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Abstract— Magnetic Proximity Detection Systems (PDSs) are widely used in the mining in-
dustry for protecting mine workers from striking and pinning injuries when they work in close
proximity to heavy machines such as Continuous Mining Machines (CMMs) and mobile haulage
equipment. Researchers at the National Institute for Occupational Safety and Health (NIOSH)
have conducted extensive measurement-based studies to investigate the performance of PDSs.
To enable further investigation of scenarios for which physical measurements are impractical, a
simulation-based approach is needed. In this paper, we present the development and validation
of a simulation-based approach in which FEKO is used to model the magnetic field radiated from
a ferrite rod antenna used in a commercial PDS. FEKO-based simulation results are compared
to both analytical results and physical measurements and show good agreement. In addition, the
major factors (including current, frequency, antenna length, antenna radius, number of turns and
ferrite permeability) for controlling the magnetic field and thus the performance of a magnetic
PDS are analyzed. This paper confirms that FEKO can accurately model the magnetic field
radiated from a PDS antenna. The findings of the paper will help researchers and PDS manufac-
turers to better understand the magnetic field distribution of PDSs and design optimized PDSs
that are more robust to underground mining environments.

1. INTRODUCTION

Underground mine workers often need to work in close proximity to heavy machines such as Con-
tinuous Mining Machines (CMMs) and mobile haulage equipment. Due to the space and visibility
limitations underground, these mine workers can be struck, crushed, or pinned by the heavy ma-
chines near them which can lead to severe injuries and fatalities. According to the accident injuries
data set published by the Mine Safety and Health Administration (MSHA) [1], there have been 44
fatalities in which a miner was crushed by a remote-control CMM since 1984. In addition, there
have been 34 fatal accidents involving mobile haulage since 2000.

Proximity Detection Systems (PDSs) have been developed to prevent mine workers from striking
and pinning injuries caused by heavy machines [2-4]. MSHA promulgated a regulation in 2015
requiring the use of a PDS on all CMMs except full-face machines and proposed a regulation in the
same year which would require a PDS on other mobile underground equipment.

While a number of technologies including Lidar, Radar, RFID, and video can be used for mining
proximity detection [5], current MSHA-approved PDSs for underground coal mines in the United
States are all magnetic-field-based. As shown in Figure 1, a magnetic PDS typically includes
two major components: magnetic field generators and Miner Wearable Components (MWCs).
Magnetic fields are generated by injecting a high electric current to a ferrite rod antenna sealed in
a generator. The magnetic field detected by an MWC varies with the distance between the MWC
and the generator. In a typical PDS, multiple generators are mounted on different locations of the
machine. The location/zone of an MWC relative to the machine (generators) is determined based
on the field strengths measured by the MWC from different generators.

Researchers at the National Institute for Occupational Safety and Health (NIOSH) have per-
formed extensive investigations on the magnetite PDSs in the past decades [2,4,6-11]. Those
studies, however, were mostly measurement-based which involved measuring magnetic fields with
appropriate instruments. Recently a shell-based model has been proposed for modeling the mag-
netic field radiated from a PDS generator [12, 13]. Again, this shell-based model is a measurement-
based empirical model as the four key parameters of the model are obtained by fitting exponential
curves to a series of measured magnetic field data points.

To enable further investigation of scenarios for which physical measurements are impractical, a
simulation-based approach is needed. For example, it is known that wire mesh, which is commonly
used in underground mines to provide surface support coverage to loose rock, can have a significant
impact on the performance of a magnetic PDS. The degree to which this effect occurs is dependent
on the dimensions of the underground opening. Therefore, a simulation-based approach, after being
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validated, would be helpful for this research as conducting physical measurements in mine entries
with controlled dimensions is not feasible.

For a simulation-based approach, identifying the right simulation tool is vitally important. Many
electromagnetic (EM) simulation tools are now available for EM related research. However, most
of these tools are targeted for microwave (GHz-range) applications and may not be accurate at
our frequencies of interest in the kHz-range. Historically, FEKO, a full wave, method-of-moment
(MoM) based simulation software, has been used for studying the magnetic field coupled to and
propagating along a wire at the medium frequency (MF) band (300 kHz-3 MHz) [14-17]. It has
also been used in Through-the-Earth (TTE) communication research for modeling the magnetic
field attenuation through the earth at the Low Frequency (LF) and Extremely Low Frequency
(ELF) band [18]. In this paper, we demonstrate the use of FEKO to model the magnetic field
radiated from a ferrite rod antenna used in an MSHA-approved PDS operating at a frequency
around 73kHz. We validate the FEKO-based simulation approach by comparing FEKO simulated
results to corresponding analytical and measured results under different scenarios.

Another contribution of this paper is that we analyze the major controlling factors of the mag-
netic field from a PDS. Existing PDSs in underground coal mines offer a means of warning miners
or automatically disabling machine motion when they are within potentially hazardous proximity
to a machine, however, system performance might not be optimized in terms of susceptibility to
environmental influences. Understanding the controlling factors for system performance is critical
in designing next generation PDSs that are more robust to various mining environments.
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Figure 1: Two major components of a permissible Figure 2: Geometry of a ferrite rod antenna.
magnetic PDS used in coal mines: a generator and

an MWC.

’

2. ANALYTICAL MODELING OF MAGNETIC FIELDS GENERATED BY AN AIR COIL

To understand the controlling factors of the magnetic field generated by a ferrite rod antenna as
illustrated in Figure 2, we first look at the field radiated from an air coil which has an analytical
solution. We consider an N-turn solenoid with a radius of a, similar to the antenna shown in
Figure 2 but without the ferrite core inside. The solenoid has a length of L. and carries a constant
current I. The origin of the coordinate system is oriented in the center of the solenoid. The
magnetic field at an arbitrary position P(p, z) can be viewed as the superposition of the magnetic
fields generated from N parallel loops. It is known that the vector potential of the n-th loop located
at z = z, has only a single component in the ¢ direction that can be expressed as [19-22]:

A% (p, 20,20, 1) = ‘;Lf\/g Kl - %8) K(s) — E(c)] (1)

where

_ dap
T \/<a+p>2 " )
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In (1), K(s) and E(s) are complete elliptic integrals of the first and second kind, respectively. K (<)
and F(s) are given by:
2 do T — (2m)! 9
K(g):/ —— = <>§m
0 V1—¢2sin?0 2 mZ_O 22m (ml)?
5 [ (@em) \? P
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By carrying out the curl in the cylindrical coordinate, the components of the magnetic flux density
(B-field) radiated from the n-th loop then can be obtained as [20]:

pol 2= Zn
2
T oyt p)® + (2 — z0)?
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By(p, z,a,2n,1) = 0 (6)

where

o

(n—1)- 5= (N is odd)

B { —% +(2n—-1)- L]Q (N is even)
Zn = I

As a result, the B-field of the air core has components on the radial and loop axes that can be
calculated as:

N

Bp(p7zaa7 N, Lcaj) = ZB;L(p,Z,(I, ZTHI) (8)
n=1
N

B.(p,za,N,Le, 1) = > Bl(p, 2,0, 2, 1) (9)
n=1

It should be noted that (4) and (5) are general analytical formulas for calculating the B-field
generated by a multi-turn loop antenna. As a result, (4) and (5) can be widely applied to different
applications where loop antennas are involved. For example, in addition to proximity detection
systems, the main focus of this paper, (4) and (5) can also be applied to model the B-field radiated
from a loop antenna in TTE communications.

For a PDS used for mining applications, a three-axis (i.e., X, Y and Z) receiver is generally used
to measure the three individual components of the B-field. The measured three-axis components are
then combined to obtain the vector sum of the field which will be used for calculating location/zone
of the receiver. Based on Egs. (4)—(9), the vector sum of the B-field can be calculated as:

B(p,z,a,N, L, I) = /B2 + B? (10)

It is apparent from (10) that the following factors control the B-field radiated from a solenoid:

1. Radius (a)

2. Number of turns (N)
3. Length of the coil (L)
4. Current (1)
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The above four factors are the major controlling factors for the magnetic field at a fixed location.
In addition to these four factors, it is apparent that the magnetic field received by an MWC varies
with the location of the MWC. (i.e., the parameter p and z). In a proximity detection application,
all of the parameters except p and z are assumed to be constant so any measured magnetic field
change can be attributed to the change of MWC location (i.e., p and z).

3. NUMERICAL MODELING OF MAGNETIC FIELDS BASED ON FEKO

While an analytical method provides good physical insight into the controlling factors of the field,
the method is only limited to some relative simple scenarios such as an air core. For problems where
complicated geometric structures are involved, an analytical solution is generally not available and
thus a numerical approach would be sought. In this section, we will describe the simulation setup
for calculating the B-field radiated from a ferrite rod antenna using FEKO.

Figure 3 shows a ferrite rod antenna used in a generator extracted from a commercial PDS and
the corresponding FEKO model on a computer screen. The geometric parameters of the simulated
antenna are chosen strictly based on the real antenna used in the commercial system and are given
in Table 1. The antenna in Figure 3 uses an M25 ferrite core which is a low-loss MnZn ferrite
designed for high flux power applications. The relative permeability of the ferrite rod in Table 1 is
chosen based on the information provided in the data sheet of the M25 material.

Gauss
it Meter
Probe

Antenna

Figure 3: Photo of a ferrite rod antenna used in  Figure 4: Experimental setup for measuring the
a commercial PDS and the corresponding FEKO  magnetic field radiated from a ferrite rod antenna
model (on the right). used by a commercial PDS.

Table 1: Antenna parameters.

Parameter Value

Radius (a) 12.7mm
Number of turns (N) 37

Length (L) 0.16m

Ferrite length (Ly) 0.1905m
Permeability (p.) 2500

Wire radius 0.685 mm
Frequency (f) 73.6 kHz

4. MEASUREMENT OF THE MAGNETIC FIELD

To further validate the FEKO model, measurements were carried out to characterize the B-field
radiated from the ferrite rod antenna shown in Figure 3. As shown in Figure 4, the B-field was
measured using a digital AC Gauss meter, IDR-200, with a three-axis probe. The antenna was
excited by an RF amplifier, E&I 1020L, with a 73.6-kHz continuous sinusoid signal fed from a
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signal generator (not shown in Figure 4). The current through the antenna was measured to be
3.86 A. The center of the antenna was carefully placed on the origin of a printed polar chart laid
on a wood table. The probe was moved along the radial lines of the polar coordinate system at
preselected angles (0°, 60°, 120°, 180°, to locate points with three targeted B-field values (i.e., 10,
110.9 and 250 m@G). As a result, three independent sets of measurement points or three “shells”
were obtained for which all of the points on each shell have an equal B-field value of 10, 110.9 and
250 m@G, respectively.

5. RESULTS AND DISCUSSION

5.1. Comparing FEKO Modelling to Analytical Modelling

Figure 5 shows a comparison of the Z-component of the B-field which is calculated based on FEKO
and the analytical method which is calculated based on (9), respectively. To better visualize the
data, in Figure 5, the B-field has been plotted on a logarithmic scale and the distance on the Z axis
has been normalized to the length of the coil L.. It can be seen from Figure 5 that the FEKO-based
simulation results agree well with the analytical solution. It is also shown that as expected, the
value of the B-field is maximum inside the coil and remains approximately unchanged through the
length of the coil, and then quickly drops outside of the coil.

Similar to Figure 5, Figure 6 shows a comparison of the B-field on the p axis simulated based
on FEKO and the analytical method. Again, the results based on the two methods show a good
agreement.
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Figure 5: A comparison of the B-field (normal- Figure 6: A comparison of the B-field (normalized

ized with respect to the current) on the Z axis
(p = 0) calculated based on FEKO and the ana-
lytical method.

with respect to the current) on the p axis (z = 0)
calculated based on FEKO simulation and the anl-
alytical method.

5.2. Validating FEKO Modelling with Measurements

Figure 7 shows a simulated B-field distribution around a ferrite rod antenna. It is plotted based on
the vector sum of the B-field calculated by FEKO using the antenna whose parameters are given
in Table 1. It is a discrete contour plot where points with similar B-field strengths are grouped
together and plotted with the same color. These magnetic field contours are similar to the equal
magnetic field shells developed in previous NIOSH research [12,13].

Figure 8 shows a comparison between the simulated and measured shells at different B-values.
The simulated shells are plotted with a green star marker and the black circles represent the
corresponding measured data. It is shown from Figure 8 that FEKO simulated shells match well
with the measured shells for all three B values.

Figure 9 shows a simulated rod antenna pattern. Only the top half part of the pattern is shown
here as the bottom part is expected to be the same as the top half, based on the symmetry of the
antenna. Similar to equal-B shells shown in Figure 8, the antenna pattern shown in Figure 9 can
be viewed as equal-R shells where every point on the shell has the same R value which is the radial
distance between the observation point and the center of the antenna. Since R is the same, the
B-field can be plotted against the angle to show which direction of the antenna has the maximum
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field /energy. It is apparent from Figure 9 that the B-field is strongest along the antenna axis (0
and 180 degrees) and is relatively weak in the center (90 degrees). In other words, rod antennas
generally have a better B-field coverage at the two ends of the antenna. As a result, unless there
are other special reasons, rod antennas should be mounted horizontally rather than vertically in
order to achieve the best coverage on the horizontal plane for proximity detection application.

5.3. Controlling Factor Analysis

Current (I): Based on (4) and (5), it is apparent that both z and p components of the B-field are
proportional to current I. As a result, the vector sum of the B-field is proportional to the current.
In other words, we have:

B(p,z,a,N, L., I) = Cy(p,z,N, Lc,a) - I (11)

where C(p, z, N, L.,a) is a measurable constant determined by parameters including p, z, N, L.,
and a.

It should be noted that in a practical application the current I might be affected by some other
system parameters such as temperature and the impedance of the antenna. This is because the
signal source is generally a voltage source rather than a current source. In other words, the current
varies with other controlling factors, such as the number of turns, radius, and the length of the
coil which directly affect the impedance of the coil. In addition, some environmental factors, such
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Figure 7: Simulated B-field contours around a fer-  Figure 8: A comparison of the simulated and mea-
rite rod antenna. sured equal B-field shells. On each shell, the vector
sum of the three-axis magnetic field has the same
value of 10m@G, 110.9mG and 250 mG, respectively.
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Figure 9: A simulated rod antenna pattern for R =  Figure 10: Influence of the antenna radius (a) on
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12.7mm, z = 160mm. The other parameters are
given in Table 1.
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as the presence of wire mesh or large pieces of steel, can also cause changes in current which lead
to a change in the B-field. Because of the linear relationship between I and B, the change of
B caused by the variation of I can be conveniently compensated by a correction factor which is
obtained by real time monitoring of the variation of the current I fed to the antenna. By doing
so, it is anticipated that the performance degradation of a magnetic PDS caused by some of the
environmental effects can be corrected.

Radius (a): Unlike the current I which has a strict linear relationship with B, how the antenna
radius a relates to B is relatively more complicated. The analytical expression given in (10) reveals
no apparent relationship between a and B. We numerically evaluate how B varies with the radius
a by using (10). Specifically, the radius a is increased by a factor of n (i.e., a = nag where n =1,
2, 3, and ag is the base radius) and the corresponding B for different radii are shown in Figure 10.
For the sake of easy comparison, B values in Figure 10 have been normalized with respect to the B
values of the reference case where the antenna radius is ag. It is observed from Figure 10 that when
an MWC is located at some reasonable distance away from the antenna (i.e., when p is large), B
seems to be proportional to the square of the antenna radius. In other words, for a large p, the
dependence of B on a can be summarized with the following formula:

B(p,z,a,N, Le, I) ~ Co(p, z, N, L., I) - a® (12)

where Cy(p, z, N, L., I) is a constant that can be measured.

Number of Turns (N): Similarly, the dependence of B on the number of turns (N) of the
antenna is evaluated based on (10) and the corresponding result is given in Figure 11. In this
comparison, the B values have been normalized with respect to the B values of the reference case
where the antenna has 10 turns. It can be found from Figure 11 that for a large p, B is proportional
to N as described by the following formula:

B(p,z,a,N, L., I) = Cs(p,z,a,L¢, I) - N (13)
B
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Figure 11: Influence of the number of turns (N) of  Figure 12: Influence of the coil length (L.) on the
the antenna on the B-field. The key parameters used — B-field. (a9 = 12.7mm, z = 0, and Lcy = 80 mm).
are: No = 10, z = 80 mm. The other parameters are = The other parameters are given in Table 1.

given in Table 1.

Coil length (L.): Similarly, Figure 12 shows the dependence of B on the coil length. Inter-
estingly, it is found that when an MWC is located at a relatively large distance from the antenna
(about 0.5m in this specific case) increasing the length of the antenna alone (without increasing
the number of turns) doesn’t gain too much as the B-field does not increase correspondingly. In
addition, it is observed that for p < 0.5, the B-field for a longer antenna is actually smaller than
that of a shorter antenna.

Permeability (p,): Since the analytical expression in (10) is only for an air coil, FEKO has
been used for evaluating the dependence of B on the relative permeability pu, of the ferrite core
of the antenna. Figure 13 shows how B-field varies with u,. Again, for a better comparison, the
B-field in Figure 13 has been normalized with respect to the B-field for the air coil case where

(©) 2018 IEICE 502



2018 Progress In Electromagnetics Research Symposium (PIERS — Toyama), Japan, 1-4 August

- = 1. It should be noted that the current of the antenna generally changes when u, is varied.
To make the comparison fair, the B field has also been normalized with respect to the current to
ensure the B field change in Figure 13 is caused by the variation of u, only. It is apparent that
B dramatically increases with p, when g, is small and then saturates when p, reaches a value of
close to 1000.
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Figure 13: Influence of the relative permeability p,. on the B-field.

Frequency (f): It is interesting to note that the B-field generated by an air coil seems to
be independent of frequency as frequency is not included in the analytical model shown in (10).
Although frequency is not a direct controlling factor, in reality, a change in frequency would likely
cause the impedance of the antenna to change and thus a change in current. As a result, the B-
field varies with frequency as well. Furthermore, the receiver generally requires one or sometimes
multiple loop antennas to convert the received B-field to an electronic (typically, voltage) signal
which is dependent on the frequency. In other words, even if the B-field generated by a PDS
generator is independent of frequency, the receiver part (MWC) is frequency dependent, and thus
the frequency has a direct impact on the performance of PDS.

6. CONCLUSION

A FEKO-based simulation approach is presented in this paper for modeling the B-field radiated
from a PDS used for mining applications. It is shown that FEKO-based simulation results match
well with analytical results and measurement results under various scenarios, indicating that FEKO
can be used for accurately modeling the fields of a magnetic PDS. In addition, major parameters for
controlling the performance of PDSs are analyzed. It is shown that the B-field from a PDS generator
are mainly controlled by the current and the size of the antenna. Specifically, the vector sum of the
B-field, which is the signal received by an MWC, is proportional to the current, and approximately
proportional to the square of the antenna radius, as well as to the number of turns, when the MWC
is at some distance away from the generator. The B-field dramatically increases with the relative
permeability of the ferrite core when the relative permeability is small and generally saturates at a
certain value, around 1000 for the specific case we investigated.

The FEKO-based simulation approach presented in this paper can be useful for investigating
the dependence of environmental factors such as the presence of steel in the environment on the
performance of a PDS, where physical measurements might be difficult to make. The findings of
the paper will help researchers and PDS manufacturers to better understand the magnetic field
coverage of PDSs and to design optimized PDSs that are more robust for underground mining
environments.
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