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ABSTRACT This paper analyses the impact on workers of the electromagnetic field produced by large
furnaces for glass production. The paper also propose a solution for the reduction and the containment of
magnetic induction levels below the limits imposed by national and international directives. Using a three-
dimensional numerical calculation code based on the hypothesis of filiform conductors in the air (Biot-savart
law). The choice of the solution is based on the technique named highly coupled magnetically passive loop
technique (HMCPL). The solution was then implemented and a comparison between the magnetic induction
values before and after the installation of the shielding solution is presented.

INDEX TERMS Magnetic field pollution, shielding system.

I. INTRODUCTION
Existing research recognises the critical role played by the
exposure of workers to electromagnetic fields [1]–[5]. At low
frequency, the exposure to magnetic field has been shown to
be related to adverse effects in circulation of currents within
the body [6], [7]. The intensity of these currents depends on
the intensity of the external magnetic field. If sufficiently high,
these currents can cause damage of nerves and muscles or
influence other biological processes. So far, very little atten-
tion has been paid to the role of low frequency magnetic field
generated by the glass manufacturing furnaces. There is little
published data on simulation of furnaces for glass production
and directed mainly to the modeling of current temperature
and flow fields inside the furnace [8]–[12]. The most complex
simulation requires a three-dimensional CFD-type calculation
code [13], [14] and one of the main open problems concerns
the knowledge of the electrical characteristics of the glass as
it varies in temperature and composition. Even just the resis-
tivity depends on these parameters and it is not easy to find
in literature closed formulas that provide this parameter. The
magnetic field levels generated by the glass manufacturing
furnaces are above the exposure threshold indicated by the
regulatory bodies, the Institute of Electrical and Electronic
Engineers (IEEE) [15], [16] and the International Commission

on Non Ionizing Radiation Protection (ICNIRP) [17]–[19], for
this reason a shielding system must be applied to limit these
levels. A possible solution is based on the use of magnetic
field line deflection systems using passive shields in the form
of plates that has been proposed and used [20]. But, this
solution has some issues including the significant heating of
the plates due to losses in the iron. In the present work, a
technique based on highly magnetically coupled passive loops
(HMCPL) was considered. This technique has been widely
used in the shielding of the junction areas of high-voltage
lines [21], [22]. The overall structure of the study takes the
form of nine chapters, including: System description, Model
for calculating magnetic fields, Operating principle of the
HMCPL system, Mitigation system scheme, Syzed and pre-
liminary analysis of the magnetic core, Results after shielding,
Final layout of the system, Pre and Post shielding magnetic
measurements, Conclusion.

II. SYSTEM DESCRIPTION
All electrically powered furnaces for glass production typi-
cally consist of a set of three pairs of electrodes. Each pair
is made up of a set of opposed (eg 2-3 electrodes) and
each triad is powered by a 50 Hz electric current of several
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FIGURE 1. Circuit diagram of electric currents.

thousand amperes. The currents are produced by three single-
phase transformers powered by a three-phase medium voltage
transformer. The triad of currents that feed the electrodes
is balanced (equal currents and 120 degrees out of phase).
The electrical distribution is carried out by means of three
single-phase lines (outward and return) that start from the
transformer room and lead to the furnace. Distribution can
be accomplished either by cables or by busbar lines. [23].
The currents entering the furnace generate an electrical neutral
point inside the molten glass. In the furnace area, the forward
and reverse currents move away from each other to reach
the respective electrodes. This distancing of the conductors
belonging to each phase results in a significant increase in
magnetic fields (thousands of μT). The magnetic field gen-
erated between the furnace area (before each phase splits)
and the transformers may be less critical, since the compen-
sation given by the proximity between the forward and return
currents of each phase can be better exploited [24]. There is
therefore a need to reduce the magnetic field generated, both
to protect inspection and maintenance workers in the vicinity
of the furnace and to avoid induced currents in conductive
components (e.g. metallic duct or structural metallic parts)
near and around the furnace itself. At the beginning, the distri-
bution of the conductors is as in Fig. 1 where the line towards
the transformers and the distribution of the lines under the
furnace are shown. The dotted lines indicate the path of the
currents inside the furnace but this distribution is qualitative.
This theoretical scheme of Fig. 1 is implement in the real
application as reported in Fig. 2, which shows the geometry
of the busbar power lines indicating the closure of the currents
inside the furnace. Mitigation of magnetic induction in the
sections where the forward and return conductors diverge is
particularly critical. In order to apply the HMCPL system to
the case of the furnace with the use of busbar lines, it is neces-
sary to foresee the presence of the conductors for the closing
of the shielding loops already integrated inside the busbar
lines themselves. In practice, in the two sections where there
is only the outward or the return, the same busbar line used in
the outward/return section is used. In this way it is possible to

FIGURE 2. Geometric scheme of the distribution of the busbar power line
close to the furnace.

FIGURE 3. Filiform model of the electrical connections around the furnace
and of the current inside the glass.

use the busbar that would be inactive to create the shielding
loop. The work presented uses the nominal powers absorbed
by the furnace without going into modeling the phenomena
within it.

III. MODEL FOR CALCULATING MAGNETIC FIELDS
A circuit model was built based on the described furnace
geometry.

1) Dimensions of total surface area hexagonal 44 m2

2) Power 1.6 MW per phase / 4.8 MW total
3) Average melting temperature at 1400 ◦C
4) Type of glass Named Soda Lime
5) Maximum glass yield 80 Tons / day.
The model calculates the contribution of the various con-

ductors through the integral of the Biot-Savart formula [25].
Attention was focused on the sections of the line in the furnace
area, leaving out the path between the transformers and the
furnace, for the reasons indicated above (the section where the
magnetic field is already contained). Fig. 3 shows the circuit
model of the connections near the furnace according to the
geometry. The filiform model represents a simplified approach
but allows the evaluation of the magnetic induction values
around the sources with good accuracy. The plane on which
the conductors around the furnace are arranged is placed at
the reference height z = 0. The height towards the electrodes
was considered equal to 1.5 m.

A first level of interest is that:
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FIGURE 4. Isolevel lines and chromatic map of magnetic induction on a
vertical plane close to the electrodes.

� XZ plane (X between −1 and 15 m, Z between −1 and
3 m) at 50 cm from the sources (Y = −0.5 m). It can
be observed that there is a large area with an induction
value greater than 1000 μT .

Another area of interest is represented by the area under the
furnace and Fig. 5 shows the level lines and the color map on
the plane placed half a meter below the conductor plane:
� XY plane (X between −1 and 15 m, Y between −1 and

15 m) at X = −0.5 m
It is possible to observe that even in this area there is a wide

range in which values above 1500 μT are reached.

IV. OPERATING PRINCIPLE OF THE HMCPL SYSTEM
The proposed system allows mitigating the magnetic field pro-
duced by a source, consisting of a set of conductors, through
the second system of conductors,magnetically coupled to the
source and suitably arranged in space. The conductors that
carry out the mitigation can be chosen optimally in terms of
number, position, cross section. The allow the shielding cur-
rent to circulate in the conductors, these are connected to form
circuits with closed paths. The mitigation of the magnetic field
results, as in the case of passive conductive screens, from the
superposition of the effects of the two systems. The proposed
idea is to provide a passive screen with high coupling with
the source, i.e. a shield consisting of a set of conductors
suitably connected in which the currents in the screen are in-
duced through a magnetic coupling obtained through a series
of toroids of ferromagnetic material with high permeability,
suitably sized and linking the sources. The system is presented
in principle as in Fig. 6.

Each phase of the source links the magnetic core N1 times
(N1 = 1 in the case of the figure); a winding of N2 turns
arranged on the core feeds the shield conductors. Through the
magnetic core, a practically ideal magnetic coupling is made
between the source circuit and the shield circuit. The presence,
in the case under examination, of three phases requires that
three shielding circuits be made. There are many variations
of this solution, determined by the geometry of the source,
by the choice of geometry, and by the N1/N2 ratio. The sim-
plest configuration is the one in which N1 = 1 and N2 = 1

FIGURE 5. Isolevel lines and chromatic map of magnetic induction on a
horizontal surface placed under the furnace.

(unity coupling). In this configuration, the coupling between
the source and the shield is characterized by a unitary trans-
formation ratio and the current in the shield and the source
coincide [22]. One of the aspects that makes this shielding
solution very efficient is that the two currents, are naturally
in phase opposition. Referring to Fig. 7, which indicates the
single-phase equivalent circuit of the coupling between the
two circuits, in which:

- the source 1 is represented by the current generator I1;
- the magnetic core 3 is represented by the transformer

model.
For which Z0 describes the losses in the iron and the

magnetizing current, the transformation ratio describes the
coupling between source 1 and screen 2. Resistance and in-
ductive reactance of winding 4 are respectively described by
RT and XT . Finally, ISH , RSH and XSH represent the induced

VOLUME 4, 2023 3
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FIGURE 6. HMCPL shielding principle diagram: 1) source circuit, 2) shield
circuit 3) coupling toroid, 4) shield circuit power winding.

FIGURE 7. Circuit diagram of the HMCPL shield relating to a phase of the
furnace power system.

current, resistance and inductive reactance of the shielding
conductor 2.

With reference to Fig. 7, the currents are equal to:

ISH = − E2

(RT + RSH ) + j(XT + XSH )
(1)

I ′
SH = − ISH

N2

N1
(2)

I1 + I ′
SH = I0 (3)

If the core is well sized, the current I0 which includes losses
in the iron and magnetizing current is negligible so it can be
said that:

ISH = − E2

(RT + RSH ) + j(XT + XSH )
(4)

I ′
SH = − ISH

N2

N1
(5)

I1 ≈ − I ′
SH = ISH

N2

N1
(6)

Therefore, the current flowing through the conductors of
shield 2 naturally results in phase opposition to the current
of source 1. The design process is based on the sizing of the
magnetic core and the choice of the cross-section of the screen
conductors. In the application under study, the number of
source and screen turns is unitary and therefore the maximum
screen current is equal to the source current. The proposed
system has significant advantages:

1) It is self-adaptive being a passive screen.
2) No screen power systems are required: it is the source

itself that powers the screen through the magnetic core.

FIGURE 8. Principle diagram of the HMCPL shield applied to the
distribution of the electrode supply lines.

3) Currents are much higher than in traditional pas-
sive screens (passive mesh screens or conductive flat
screens).

4) The currents are naturally in phase opposition and there-
fore allow to obtain the maximum shielding effect as
regards the phase.

5) The shielding factor of the proposed HMCPL system
can reach values at least equal to 20 times.

6) It is possible to use, in the case of coupling with N2 =
1, the same conductor used for the source with a consid-
erable advantage from the point of view of supply.

V. MITIGATION SYSTEM SCHEME
The basic diagram of the shield loops is presented in Fig. 8.
The shielding loop is made up partly of the busbar itself and
in part of reclosing sections which can be in cable or, as in
the case in question, by busbar ducts. The system, therefore,
has three shielding loops, one for each phase. The screen
conductors are therefore characterized by sides in which the
coupling between source and screen is such as to allow an
almost cancellation of the magnetic field. On the contrary,
near the electrodes, the shielding loops will “come out” from
the busbar duct and will close again by closing the loops. In
this section, the same will cross the area under the furnace
and the magnetic field compensation will be partial (currents
in the loop and currents in the furnace). Greater geometric
detail is shown in Fig. 9 where the closure scheme in shielding
loops for the three phases is shown. The figure shows how
the course of the paths is different from the theoretical one
and hypothesized in the diagram of Fig. 8. This is due to the
architectural constraints of the area under the furnace (sup-
porting columns) and the real dimensions of the connections.
The final paths are slightly different from the ideal ones and
this will result in a slight variation in the magnetic induction
levels.
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FIGURE 9. Scheme of the re-closing sections of the loops in the area
under the furnace.

FIGURE 10. Diagram of the magnetic core of shield source coupling with
indication of the dimensions.

VI. SIZING AND PRELIMINARY ANALYSIS OF THE
MAGNETIC CORES
Based on the previous indications, three core prototypes with
a cross-section of 20 cm2 were created. The characteristics
of the prototypes are shown in Fig. 10. The open-type core
is therefore made up of two U-shaped half-parts which are
held together by metal clamps. Two variants were analyzed:
one of 40 mm × 50 mm and one of 20 mm × 100 mm. The
closed core was made with the dimensions of variant 2. The
dimensions in Fig. 11 refer to the diagram shown in Fig. 10.

A. COMPARISON BETWEEN CLOSED AND OPEN CORE
Magnetic measurements were made to compare the perfor-
mance between closed and open core. The test consisted in
magnetically exciting the core with a variable magnetization
current until it reached saturation. From the value of the cur-
rent it is possible to go back to the value of the magnetic field

FIGURE 11. Geometric dimensions of the two proposed variants.

H while from the value of the voltage induced on a secondary
circuit it is possible to go back to the value of magnetic
induction B through the relations:

H = N1I1

L
(7)

B = V2

2π f SN2
(8)

where:
� N1: number of turns of the primary circuit (equal to 1) or

excitation circuit;
� N2: number of turns of the secondary circuit (equal to

19) or flow detector circuit;
� L: length of the magnetic circuit (equal to: 1.52 m);
� f : net frequency (equal to 50 Hz);
� S: cross section of the magnetic circuit (equal to: 20

cm2);
� S: cross section of the magnetic circuit (equal to: 20

cm2);
� V2: induced voltage measured on the secondary;
The data obtained allow us to observe how the closed core

has performances in terms of permeability higher than an
order of magnitude compared to the open core. Figs. 12 and 13
show the trends of the magnetization curve and the equivalent
relative permeability of the closed core and the open core.

VII. RESULTS AFTER SHIELDING
The shielding effect leads to an overall reduction in magnetic
fields while maintaining relatively high local values in certain
un-shielded areas. An example is the area near the electrodes
as shown in Fig. 14 which shows the level lines and the
chromatic map on the plane:
� XZ plane (X between −1 and 15 m, Z between −1 and

3 m) at 50 cm from the sources (Y = −0.5 m)
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FIGURE 12. Magnetic characteristic and relative permeability of the closed
core.

FIGURE 13. Magnetic characteristic and relative permeability of the open
core.

FIGURE 14. Level lines and chromatic map of magnetic induction on a
vertical post-shielding plane.

The area under the furnace, where the shielding loops
are closed, also has an interesting distribution of the post-
shielding magnetic field. It can be observed that the entire
area surrounding the furnace sees a significant reduction in
the levels of magnetic induction but the presence of the re-
closure connections of the shielding loops sees an increase
in the magnetic field in the center of the surface under the
furnace.

VIII. FINAL SIZING OF THE COUPLING CORES
As already reported in paragraph 5, the sizing of the core are
linked to the voltage that the core must sustain in the loop cir-
cuit. This voltage can be considered equal to the voltage drop
of the electrical line which is shielded and which runs parallel
to the loop. The determination of this voltage drop cannot be
carried out only by considering the service inductances of
the busbars since the configuration of the connections un-
der the furnace carries the single-phase current and not a
three-phase current. The determination of the voltage drop can
be estimated through analytical evaluations and verified with
field measurements.

A. ESTIMATION OF THE INDUCTANCES OF THE LOOP
CIRCUITS
This section presents the calculation of the inductance of
the single-phase taking into account the loop that is formed
between the closure of the loop and the current inside the
furnace. Given the significant size of the loop that is formed,
the inductance is particularly high. Inductance, therefore, rep-
resents the main term of the impedance of the secondary
circuit seen from the magnetic core and this will result in a
large number of cores.

B. VERIFICATIONS OF THE VOLTAGE DROPS
The measurement tools used to carry out this analysis were:
� Compact oscilloscope connected directly to the PC, of

the 2-channel Pico Scope type.
� Differential probe for voltage detection.
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FIGURE 15. Instrumentation connected to the electrodes: measurement of
the current circulating in a single electrode.

FIGURE 16. Phase “A” voltage and current supplied by the transformer.

� Rogowski type current probe, with direct signal
processing.

The current present on one of the electrodes is defined
as the reference quantity, and the RMS voltages coming out
of the transformer and those arriving at the electrodes have
therefore been measured. This indication allows defining the
drop �V on the power supply circuit. The measurement of the
voltage value at the output of the transformer was taken from
a junction box containing three pairs of circuits connected
directly to the LV terminals of the three transformers. The
measurement of the voltage value present at the electrodes
was detected by standing directly on an electrode on one side
of the oven and reporting, via a dedicated cable, the opposite
electrode. Measurements were made on each stage. Fig. 15
shows the area of the electrodes where the quantities of volt-
age and current and the instrumentation used were detected.
The number of electrodes of each phase is equal to 3 but can
also be less.

1) PHASE A
Phase “A” powers the furnace through 2 electrodes out of 3
and the current value detected is that relating to the single
electrode. By way of example Figs. 16 and 17 shows respec-
tively the voltage and current at the transformer terminals and

FIGURE 17. Phase “A” voltage and current measured at the electrodes.

the voltage and current at the electrodes. From the difference
between the two voltage trends it is possible to derive the
voltage drop.
� Voltage supplied by transformer “A”: 240.7 V
� Electrode voltage: 222.4 V
� Current on one electrode: 2.10 kA
� �V = 18.3 V

2) PHASE B
Phase “B” powers the furnace through 3 electrodes out of 3
and the current value measured is that of a single (central)
electrode. The measured data are:
� Voltage supplied by transformer “B”: 230.0 V
� Electrode voltage: 216.0 V
� Current on one electrode: 1.36 kA
� �V = 14 V

3) PHASE C
Phase “C” powers the furnace through 2 electrodes out of 3
and the current value measured is that of a single electrode.
The measured data are:
� Voltage supplied by transformer “C”: 238.8 V
� Electrode voltage: 229.6 V
� Current on one electrode: 2.20 kA
� �V = 9.2 V
From the results obtained it can be observed that the voltage

drop varies between 9 and 18 V. This value is slightly greater
than the voltage drop that must be sustained by the cores as it
is necessary to take into account two aspects:
� There will be a “natural” coupling due to the proximity

of the shield circuit with the source circuit in the sections
in which the two circuits are made up of the busway;

� Part of the voltage drop is in the section between the
transformers and the area in which the round trip moves
away (area to be shielded) and therefore external to the
shield.

Therefore, assuming a working induction not exceeding
1 T, a maximum voltage equal to 18 V and a cross section of
the core equal to 30 cm2, the number of cores to be installed
on each phase is equal to:

N = V

2π f SB
� 19 (9)
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FIGURE 18. Distribution of the coupling cores on the different phases.

FIGURE 19. Measurement point in front of electrodes.

IX. FINAL LAYOUT: CLOSING OF THE SHIELDING LOOPS
AND POSITIONING OF THE COUPLING CORES
The relatively large number of magnetic cores to be placed
on each phase is distributed along the busbar according to the
layout shown in Fig. 18 relative to phases A, B, and C. In
phases, A and B 20 cores were distributed, with a maximum
of 3-4 cores for each section of approximately 3 m. In phase
C, characterized by a length available for the installation of
the lower cores, it is possible to insert 18 cores. The slightly
lower number leads to a slightly higher induction of work in
the core. Fig. 18 also shows the trend of the closing paths of
the shielding loops made using busbars.

X. PRE AND POST SHIELDING MAGNETIC INDUCTION
MEASUREMENTS
A. FURNACE AREA: GROUND FLOOR
The area surrounding the furnace on the ground floor was
subject to magnetic field measurements at the points consid-
ered significant: in front of the electrodes (Fig. 19) and front
of the furnace between the electrodes (Fig. 20). Taking into
account that the main contribution to the magnetic field comes
from the electrodes themselves and the power distribution of
the electrodes placed on the pit floor, the measurement was

FIGURE 20. Measurement point between electrodes.

FIGURE 21. Measured magnetic induction on the ground floor before and
after the shielding installation.

carried out at an altitude of 1 m from the walking surface.
Fig. 21 shows the magnetic flux density before and after the
shielding installation. It can be observed that the shielding has
a significant effect of reducing exposure even on the ground
floor.

B. FURNACE AREA: AREA NEXT TO THE BUSBARS
The area surrounding the so-called pit floor is an area of great
interest as the one closest to the busbar that was the subject of
the mitigation intervention. Measurements were made in var-
ious points considered significant and reported in the diagram
of Fig. 22.

The measuring points are characterized according to the
indications of Fig. 26, which also reports the pre and post-
closing values of the shielding loops. The points analyzed are
placed at an altitude of 1.5 m from the walking surface and
can be traced back to two main groups: points that are most
affected by the shielding effect and points that are affected by
the effect of un-shielded sections (highlighted in blue). The
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FIGURE 22. Indication of measurement points in the pit area.

FIGURE 23. Sections of the closure of loops A and C: a) path under the
furnace; b) ascent towards the busbar ducts.

FIGURE 24. Electrode power cables.

former has a significant reduction in the magnetic field that
can even reach 10 times (eg PB13 and PB14); the latter is still
affected by the effect of unshielded sources: the departures
of the shielding loop closures (Fig. 23) or the power cables
of the electrodes of the three phases A, B, and C (Fig. 24).
In these points, the reduction of the magnetic field due to

FIGURE 25. Measured magnetic induction before and after the shielding
installation in the pit area.

FIGURE 26. Measured magnetic induction before and after the shielding
installation in the area under the furnace.

the shielding is less significant and is around 1.5-2 times. To
provide a graphic overview, Fig. 25 shows the contribution of
the shielding system to the magnetic field reduction.

The presence of the closing sections of the shielding loops
naturally generates magnetic induction values significantly
higher than the previous values in the sub-furnace area (as
shown in Fig. 26). This area is normally forbidden to workers
but in the case of access to this area, exceeding the lower
action value (1000 microT) leads to the request of one of the
following solutions:
� limit access to this area only to workers classified as

“professionally exposed”;
� assessment of exposure levels (dosimetric calculations)

in order to evaluate the conformity of the area even for
workers who are not professionally exposed: it is pos-
sible, in fact, that dosimetric calculations do not need
to classify the area as exclusive access to professionally
exposed workers;

� install in correspondence with some points of the
“shielding barriers” operating according to the principle
of “flux shunting” that limit the magnetic induction val-
ues in access areas;

XI. CONCLUSION
This paper presented the highly coupled magnetically passive
loop (HMCPL) system applied to the electrical circuit of a
glass manufacturing furnace. This solution has been shown to
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reduce the magnetic field values dangerous to workers. One
of the advantages of this passive shielding is that it is self-
adaptive since the shielding currents follow the time variation
of the source. In addition, it does not require a shield power
system since it is self-powered by the coupling system. The
shielding currents are increased through a strong magnetic
coupling with the sources that are obtained by means of ap-
propriate magnetic cores. Closed magnetic cores minimize the
magnetization current and maximize the coupling factor. The
HMCPL is safe to shield cables in the junction area and it is
also a suitable solution in order to shield the area near a glass
manufacturing furnace.
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