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Mitigation solutions for the magnetic field produced
by MFDC spot welding guns

Luca Giaccone, Senior, IEEE, Vincenzo Cirimele, Member, IEEE, and Aldo Canova, Senior, IEEE

Abstract—Among the different welding technologies, portable
welding guns are one of the most critical devices in relation to
human exposure to electromagnetic fields. This paper focuses
on medium frequency direct current guns proposing two actions
aimed to the mitigation of the magnetic field generated during
the welding process. The first action consists in the adoption of a
passive shield for the on-board medium frequency transformer.
The analysis points out that the transformer alone produces a
magnetic field that can exceed the prescribed limits. Therefore, a
suitable mitigation system is identified. The second action aims to
mitigate the predominant magnetic field that is generated by the
electrodes of the welding gun. The analysis of the field waveforms
shows that the rise time of the welding current pulse is the
main parameter affecting the exposure index. The effect of the
increase of the rise time is investigated through experimental and
numerical analyses. The results prove that a small increase of
the rise time causes a significant reduction of the exposure level.
It is noteworthy that the two mitigation actions can be adopted
on both existing and newly developed welding guns as they do
not require any structural modification of the welding device.

Index Terms—Welding, magnetic shielding, magnetic fields,
dosimetry, numerical analysis.

I. INTRODUCTION

ESISTANCE spot welding (RSW) is a commonly em-

ployed technology in the industry sector. RSW devices
are mainly subdivided in two categories: medium frequency
direct current (MFDC) and alternating current (AC). MFDC
guns are often preferred to the AC ones thanks to some
benefits. The MFDC guns require a shorter weld time resulting
in a significant energy saving. Moreover, MFDC systems are
very stable in working conditions far from the rating power
(useful range: 20-95%). Conversely, AC systems are unstable
and inefficient when used outside the 70-90% of the rating
power.

In the automotive sector, a huge percentage of the assembly
procedure relies on RSW. That is why RSW has been widely
investigated focusing the attention on different topics. In the
current literature, several papers that develop suitable methods
for improving the quality of the welding process can be
found [1]-[5]. In this paper the attention is focused on an
unwanted effect of the MFDC welding systems: the generation
of very high values of magnetic field in the region nearby
the device. Standards and guidelines related to the human
exposure to electromagnetic fields are mainly provided by the
Institute of Electrical and Electronic Engineers (IEEE) [6], [7]
and the International Commission on Non Ionizing Radiation
Protection (ICNIRP) [8]-[10]. In both cases it is identified
an exposure quantity directly related to adverse biological
effects. The exposure quantities have to be limited below the
prescribed values that are called basic restrictions. By means

of dosimetric models, it is possible to compute the maximum
permissible values of the external field (electric or magnetic
field) able to induce such basic restrictions. These maximum
permissible values are also called reference levels and they
are often computed using simple and conservative dosimetric
models. Furthermore, since other additional safety factors are
introduced, it is possible to say that, if external field values
are below the reference levels, the exposure quantities are
well below the basic restrictions. Conversely, the exceeding of
the reference levels does not necessarily imply the exceeding
of the basic restrictions. Bearing all this in mind, for simple
sources of electric or magnetic fields, the literature provides
several mitigation solutions aimed to reduce the external field
below the reference levels [11]-[17]. However, there are other
field sources for which the design or the installation of a
mitigation system is not sufficient or not possible at all. RSW
devices, induction heating systems and also new emerging
technologies based on the inductive power transfer are possible
examples. In these cases the human exposure is assessed by
means of a dosimetric analysis and usually, since the exposure
is highly non-uniform, basic restrictions are satisfied even if
reference level are largely exceeded [18]-[23].

Among all general aspects, a subject with particular impor-
tance is the protection of the working population against the
possible effects caused by electromagnetic fields. This is also
a concern of the European Community that provided several
directives. The first European Directive in which the problem
was addressed [24] has been repealed and substituted by a
newer reference in 2013 [25]. Both directives refer to the
ICNIRP guidelines and the rationale behind the protection is
not modified by the new directive. Only short-term effects are
taken into account because the current scientific community
does not take a common position regarding the possible
long-term effects caused by electromagnetic fields. The latest
European Directive refers to the newest ICNIRP guidelines
[10]. As a consequence, reference levels and basic restrictions
are changed with respect to the older ones [8]. Finally, more
detailed information is given for the analysis of complex and
pulsed waveforms. In this paper, unless otherwise stated, the
2010 ICNIRP limits for occupational exposure will be used as
a reference.

The shielding of the welder terminals represents a technical
challenge due to the operating use of this system that makes
practically impossible the application of an adequate shielding
system able to work in all the working conditions. Neverthe-
less, it is important to try to protect the welding operators as
much as possible. This is the starting point of the present paper
that focuses on two actions aimed to mitigate the magnetic
field produced by MFDC guns. These actions aim to decrease
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Fig. 1. Layout of an MFDC welding gun (a) and scheme of the supply

chain of the MFDC welding system (b). The welding gun is supplied from
the standard 3-phase-50 Hz distribution. The AC signal is then rectified and
filtered obtaining a DC signal at the DC/AC converter input. The DC/AC
converter provides a square wave AC signal at 1000 Hz used to supply the
on board transformer. At the transformer output, the AC signal is rectified by
means of a full-wave diode rectifier that provides the welding DC signal. The
absence of filters leaves a superposed ripple at two times the frequency of the
rectified signal (2000 Hz).

the exposure levels improving the protection of the operators
that have to work in close proximity to the welding gun body.
The first action is focused on an essential device installed
on the welding gun framework that is the medium frequency
(MF) transformer. It is found that the transformer alone can
generate a magnetic field that exceeds the reference levels
provided by the ICNIRP for occupational exposure. For this
reason, we propose a mitigation system to bring emissions
under the allowed values. In order to point out what is the
best solution for this kind of magnetic field source several
shielding configurations are tested. The second action focuses
on the modification of the welding current pulse parameters
as a way to modify its spectrum in the range that causes the
maximum exposure.

II. DESCRIPTION OF THE MAGNETIC FIELD SOURCE
A. MFDC welding system

A typical MFDC welding gun is represented in Fig. 1(a).
Welding processes require high current values that are obtained
by means of the MF on board transformer (also represented in
Fig. 1(a)). The whole supply chain of these devices is shown in
Fig. 1(b). It is composed by an IGBT H-bridge and a center
tapped transformer. The latter is used together with a full-
wave diode rectifier directly linked to the welder terminals
and integrated in the transformer framework.

The voltage supplied by the H-bridge is a square wave at
1000 Hz that, at the rectifier output, results in a DC current.
The conversion process generates a 2000 Hz ripple and higher
harmonics superposed on the DC level. The IGBT converter
can provide different partializations of the voltage waveform
to regulate the value of the welding current. The welding
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Fig. 2. Example of magnetic field waveform registered close to an MFDC gun
(a). Spectrum of the magnetic field: most of the spectral lines are concentrated
below 300 Hz and other not negligible components can be observed at 2 kHz
and 4 kHz (b).

process can be performed by one or more pulses. Each pulse
is completely described by the following parameters:

1) current peak: the maximum value that the current reaches
during the pulse;

2) weld time: the duration of the pulse;

3) rise and fall time: time needed to bring the current from
zero to the peak and vice versa.

The rated current can reach very high values (20/30 kA)
however, for common welding processes, the current is set
in the range [5,10] kA. The rise time can be regulated by
setting the DC/AC converter, and the current peak is reached
via a ramp variation.

Since the magnetic field is proportional to the current, it will
be pulsed as well and with a relevant harmonic content. An
example of magnetic flux density waveform registered close
to an MFDC gun is shown in Fig. 2(a). Only one component
of the field is shown without loss of generality. The spectrum
of this waveform is shown in Fig. 2(b). Most of the spectral
lines are concentrated below 300 Hz and other not negligible
components can be observed at 2 kHz and 4 kHz. Also
frequency components higher than 4 kHz can be observed
when the welding current is lower than the rated one.
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Fig. 3. Example of MFDC pulsed field (a). Example of processing by means
of WPM (reference levels for occupational exposure proposed by the ICNIRP
are considered [10]) (b).

B. Pulsed magnetic fields assessment

Pulsed magnetic fields have to be assessed with suitable
methods. The ICNIRP, the IEEE and also other scientists
suggested more than one suitable methodology [6], [7], [9],
[26], [27]. In this paper we refer to the well known approach
called weighted peak method (WPM). In short, according
to the WPM, the exposure is considered compliant if the
following expression is satisfied at any time:

Iwp = |Z

being A; the quantity to be assessed at frequency j, Ajim ; the
limit for this quantity at frequency j. 6; is the phase of A; and
j is the phase of Ay, j.

The WPM can be interpreted as a high-pass filter whose
frequency response has magnitude equal to 1/Ayy, ; and the
phase is ¢; [9], [10], [28]. Considering the 2010 ICNIRP
limit for occupational exposure, the magnitude of this filter
is represented in Fig. 3(a) [10]. Two transparent boxes also
highlight the frequency ranges where the spectrum of the
magnetic field in Fig. 2(a) is concentrated.

cos (2mfit +6; + ¢j)| < 1 (1)

]1m )J

The application of the WPM to the waveform in Fig. 2(a)
provides the weighted waveform in Fig. 3(b). This waveform
corresponds to the left hand side of eq. (1) and, in the present
example, the magnetic flux density does not satisfy eq. (1)
because the peak is > 1. It is worth nothing that the peak of
the weighted waveform is registered during the slope-up of the
magnetic field. This concept will be exploited later, in section
V.

C. Mitigation actions

Several practical measurement campaigns and exposure as-
sessment activities conducted on MFDC welding guns enabled
us to find out two particular actions aimed to strongly mitigate
the exposure levels to them related.

The first action investigates the effectiveness of passive
shields made of metallic enclosures. Of course they cannot be
applied to the gun arms because they would make impractical
or impossible the welding process. These passive shields are
tested for the mitigation of the magnetic field generated by
the MF transformer. Even if several works about MFDC guns
[19], [20], [29]-[33] and also the main standards related to
welding process [34], [35] consider the contribution of the
MF transformer as negligible, by means of measurements, we
registered magnetic field values higher than reference levels
considering the transformer alone (not embedded in the gun).
Considering that the pelvic area of the operator is quite close to
the transformer during the welding and seeking the principle
of due diligence aiming to reduce as much as possible the
exposure, we propose a method to reduce the contribution to
the emission given by the MF transformer which is not covered
by the current literature.

The second action focuses on the most significant exposure
aspect: the magnetic field created by the gun arms. As it
is shown in Fig. 3(b), the maximum exposure is registered
during the slope-up. This suggests that the rise time of the
welding current (equal to rise time of the magnetic field
waveform) could modify the exposure conditions. Therefore,
we investigated the influence of this parameter on the exposure
obtaining relevant results.

As a final remark, it is important to say that the application
of both actions did not require any modifications in the
welding gun architecture. Passive shields can be installed in
the already existing mechanical structure of the gun and the
rise time of the welding current can be tuned by means of the
standard control system. Hence, both actions can be generally
and immediately applied to every MFDC welding gun (also
the existing ones). In the following, each mitigation action is
analyzed separately.

III. MF TRANSFORMER MITIGATION SOLUTIONS

The current literature on shielding systems provides several
solutions suitable for a huge number of mitigation problems
[11]-[17]. Low frequency magnetic fields are usually mitigated
by means of metallic plates. The shield is selected according to
the mitigation requirements and it is common to select among
materials with high conductivity or materials with high per-
meability. Sometimes the combination of both materials is re-
quired to reach the desired mitigation [36]. For simple sources,



it is generally well known how to select a proper configuration
and a suitable material. In the case under analysis, the MF
transformer generates a pulsed magnetic field that makes it
difficult to predict which material and configuration provide
the best results. Hence, five configurations were selected and
tested to make a comparative analysis:

1) Pure iron: 2 plates with thickness 0.5 mm (2 x 0.5 mm).

2) Grain oriented steel sheet with single orientation: 2
plates with thickness 0.35 mm (FeGO single 2x0.35 mm).

3) Grain oriented steel sheet with double orientation:
2 plates with thickness 0.35 mm (FeGO double 2 X
0.35 mm).

4) MuMETAL': 1 layer with thickness 0.127 mm (Mu 1 x
0.127 mm).

5) Aluminum: 1 layer with thickness 1 mm (Al 1 x 1 mm).

Each configuration encloses the transformer as shown in
Fig. 4. Moreover, all the solutions are proposed according to
the limitation in space and weight imposed by the application
and the mechanical allocation of the transformer in the welding
system. These constraints pose a limit to the thickness of the
materials and on the dimension of the enclosure.

_---Metallic enclosure for the
- magnetic field mitigation

Fig. 4. Shape of the shielding magnetic enclosure.

Regarding the proposed mitigation solutions, it is necessary
to provide some additional details regarding the ones that make
use of FeGO. As indicated in the configuration list, solution 2
uses a single orientation of the grains whereas solution 3 has a
double orientation. To better understand these configurations it
is possible to look at Fig. 5 where the orientation is represented
graphically. We decided to investigate both configurations
because it is not known a priori where the leakage flux is
prevalent.

A. Test conditions

The tests are performed using a supply system that generates
a square waveform of +130 V at 1000 Hz reproducing, at
the rectifier output, a welding pulse having the following
parameters:

e rise time: 1 ms (one cycle of the 1000 Hz supply

waveform);
« current peak: 5 kA;
o weld time: 100 ms;

'MuMETAL is an alloy with very high initial permeability. A common
composition is: Ni 81%, Mo 5%, Si 0.4%, Mn 0.5%, C 0.01%, Fe 13.09%.
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Fig. 5. Representation of the two different solution with sheets with the same
grane orientation (a) and with different grane orientation (b).

o fall time: 1 ms (one cycle of the 1000 Hz supply
waveform).

The measured waveforms related to the welding pulse are
shown in Fig. 6. The current waveform represented in Fig. 6
reaches a peak and then decreases during the pulse. This
decrease is not physical and it is related to the adopted
current probe bandwidth. In particular, in our case, the physical
dimension of the transformer and the available space allowed
exclusively the use of a flexible Rogowski coil. This kind of
probe is able to measure currents with a lowest frequency of
1 Hz. The impossibility to measure the DC component of the
current is the cause of the constant decrease during time. This
effect is detailed in [37].

200

primary voltage (V)
o

—-200 i
0 0.01

002 003 004 005 006 007 008 009 0.1
time (sec)
100,
< o
-100" i
0 001 002 003 004 005 006 007 008 009 0.1

time (sec)

0 001 002 003 004 005 0.06 007

time (sec)

008 009 01

Fig. 6. Waveforms of the welding pulse. Voltage at the primary side of the
transformer input in gray, primary current in red, rectified current at the welder
terminals in blue.

Finally, an auxiliary coil wounded around one wall of each
shield. This coil was used to measure the induced voltage
during the tests to obtain the magnetic flux density inside
the material by integrating over time. With this auxiliary coil
we verified that all the proposed shields were far from the
saturation.

B. Reference system and measurement points

The comparison among the investigated mitigation solutions
is based on the measurements provided in repetitive inspection
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Fig. 7. Description of the short circuit connection that minimize the effect
of the transformer secondary.

points. To have significant measurements, the inspection points
are selected so that the maximum distance is no higher than
the maximum dimension of the transformer shown in Fig. 8.
Taking as reference the surface of the metallic enclosure of
the transformer, four inspection points P1, Py, P3, P4 at two
different distances of 10 and 20 cm are defined according
to the representation of Fig. 9. The blue reference system
identifies the measured components of the magnetic field.
The maximum distance of 20 cm from the surface of the
transformer is decided considering that the magnetic field
decreases quickly moving away from the transformer.

94 mm 35 mm
—> >

(@)

(b)

Fig. 8. Representation of the transformer in the XY plane (a) and in the XZ
plane (b) with main dimensions.

The measurements of the three orthogonal components of
the magnetic field are carried out by means of an isotropic
probe as suggested by ICNIRP guidelines and standards [10],
[34]. The magnetic field meter used is the NARDA ELT-
400 whose bandwidth is 1 Hz — 400 kHz. This instrument is
endowed by two probes with different coil dimension of 3 cm?
and 100 cm?. The measurements presented in this paper have
been carried out using the smaller probe.

Among all measured waveforms, Fig. 10 shows 15 ms of
the three components measured at Py (distance 10 cm) without

Fig. 9. Reference system and measurement points for the magnetic field
evaluation.

the shield (i.e. only source) and with two shielding solutions:
pure iron and aluminum.
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Fig. 10. Waveforms of the measured components of the axis z,y,z of the
magnetic flux density of the only MF transformer and the same components
in presence of aluminum or pure iron shield.

C. Characterization of the shielding solutions in terms of
exposure

Passive shield performance is usually quantified with the
shielding factor (SF). The SF is a pointwise function of the
space and it is defined as the ratio between the unmitigated
and the mitigated field at a given point [14]. In the application
under analysis, the magnetic field waveform is pulsed and,
therefore, the SF should be computed for the whole spectrum
giving rise to many results that can be hardly interpreted to
find the best shielding configuration. Therefore, we propose to
use the WPM to select the shield. In fact, the WPM analyzes
the field waveforms providing a single scalar value that is
representative of the exposure taking into account all the
spectrum at once.

Considering the reference levels provided by the ICNIRP
2010 guidelines, the magnetic field waveforms registered at
all the inspection points have been processed with the WPM
obtaining the results shown in Table I. From these results,
is not possible to identify a solution that outperforms all



TABLE I
Iywp INDEX REFERRED TO THE 2010 VERSION OF THE ICNIRP
GUIDELINES

ﬁe.ld source pure F_e GO FeGO Mu Al

point iron | single | double
P, 1.04 0.16 0.19 0.20 | 0.75 | 0.22
10 em Po 1.44 0.27 0.42 040 | 1.07 | 0.51
P3 1.16 0.33 0.29 0.36 | 0.75 | 0.33
Py 1.55 0.45 0.49 0.54 | 1.28 | 0.50
P 0.58 0.16 0.16 0.18 | 047 | 0.23
20 em Po 0.62 0.17 0.15 0.19 | 0.51 | 0.21
P3 0.50 0.19 0.21 0.23 | 0.36 | 0.30
Py 0.53 0.25 0.27 0.29 | 056 | 0.34

the others for every field point. However, it is apparent that
the shield made of pure iron is the solution to be preferred
because it behaves better than the other shields in most of the
measurement points.

At the same time, the results of Table I point out that the
ICNIRP limits can be exceeded (Iywyp > 1) in the region close
to the transformer. This confirms that the MF transformer can
be an important source of magnetic field. Finally, it is shown
that the index Iwp can be conveniently reduced by the use
of a simple solution: a thin layer of pure iron around the
transformer.

IV. VARIATION OF THE WELDING PULSE PARAMETERS

The conclusions drawn from the analysis of the Iyyp and its
correlation with the weighted waveforms give the base for the
second strong and incisive mitigation action consisting in the
regulation of the rise time of the welding pulse (hereinafter
RT). The RT is the time interval between the beginning of
the current ramp and the achievement of the set up current
peak. This parameter is readily available in the control panel
of RSW guns, therefore, it can be easily adjusted. Fig. 11(a)
represents the same welding current with four different RT
values. It must be stressed that R7T = 0 ms is an abstraction
because, even setting RT' to zero, the current reaches the peak
in = 3 ms for physical reasons. Conversely, all the other
values from 10 to 30 ms are the exact RT" within the tolerance
of the control system. The manufacturer guaranteed that all
the analyzed RT values do not affect the quality of welding
process.

As shown in Fig. 11(b), the increase of the RT reduces
the spectral components roughly between 10 Hz and 200 Hz.
Therefore, a mitigation effect is expected. This effect is studied
in sections IV-A and IV-B by considering the magnetic flux
density generated by the gun. Finally, the operator body
is introduced in sections IV-C and IV-D. For a worst case
scenario, magnetic flux density and induced electric field are
computed and then processed with the WPM.

In all sections, when the magnetic field is computed, only
the predominant field generated by the electrodes is consid-
ered.

A. Influence of the delay on reference levels

The magnetic flux density is measured at a fixed inspection
point 0.5 m away from the gun laying on the axis of the loop

25
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rise time
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Fig. 11. (Waveforms of the four test currents with different delays: no delay,
10 ms delay, 20 ms delay, 30 ms delay (a). Relative spectrum (b).

~ ~ _ inspection point in front of the coil,
N J distance 0.5 m

Fig. 12. Description of the inspection point for the measurements aimed to
investigate the influence of the RT.

formed by the welding electrodes as shown in Fig. 12. The
application of the WPM provides the weighted waveforms in
Fig. 13 where the important role of the RT on the exposure
becomes apparent. In fact, with respect to the reference case
with RT = 0 ms, the peak of the weighted waveforms is
strongly reduced and, in one case, this value is lower than 1
(i.e. compliant).

The same effect is evaluated for different values of the
welding peak current. Fig. 14 summarizes these results by
putting in correlation the maximum reached value of the
weighted waveforms for different values of current peak and
RT. It clearly appears that, for the cases at 10, 15 and 20 kA,
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Fig. 14. Correlation between exposure index and rise time for different current
peaks.

the increase of RT represents an effective mitigation solution
that allows to comply with reference levels (Iyyp < 1).

B. Safety distances

The effect of the RT is shown also computing the safety
distance, i.e. the distance from the welding gun that guarantees
the compliance with reference levels. For complex sources the
safety distance is a 3D concept, it consists in the boundary
of the volume outside which the compliance with reference
levels is met. In this paper we represent this boundary with
two cut planes of this volume. For the current of 20 kA, top
and side view of the safety distance are shown in Fig. 15(a)
and Fig. 15(b), respectively. It is apparent that the increase of
the RT value makes it possible to decrease the safety distance
from the gun. The extrema of the curves represented in Fig. 15
are reported in Table II.

Although the safety distance decreases by increasing the
RT, reference levels are still exceeded in close proximity
to the welding gun where the operator can stay during the
welding operations. For this reason, a dosimetry assessment is
performed in the next section.

C. B-field vs. Reference levels (I, = 20 kA)

The dosimetric assessment is made considering the worst
case exposure scenario: the gun is in vertical position in front
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Fig. 15. Safety area related to occupational exposure. Effects of the rise time

for a fixed current of 20 kA.

TABLE II
EXTREMA OF THE SAFETY AREA, ICNIRP 2010 OCCUPATIONAL

current peak ZTmin Tmax Ymin Ymax Zmin Zmax

20 kA (m) (m) (m) (m) (m) (m)
RT= Oms 054 054 054 054 046 046
RT=10ms -0.51 0.51 -0.49 0.49 -0.42 0.42
RT=20ms -0.48 0.48 -0.46 0.46 -0.39 0.39
RT =30ms -047 0.47 -0.44 0.44 -0.38 0.38

of the operator and the electrodes form a loop that lays in a
plane parallel to the coronal plane [38]. It is quite easy to plot
the exposure index related to the B-field over the human body
because the magnetic field created by the induced currents is
small with respect to the one created by the source currents
[39]. Under this hypothesis, the magnetic field distribution is
not perturbed by the eddy currents, so it can be computed
independently of the conducting body. Therefore, the magnetic
flux density is simulated in time domain and then processed
with the WPM obtaining the exposure index at each voxel. The
Duke model of the Virtual Family [40] is used to represent the
gun operator and the configuration analyzed in this paper is
shown in Fig. 16.

The values of the exposure index related to the magnetic
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Fig. 16. Exposure index related to the magnetic flux density over the human
body. The value of the exposure index reduces from 6.40 to 3.57 when passing
from RT = 0 ms to RT = 30 ms, respectively.

flux density on the surface of the human body are represented
through a color map. The exposure index is practically halved
when passing from RT = 0 ms to RT = 30 ms.

D. Induced E-field vs. Basic restrictions (I, = 20 kA)

As claimed by the ICNIRP guidelines, since the magnetic
flux density does not comply with reference levels, the induced
electric field has to be computed. The scalar potential finite
difference (SPFD) implemented using the algebraic framework
is used. In the low frequency range, displacement currents can
be safely neglected [33], hence, the SPFD is given by:

G'M,Gyp = —jwG M,a, 2)

being ¢ the electric scalar potential and ag the circulation of
the magnetic vector potential (these variables are underlined
because they are phasors, i.e. complex numbers). G is the
edge-to-node incidence matrix representing the gradient topo-
logical operator and M, is the conductance matrix including
the conductances computed considering all different biological
tissues.

Equation (2) should be solved for each spectral line because
the matrix M, depends on the frequency. However, in the
low frequency range, the dependance is very weak and one
can find an equivalent conductivity for each tissue suitable for
the whole frequency range. This makes it possible to solve
only one linear system with a normalized right hand side and
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Fig. 17. Exposure index related to the induced electric field at some
representative tissues. The highest exposure is registered at Fat tissue. The
exposure becomes compliant for R7" > 10 ms.

then to scale the result for each spectral line [33]. Finally, in
agreement with the most recent literature on the subject, the
metric used to extract the maximum electric field at each tissue
is the 99.9th percentile [41].

The results of the evaluation are reported in Fig. 17 for
some representative tissues. It is observed that for RT" = 0 ms
the exposure is not compliant because the induced electric
field exceeds the basic restrictions in the fat tissue. However,
thanks to the increase of the R values, the exposure becomes
compliant for RT" > 10 ms. This confirms the effectiveness
of the proposed mitigation action.

V. CONCLUSIONS

This paper has presented two practical actions aimed to the
mitigation of the magnetic field generated by MFDC welding
guns. Both actions are suggested by the principle of due
diligence and aim to reduce as much as possible the exposure
for the workers that operate in close proximity to the welding
gun.

Investigating the first mitigation action, the paper points out
that, the magnetic field created by the MF transformer can
exceed the reference levels. The results of the paper show that
a good reduction of the magnetic flux density can be obtained
by using a shielding enclosure made of pure iron. This
contributes to the reduction of the magnetic field levels in the
pelvic area of the operators and reinforces the main hypothesis
always used in the simulations: negligible contribution of the
MF transformer. Measurements have been carried out in the
region nearby the MF transformer in order to test different
solutions. It is found that a shield made of pure iron should be
preferred, especially with respect to pure conductive materials
like aluminum. Moreover, it is observed that the MuMETAL, a
material often used for shielding applications, is not effective
in this context.

The second part of the work shows that another relevant
reduction of the exposure can be obtained by increasing the
rise time of the welding current pulse. It is shown that the
increase of the rise time makes it possible to reduce the safety
distance and the maximum value of the induced electric field
in the human body. Considering a worst case scenario, a
small increase of the rise time makes it possible a significant
decrease of the exposure index, consequently, the compliance



can be met without changing anything else (current peak,
distance between welding gun and operator, etc...).

Both the proposed solutions have the advantage that can
be implemented easily without changing the architecture of
the welding gun. In conclusion, the two presented mitigation
actions are surely two ways to reduce the risk associated to
the exposure to electromagnetic fields at workplaces where
resistance spot welding is used.
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