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Abstract

This paper describes a simplified but effective methodology for the
assessment of the human exposure to the magnetic field generated by re-
sistance spot welding guns. The procedure makes it possible to compute
the induced electric field in time domain as required by the standard-
ized methodology for the assessment of pulsed magnetic fields (i.e. the
weighted peak method). In this paper we show that the proposed proce-
dure provides results in accordance with a rigorous approach allowing a
huge reduction of the computational burden and, consequently, a signifi-
cant speedup.
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1 Introduction

The concern about the exposure to electromagnetic fields is of worldwide inter-
est; however, the exposure limits are not homogeneous. The regulatory frame-
work in most countries is based on the ICNIRP guidelines that cover the proper
limits for acute effects only [1]. Other countries have their own set of limits and,
sometimes, the attention is focused also on possible long term effects. Regard-
ing the professional exposure the situation is more uniform (at least in Europe)
because of the introduction of the European Directive 2004/40/EC that has
been recently repealed and substituted by the 2013/35/EU [2]. This directive
is strongly based on the ICNIRP guidelines and formally defines the concept of
action level (AL) and the exposure limit value (ELV). The former is related to
a directly measurable quantity as the magnetic flux density, the latter is asso-
ciated to a quantity that is directly related to the physiological stimulation as
the induced electric field [1].
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In this paper we analyze the exposure to the magnetic field produced by
resistance spot welding guns in view of this last directive. These devices generate
a pulsed magnetic flux density that likely exceeds the ALs [3]. Moreover, for
operational reasons, it is impossible to endow the welding gun by a shielding
system. Consequently, the only solution is the assessment of the ELVs. To
this aim, we provide a methodology that fulfills the Directive requirements and
reduces the computational burden at the same time.

2 Description of the exposure

Resistance spot welding guns are divided in two main categories: alternatig
current (AC) and medium frequency direct current (MFDC). Both technologies
use a welding pulse that lasts from 100 ms to 200 ms with a current peak
that usually varies from 5 to 20 kA. AC guns generate a pulse made of several
sinusoidal cycles at 50 Hz. The more the gun is working close to its rated current
the more the single cycle is close to a perfect sine. The spectral content of the
welding current includes significant components up to approximately 1000 Hz.
MFDC guns generate a pulse that, ideally, is a rectangular waveform. However,
the static conversion that rectifies the current introduces a ripple at the main
frequency of 1000 Hz, as shown in Fig. 1. The actual waveform was measured by
a suitable probe connected to a 10 bits oscilloscope. The sample rate was fixed to
10 MSa/s. The waveform in Fig. 1 is made of 2.8 MSa and, by FFT processing,
the spectrum of Fig. 2 is obtained. The spectral content of the welding current
includes significant components up to approximately 10 kHz and most of the
spectral lines are located below 400 Hz. Fig. 2 also includes the spectrum
of the corresponding ideal waveform that can be computed analytically for a
rectangular pulse [4]. The two spectra coincide at very low frequencies while at
higher frequencies they are different due to the presence of finite slope up/down
times and the ripple in the actual waveform.

In this paper we restrict our investigations to the MFDC technology because
it generates a magnetic field that includes the highest frequency components.

3 Methods for exposure assessment

3.1 Pulsed magnetic fields

As claimed by the ICNIRP guidelines [1], the exposure quantity at low frequency
is the induced electric field. Moreover, a pulsed magnetic field must be assessed
via the weighted peak method (WPM) [5, 6] in time domain [2]. The principle
of application of the WPM is described in Fig. 3. The symbol A represents a
generic time dependent vector quantity that can be either a magnetic field or
an (internal) electric field. The weight function is based on the curve “limit vs.
frequency” that applies to the input A. As shown in Fig. 3 each component
is weighted and squared before being summed up together. Finally, the square
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Figure 1: Example of MFDC welding current, actual vs. ideal.
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Figure 2: Spectrum of the MFDC welding current. With reference to the actual
waveforms, most of the spectral lines are concentrated below 400 Hz. Significant
spectral lines are found up to 10 kHz.
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Figure 3: Block diagram of the weighted peak method (WPM).

root operator is applied and, in the end, the peak Iy p is detected. The exposure
is compliant if Iyyp < 1.

Bearing all this in mind, it is clear that in order to apply the WPM it is
required to compute the induced electric field in time domain.

3.2 Full formulation

First, the problem is approached in frequency domain analyzing all the spectral
lines of the source current separately. We make use of the assumption that
the magnetic field created by the induced currents is small with respect to the
one created by the source currents [7]. Under this hypothesis, the magnetic
field distribution is not perturbed by eddy currents and so it can be computed
independently of the conducting body. By making reference to the standard
notation for discrete operators introduced in [8] the problem can be formulated
in algebraic form as follows:

G" (M, +jwM,) Gy = —jwG" (M, + jwM,) a, (1)

where the material parameters o and e depend on the frequency [9]. It is ap-
parent that, by exploiting the hypothesis that the magnetic field is not modified
by the eddy currents, the magnetic vector potential created by the sources is a
known term that can be used at the right hand side. Equation (1) is solved for
each spectral line updating the matrices M,, M, and a,. Finally, at a given
point of the human body, the use of the inverse fourier transform provides the
waveforms of the three orthogonal components of the electric field required as
input of the WPM.

3.3 Proposed simplified formulation

Because the frequency band of the source waveform is limited below 10 kHz the
influence of the displacement currents could be negligible. A qualitative confir-
mation is given in Fig. 4 where the ration we/o is provided for some significant
tissues. The lower the value of we/o the lower is the influence of the displace-
ment currents. For the sake of readability only some tissues are represented in
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Figure 4: Analysis of the tissue properties at varying frequency. The quantity
we/o is used to understand the importance of the displacement currents in the
computation.

Fig. 4, however, most of them are characterized by a ratio we/o < 1 inside the
analyzed frequency range. Only few tissues have we/o > 1 for higher frequency
(like the skin as shown in Fig. 4). For this reason the first assumption of the
simplified method is that the effect of the displacement currents is negligible,
hence M, = 0.

As a further simplification, we assume that the behavior of each tissue can
be described by an equivalent conductivity throughout the frequency range. For
the jth tissue we define this equivalent conductivity as:

X))
VB (0))

where I(f) is the magnitude of the current at the frequency f and o7 (f) is the
conductivity of the jth tissue at the frequency f [9].

It is worth noting that, the introduction of the equivalent conductivity is the
key point of the simplified method because it makes the matrix K = GTMJCqG
independent of the frequency. Moreover, since the problem is linear, it is possible
to define a normalized magnetic vector potential & such that a = a41. In the
end, considering the normalized variable ¢ = ¢/jwI the following real system
is obtained:

(2)

K@ =-G™™M,,_a (3)

Oeq

Equation (3) is neither dependent on the frequency nor on the current, therefore,
it is solved only once to obtain the real vector ¢.



4 Comparisons

The four configurations described in Fig. 5 are analyzed. The full (1) and
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Figure 5: Four typical configurations in which the position of the gun varies
with respect to the operator. In the first two configurations (a and b) the gun
horizontal and at the side of the operator while in the last two (¢ and d) the
gun is vertical and in front of the operator.

the simplified (3) method are employed to compute the WP index for each
tissue. According to the ICNIRP guidelines, to avoid discretization uncertainties
as staircasing and field singularity, the attention should not be paid to the
maximum value of the electric field. It is proposed to check the exposure by
choosing the 99th percentile value of the induced field inside a specific tissue.
Although recent studies criticize this approach for possible underestimations
[10] we make use of 99th method in order to be compliant with the ICNIRP and
the current EU directive. Furthermore, the selection criteria of the maximum
field value does not influence the rationale of the proposed method.

4.1 Comparison of induced quantities and performance

In this section the electric field waveforms obtained by the full and the simplified
method are compared. For the sake of brevity the waveforms are provided only
for configuration front 1 at the reference point of the skin (where often a high
value of the electric field is induced). In Fig. 6 the three components of the
induced electric field are shown during all the welding pulse. This result is
obtained employing the full procedure. To better appreciate the comparison,
a zoom is made in correspondence to the time ranges represented by the black
dashed lines. Fig. 7 provides the comparison of the waveforms obtained with
the two methods. Continuos lines refer to the full approach while the dots
refer to the proposed simplified approach. It is apparent that they are in good
agreement. This comparison reinforces the assumption M, = 0 because the
agreement is very good even for tissues where the ratio we/o > 1 for higher
frequency values (Fig. 4.)

Regarding the formulation performance, from the analysis of (1) and (3)
some conclusions can be immediately drawn. The full formulation requires to
solve a linear system for each spectral line while the simplified method only
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Figure 6: Electric field waveforms induced in the skin for a given configuration.
This results are obtained with the full formulation. The elctric field is almost
proportional to the time derivative of the magnetic flux density, In fact, in
correspondence to the slope up/down a peak appears.

requires the solution of one normalized system. By comparing the elapsed times
related to these tasks a speedup of approximately 350 is registered. Finally, it
must be stressed that, since the proposed approach requires the solution of only
one real system instead of several complex systems (of the same dimension), the
memory allocation is roughly halved.

4.2 Comparison of the WP index

For the sake of completeness a third method for the computation is included
along with the use of (1) and (3). It is an intermediate method that neglects
the displacement currents (M. = 0) taking into account the dependance of o on
the frequency. The introduction of the intermediate method (called no epsilon)
makes it possible to understand the influence of the two simplifications: M, = 0
and introduction of oeq.

The WP exposure index related to the most significant tissues are shown in
Fig. 8, Fig. 9, Fig. 10 and Fig. 11. They are related to the configurations side1,
side2, frontl and front2, respectively. The full and the simplified approach
are in good agreement for all the configurations at all tissues. The deviation
is less than 10% at most of the tissues. Higher values are registered (up to
30%) especially at tissues where the index is very low (Iwp < 0.2). Bearing in
mind that the global accuracy of these analyses is often more affected by the
modeling of the welding gun (based on geometry information and/or by fitting of
measurement data) we consider acceptable the accuracy of the proposed method.
Finally, these deviations are mainly related to the introduction of o.q because
the intermediate method provides always results in complete accordance with
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Figure 7: Comparison of the electric field waveforms obtained with the two
methods. Continuos lines refer to the full approach while the dots refer to the
proposed approach. The comparison is provided in the ranges highlighted in
Fig. 6 by means of dashed lines.

the full approach.

5 Conclusions

In this paper a simplified but effective methodology for the assessment of the
human exposure to the magnetic field generated by resistance spot welding guns
is presented. The methodology is validated by comparing the results with a full
formulation. It is observed that the proposed method provides reliable results
accompanied by a significant speedup.

The case studies used for the validation also put in evidence another inter-
esting result. The Iy p index is compliant at all the tissues even if the magnetic
flux density likely exceeds the ALs. Ouly for one configuration (front 1) the
exposure is not compliant at one tissue with the ICNIRP guidelines. This means
that the exposure is strongly dependent on the relative position of the gun with
respect to the operator. As far as the human exposure is concerned, welding
guns are one of the most problematic industrial devices, therefore, it is im-
portant to have reliable and fast evaluation methods to cover all the required
exposure analyses.

References
[1] ICNIRP, “Guidelines for Limiting Exposure to Time-Varying Electric and

Magnetic Fields (1 Hz - 100 kHz),” Health Phys, vol. 99, no. 6, pp. 818-836,
2010.



0.4+ Il full approach 1
I no epsilon
0.3F . . -
g [ Isimplified approach

0.2

0.1

v o 5 & > T o & * @ 9 .
S5 L85 PFFFLeeFF s
S S S5 T FT LTS 9 § 95§ 53533 5§99
Q 9 g5 5 5 295 S 3 & J ~ § 8 =
S S g 9 S5 S <& s <
s & £ O & i ~
= o @
§ & § S & § & S
Q T T &
~

Figure 8: Comparison of the WP exposure index at different tissues. Results
related to the configuration side 1. (Compliance condition: Iwp < 1).
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Figure 10: Comparison of the WP exposure index at different tissues. Results
related to the configuration front 1. (Compliance condition: Iywp < 1).
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