phase conductors for the
system in Figure 1b, with phase current of /|, = 4000 A and the distance between the axes of the

conductors k=212 mm.
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density was calculated numerically. This was
done with software for analysing electromagnetic
fields (Opera 2D from Vector Fields, UK).
The finite element method was used to solve
electromagnetic ~ problems with  Laplace’s,
Poisson’s and diffusion equations [4, 13].

The root-mean-square (rms) value of magnetic
flux density in the vicinity of heavy-current
busducts (for a system including a ferromagnetic
frame above the busduct) was calculated for
1250 A. For this variant the distance between
the axes of the conductors was k = 62 mm, i.e.,
the distance between the walls of neighbouring
conductors was 50 mm, and for 4000 A
(k = 212 mm, the distance between the walls of
the conductors was 200 mm). The dimensions of
the conductors were @ = 12 mm and b = 80 mm.
The discrepancy in the arrangement of the
conductors (k variations) resulted from many
multivariant computations from which only
k = 62 mm (for 1250 A, which was consistent
with the actual parameters of the system) and
k = 212 mm (for 4000 A assumed to analyse
the effect of variation of the interconductor
distance, the current level and the magnetic field
distribution) were selected as representative. To
observe maximal values of magnetic flux density
of the interacting field, the field distribution was
computed in the nearest vicinity of the phase
conductors (along the x axis) in the system in
Figure 1b. Figures 2-3 show the results of the
computation.

For the current of 1250 A the maximal value
of magnetic flux density near the outside surface
of the conductor was 14 mT, while 0.04 m from
the conductor B =7 mT (0.02 m from the surface
of the insulation material of the busduct). For
phase current of 4000 A, maximal magnetic flux
density near the outside surface of the conductor
was 50 mT, while 0.04 m from the conductor
B = 30 mT (in this case the increase in B
primarily resulted from higher current value and
greater distance between the phase conductors).
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5. RESULTS OF MAGNETIC FIELD
MEASUREMENT IN A PHYSICAL
SYSTEM

Correctness of the assumed computation
model and the reality of the results of the
considered physical values so obtained can be
checked by measuring those values at physical
objects. Therefore, the magnetic flux density
was measured at various distances from the
busducts (in the system in Figure 1, along the
x axis). The busducts were supplied with the
current 3 x 1250 A from TW25 heavy-current
transformers.

Two slow-varying measuring devices were
used: a three-axial device for measuring the
magnetic field, Tracer 3D (USA), and a device for
measuring longitudinal and cross components of
the magnetic field, hand-held a gauss/tesla meter,
model 40 (Bell, USA). The use of equipment for
measuring mutually complementary parameters
made the analyses possible.

Figure 4 shows the results of the measurements
of magnetic flux density: its longitudinal B,
and cross B, components, and the results of
measurements performed in a three-axial mode,
giving the rms values of magnetic flux density B
at various distances d from the busduct (i.e., from
the surface of the insulation material). Figure 5
shows rms values of magnetic flux density B for
greater distances from the busducts.

The results of measurements and calculations
are in step with each other, which confirms
the correctness of the assumed computation
model. Computations and measurements of
magnetic flux density around the busducts
supplied with the current of 1250 A made it
possible to establish that the magnetic flux
density several centimeters from the equipment is
several milliteslas. Tens of centimeters from the
devices magnetic flux density B = 0.1-0.5 mT,
while 2 m from the busducts B = 20 uT. So,
during the flow of very large current a very
high magnetic field can form rather close to the
busduct. Nevertheless, the arrangement in which
on one side of a partition there are workstands,
whereas on the other there are busducts should be
avoided. The situation is similar if busducts are

JOSE 2010, Vol. 16, No. 3
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Figure 4. Dependence of magnetic flux density B (mT), longitudinal B, (mT) and cross B, (mT)
components of the magnetic flux density vector as functions of the distance from the busduct
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Figure 5. Dependence of magnetic flux density B (mT) as a function of the distance from the busduct

d (mm) (for greater distances from the busduct).

located under the ceiling which is the floor of the
room above it (Figure 6). This is sometimes the
case in industrial plants where offices are located
above rooms with equipment supplying power
to production bays or where power busducts for
supplying welders, machines or electric (e.g.,
ultra high performance arc) furnaces are located
on the walls adjacent to offices [4, 13, 14].

JOSE 2010, Vol. 16, No. 3

6. INDIRECT HAZARD CAUSED
BY DEGRADED MECHANICAL
STRUCTURES

Heavy-current busducts are suspended under
ceilings or assembled on special supporting
structures [4, 13]. In both cases the fixing
elements are ferroconcrete.
field generated by the busducts interacts with

The magnetic
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Figure 6. Examples of unsuitable arrangements of workstands near busducts: (a) interaction through
a wall, (b) interaction through a floor. Notes. L1, L2, L3—phase conductors.

the ferromagnetic parts (i.e., the reinforcing
rods) of the structures. So, eddy currents are
generated in the steel elements, which as a result
of heat generation, is conducive to power loss.
Considerable local temperature shocks can lead
to the structure breaking or a drastic decrease

in its strength. In extreme cases, this can be
hazardous for people working in the vicinity.

To perform a deeper analysis, electrodynamical
calculations were done for a ferromagnetic
frame located above a three-phase busduct
(Figure 7). The geometry of the busduct is

a
<
[+ ' #
|
1 k !
e e ————

Figure 7. Arrangement of a ferromagnetic frame located above a busduct. Notes. a, b—dimensions of
conductors, k—distance between axes of conductors, h—distance between busduct and frame.
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Figure 8. Distribution of current density J (AIm2) induced in the bottom part of the frame of the
system shown in Figure 7, at phase current of /, = 4000 A (the bottom rod of the frame is magnified).

similar to the case in section 4. The dimensions
of the frame were x = y = 300 mm. It was made
of a steel wire with a cross-section of 8 mm’.
The frame was suspended above the busduct
at h = 50 mm. The current of 4000 A flew
through the phase conductors. The values of
the density of the induced current J (A/mz)
and surface density of power loss in the frame
Ds (W/m®) were determined in the conductors
and the frame (i.e., corresponding to definite
discretized surface elements). The computation
was done with specialized software designed
for simulating electromagnetic fields (Opera 2D
from Vector Fields, UK). Figures 8-9 show the
results. To provide better representation of the
local character of the observed phenomena the
distribution of the density of the current induced
in the region of the bottom rod of the frame
(Figure 8) and the distribution of the density of
the surface power loss near the bottom rod of the
frame (Figure 9) are illustrated accordingly in
geometric magnification.

JOSE 2010, Vol. 16, No. 3

The bottom parts of the figures with the
results of calculations include scales showing
numerical values corresponding to colours
or shades of grey. A varying magnetic field
induces eddy currents in the frame leading,
according to Joule’s law, to power loss and
heat emission. The maximal value of the
density of current (corresponding to elementary
surfaces) induced in the ferromagnetic frame
located above the busduct is 2:10° A/m’
This is conducive to considerable power loss
transformed into heat (manifesting itself by local
growth of the temperature of the frame). This is
confirmed by computations of the distribution
of surface density of power loss (corresponding
to discretized surface elements) that, in the
considered case, exceeds 1.7-10° W/m> The
analyses indicate that in the case of higher
magnetic fields the temperature of ferromagnetic
elements can considerably increase locally,
which can lead to mechanical degradation.
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Figure 9. Distribution of surface density of power loss pg (W/mz) (corresponding to discretized
surface elements) in the bottom part of the frame for the system in Figure 7, at phase current of
I, = 4000 A (the bottom rod of the frame is magnified).

7. ERGONOMIC ASPECTS
OF THE INTERACTION OF
SLOWLY-VARYING EMF WITH
COMPUTER MONITORS

Electromagnetic disturbances emitted by heavy-
current equipment (i.e., fields generated during
its operation) can adversely affect other electric
systems and devices. Disturbing signals reaching
a sensitive device cumulate with useful signals.
If the disturbing frequency approximates the
range of the frequency of a sensitive device,
the disturbance passes undamped through input
filters. This happens both in analog and digital
systems. As a result, the disturbed device can
operate incorrectly or can even be damaged.
Therefore, disturbing sources should be duly

identified to eliminate or reduce their interaction.
Incorrect operation of equipment can also
negatively affect the ergonomic conditions of
its operators. This is another reason why it is
necessary to identify sources of electromagnetic
sources.

CRT (cathode ray tube) computer monitors are
highly sensitive to the interaction of magnetic
field of 50 Hz. The magnetic flux density
field of several microteslas can be conducive
to disturbances manifesting themselves as
monitor image oscillation (jitter) [15, 16, 17,
18, 19, 20]. The frequency of oscillation can
equal to the difference between the frequencies
of the interacting field and the refreshing of
the image, and can be highly annoying. The
worsened ergonomic working conditions can
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result in reduced efficiency or no work at all.
Moreover, workers who do not understand
electromagnetism might share the common
belief that a magnetic field that causes an
interaction with the monitor must be harmful for
humans, even though the intensity of the field
is significantly below the standard threshold
determined for human body.

The calculations and EMF measurements
made near heavy-current busducts, and the
examinations and analyses carried out in
several companies show that CRT computer
monitors can operate incorrectly even over 2 m
from busducts [1, 4, 13, 14, 17, 18, 19]. This
was the situation, e.g., in the control room of
a CHP (combined heat and power) plant and in
production plants of the automotive industry,
where busducts supplying a production bay were
located under offices. The magnetic flux density
in the working area was below the admissible
level with respect to interaction with the human
body, but equipment did not operate properly.
Therefore, computer stands should not be located
near heavy-current busducts (cf. Figure 6).

If computers monitors do not operate properly,
the following can be done to avoid jitter [15, 16,
17,18, 19, 20]:

e moving the computer stand away from the
source of EMF since the effect of the magnetic
field decreases with an increase in the distance
from the source of the field;

e replacing a CRT monitor with an LCD (liquid
crystal display) one, which is not susceptible
to interaction with a 50-Hz field;

e using a magnetic screen either for the monitor
or for the source of the field;

e decreasing the level of the magnetic field (e.g.,
by switching off devices that are not used or
are idle).

8. FINAL NOTES AND
CONCLUSIONS

This paper is based on theoretical analyses and
tests on physical objects in laboratories and at
workstands [1, 4, 13, 14, 17, 18, 19]. The results
indicate that in the direct vicinity (i.e., usually
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below 1 m) of heavy-current equipment like
busducts, there is a significant magnetic field of
of the order of milliteslas. This can be hazardous
for people working in such an environment, both
because of the direct interaction of the magnetic
field with the human body and the secondary
EMEF effect on equipment.

busducts, as opposed to
overhead lines, are sometimes located near

Heavy-current

workstands. For very small distances the effect
of EMF can be important (there is an interaction
in the proximate zone) and dangerous for the
human body. Therefore, workstands should not
be located near heavy-current busducts. On the
other hand, technological conditions and the
distribution of the magnetic field (the value of the
magnetic flux density induced by the conductors
would increase) make increasing the distance
between phase conductors impossible.

Ferroconcrete structures used for supporting
or suspending elements of power busducts
can degrade due to strong -electromagnetic
interactions and large local temperature peaks.
The difference in the thermal expansion of steel
and concrete can cause concrete to crack. This
can be a safety hazard for people in the vicinity
of such a construction.

If CRT monitor screens are located near heavy-
current power equipment, computer operators
can experience jitter, which can have an adverse
psychological effect. The ergonomic conditions
of the computer stand decrease then, too. Those
factors prove that in the proximity of heavy-
current devices the magnetic field should be duly
identified to avoid locating workstands in their
immediate neighbourhood.
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