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Simulation and Measurement of the Magnetic Field
Coupling From a Proximity Detection System to
Trailing Cables

Chenming Zhou

Abstract—Some of the common and serious hazards in under-
ground mines are the dangers of being pinned, crushed, or struck
by a large mining machine such as a scoop or a continuous mining
machine (CMM). Proximity detection systems (PDSs) have been
applied to protect miners from these hazards. The primary com-
ponents of PDSs that are currently approved by the Mine Safety and
Health Administration (MSHA) for use in underground coal mines
are machine-mounted magnetic field generators and a miner-worn
component (MWC), which measures the strength of the magnetic
fields produced by the generators. Since these systems are magnetic
field based, they can be adversely impacted by nearby cables due
to parasitic coupling. Some mobile equipment in underground
mines is electrically powered by long trailing cables that are pulled
through the mine behind the equipment. Because the components
of the PDS (generators and MWC) are frequently in close proximity
to these cables, parasitic coupling can occur. Researchers from the
National Institute for Occupational Safety and Health investigated
the influence of trailing cables on the performance of PDSs. In par-
ticular, a three-phase model was proposed to describe the coupling
process. The factors for controlling the magnetic field coupled from
a field generator to a trailing cable were experimentally studied.
The results show that the coupling is primarily controlled by two
factors: the distance between the PDS components and the cable
and the impedance between the cable and the ground. The coupling
can be mitigated by either maintaining some minimum separation
distance between the PDS components and the cable or increasing
the impedance between the cable and the ground. The results
presented in this article can help PDS manufacturers to design
systems that are more immune to these effects.

Index Terms—Magnetic field tracking, parasitic coupling,
proximity detection.

I. INTRODUCTION

UE to the limited space and visibility in underground coal
mines, operation of continuous mining machines (CMMs)
has historically been a hazardous job. From 1984 to 2015, an
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Fig. 1. PDS installed on a CMM establishes a stop and warning zone around
a CMM to protect miners from the pinning and striking hazards [1].

average of 250 injuries occurred every year in the United States
during operation of CMMs, and 43 miners have been killed
by striking or pinning accidents involving CMMs [2]. Addi-
tionally, there have been ten fatal accidents involving mobile
haulage equipped with trailing cables from 2000 to 2015 [3]. In
response to these fatalities and injuries, the Mine Safety and
Health Administration (MSHA) promulgated a regulation in
2015 requiring the use of a proximity detection system (PDS)
on all CMMs except on full-face machines.

To meet MSHA’s requirement, a PDS must cause a machine
to stop before contacting a miner and provide an audible and
visual warning signal that alerts miners before the system causes
amachine to stop. Fig. 1 shows an example of a PDS installed on
aCMM. The PDS establishes a stop and warning zone around the
CMM to protect miners from the pinning and striking hazards.

In the regulation, MSHA did not specify the technology that
should be used for proximity detection. However, currently
all PDSs approved for underground coal mines are magnetic
field based. A magnetic-field-based PDS contains two major
components: the machine-mounted magnetic field generator
that creates fields around the machine and the miner-wearable
component (MWC) that reads the flux density of a generator.
These PDSs use the magnetic field readings from the MWC to
determine whether a miner is at a safe distance from the machine.
A stable magnetic field distribution is essential for the accuracy
and reliability of a PDS.

Ideally, the magnetic field radiated from a field generator
should only depend on the distance between the generator and
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the MWC. This is, however, not always the case when a PDS
operates in complex mining environments. Particularly, MSHA,
PDS manufacturers, and mine operators have noticed that a PDS
can produce false alarms when operating in close proximity to
trailing cables. Such false alarms may compromise the confi-
dence of miners using the system. In addition, a high number of
false alarms will lead to miner alarm fatigue, which can result in
desensitization to alarms and missed alarms, which eventually
lead to serious safety concerns [4]. As a result, the influence of
trailing cables should be mitigated when possible.

II. RELATED WORK

The influence of trailing cables on the performance of a
magnetic PDS is mainly caused by the parasitic (inductive)
coupling between the PDS and the cables [5], [6]. The problem
of field coupling from a PDS to a trailing cable shares great
similarities with the field-to-transmission line coupling prob-
lem that has been extensively investigated in the past decades,
primarily from the theoretical modeling perspective [7]-[13].
The field-to-transmission line research was mainly driven by
the electromagnetic compatibility (EMC) applications where
lightning-induced voltages on overhead power or telecommu-
nication lines [11] and electromagnetic interference coupling
between power cables and sensitive circuits are of concern [7].
A variety of models, such as the transmission line approach and
antenna model [9], [10], have been developed to calculate the
field-to-transmission line coupling. While most of the developed
models assume a uniform excitation electromagnetic field arriv-
ing from a distant source (e.g., lightning), the research presented
in [13] and [14] is based on a nonuniform magnetic field source
excited by a loop antenna, which is more related to the problem
of trailing cable coupling that is studied in this article.

Another group of published works that is related to trailing
cable coupling is medium frequency (MF) communications.
Instead of mitigating trailing cable coupling, an MF communi-
cation system takes advantage of the parasitic coupling by using
existing conductors, such as rail tracks, power cables, and water
pipes in mines, as the communication medium for voice and
data communications [15]. As a result, for MF communication
applications, the goal is to create a favorable condition for
parasitic coupling so that the coupled signal can be maximized
rather than being minimized. Research has been conducted to
investigate magnetic fields coupled from a transmission line to a
loop antenna [16], and methods were developed to characterize
the coupling from a ferrite-cored rod antenna to a conductor
[17].

In addition to trailing cables, magnetic fields from a PDS can
be coupled to other existing conductive structures in the under-
ground. For example, it is shown in [18] that steel mesh used
for roof support can significantly enhance the magnetic fields
from a PDS and cause the corresponding detection zone size to
be increased. Some FEKO-based simulation results pertaining
to the influence of steel mesh on the performance of PDSs are
presented in [19]. The influence of in situ coal (which might be
conductive) has been investigated in [20] and the result shows
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Fig. 3. Link budget for a magnetic proximity system with the presence of a
trailing cable.

that the situ coal has no significant impact on the magnetic field
distribution.

This article mainly presents a set of laboratory experiments
designed by National Institute for Occupational Safety and
Health (NIOSH) researchers, in which acommercial PDS is used
to investigate, quantify, and develop mitigation strategies for
PDS performance inconsistencies caused by parasitic coupling
associated with trailing cables. In addition, some FEKO-based
simulation results are presented to show the influence of fre-
quency on the parasitic coupling.

III. COUPLING BETWEEN A PDS AND A TRAILING CABLE:
LINK BUDGET ANALYSIS

As shown in Fig. 2, the parasitic coupling between a PDS
and a trailing cable can be decomposed into the following three
phases:

1) magnetic field couples from a field generator to a nearby

cable;

2) the coupled magnetic field propagates along the cable;

3) magnetic field couples from the cable to a nearby MWC.

There are energy losses involved in each of the three phases
shown in Fig. 2. The energy loss for each of the phases is then
represented by PL; where “i” is the index of the phase. As
shown in Fig. 3, for a PDS operating in close proximity to a
trailing cable, the signal r(¢) received by an MWC consists of
two components and can be expressed as

r(t) =rar () +rep () ey

where 7q4,(t) is the desired target signal, which is radiated
directly from the corresponding proximity generator, and r¢p, (t)
denotes the signal received from the trailing cable due to the
parasitic coupling.

For proximity detection applications, 7., (¢) is undesired and
should be minimized. In reality, however, the two signals are al-
ways mixed with each other and cannot be easily separated. The
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two received signals 74, (t) and 7, (t) are combined coherently
at the receiver as they are from the same signal source, similar
to the fact that multipath components in a UHF radio channel
are summed based on their voltages, not power [21].

Although practically rq,(¢) and rc,(t) are always mixed,
theoretically, they can be treated as two separated signals/links
and can be analyzed independently. To be consistent with con-
ventional link budget analysis, we will investigate the received
power rather than the magnetic field (induced voltage) for each
link. The received power (in a logarithmic scale) for the direct
link Py, (associated with signal 74, (¢) can be obtained by

Py, =P, — PLo (do) (2

where P; is the transmitted power determined by a variety of
parameters, such as the electric current fed to the transmitter
antenna, as well as the transmitter antenna properties (i.e., coil
radius and number of turns) [22]. For a given frequency, the
path loss PL is mainly determined by the distance between the
generator and the MWC d,. Assuming a constant P, and with
the absence of trailing cables, a PDS uses Py, for determining
the location (or zone) of an MWC.

As illustrated in Fig. 3, the received power for the second link
(the trailing cable coupling link) can be expressed as

Py =P, —PL,(d) — PLy (dy) — PLs (d3)  (3)

where PL;, PL,, and PL3 represent the energy loss associated
with the coupling from the generator to the trailing cable, propa-
gation along the trailing cable, and the coupling from the trailing
cable to the MWC, respectively. The path loss for each stage PL;
is determined by the corresponding distance d;—the greater the
distance, the larger the path loss. One of the focuses of this
article is to investigate how PL; varies with the distance d; at
each stage.

When the undesired signal P, is comparable to the target
signal Pg,, the position/zone estimation provided by the PDS
will be incorrect. The worst scenario occurs when P, is signif-
icantly greater than Pjy,, in which case nuisance alarms may be
triggered. This is the case when the MWC is physically located
far from the generators (i.e., when dj is large) but close to a
trailing cable (i.e., when dj3 is small).

In addition to the distance factor in each phase, there is another
important factor that can influence the PDS and trailing cable
coupling: the impedance of the loop (network) formed by the
cable. It is known that the magnetic field detected by an MWC
close to a trailing cable is due to the induced current in the cable,
which is produced by the electromotive force (EMF) caused by
a changing magnetic field from a PDS generator. Fig. 4 shows
a simplified model for calculating the induced current in the
cable for a given EMF e. Trailing cables are typically used to
power heavy-load mining equipment. As a result, one end of the
trailing cable is connected to a power center, and the other end
is connected to mining equipment such as a CMM. As shown in
Fig. 4, at the power center end, the cable is directly connected to
the earth ground, while at the CMM end, the cable is connected to
the earth ground through a complex impedance X, primarily due
to the capacitance between the large metallic machine frame and
the earth. In the network there might be some other impedances
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Fig.4.  Simplified model for calculating the induced current on a trailing cable

due to the parasitic inductive coupling from a PDS generator to a trailing cable.

due to the existing inductance and resistance. Those impedances,
however, have been ignored in this simplified model.

In order to investigate how the coupled magnetic field varies
with the impedance between the CMM and the earth, a poten-
tiometer has been introduced to the system so that the impedance
between the CMM and the earth can be varied by adjusting
the resistance of the potentiometer with a controlled accuracy.
With the manually introduced potentiometer, which is shown in
Fig. 4 as “R,” the induced current in the trailing cable can be
computed as

1 1
I.= g 4
=€ < 7t 7 X) “)
where R is the resistance of the potentiometer. The EMF ¢ can
be expressed as

dIs
dt
where f is the frequency, I, is the source current carried by
the PDS generator antenna, and My, is the mutual inductance
between the PDS generator antenna and the coupling circuits,
which usually cannot be expressed in an analytical formula. In
this case, My, is determined by geometrical factors such as the
distance between the generator and the cable, the orientation of
the cable relative to the generator antenna.
The magnitude of the induced current can be expressed as

€ = —Ms = ZWstc I (5)

| = ——F%— (6)

It is known that the magnetic field radiated from the cable is
proportional to the current in the cable. As a result, the magnetic
field received by an MWC can be calculated as

o VT X ,

|B| = Ko X (7
where K| is a constant determined by different factors such as
the source current, frequency, the distance between the generator
and the cable, and the distance between the cable and the
MWC. In reality, both K and X are most likely unknown and
cannot be easily measured. To validate this model, a series of
measurements can be made by changing the resistance R and
monitoring the change of the magnetic field B, while keeping
the value of K and X the same. K and X then will be used
as two fitting parameters to best fit the modeling result to the
measured result.

In summary, the major controlling factors of the coupled
magnetic field B given in (7) are as follows:
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Fig. 5.

Experimental setup for measuring coupled magnetic fields.

1) source current I;

2) orientation of the cable relative to the generator antenna;

3) distance between the generator and the cable (d;);

4) frequency (f);

5) distance between the cable and the MWC (d3);

6) impedance of the coupling network (R, X).

It is known that the influence of the first controlling factor is
straightforward as the coupled magnetic field linearly increases
with the source current /. The second and the third factors are
closely related to each other so we will only focus on one of
them. As a result, in the rest of the article, we will mainly study
the controlling factors of dy, f, ds, R, and X.

IV. MEASURING THE PARASITIC COUPLING BETWEEN A
PDS AND A TRAILING CABLE

A. Experimental Setup

Fig. 5 illustrates the general experimental setup for measuring
the coupled magnetic fields, based on a commercial PDS used in
underground coal mines. The PDS has four generators (labeled
from Gen 1 to Gen 4) installed on the two sides of the CMM.
Each generator transmits a short duration of magnetic field signal
at a frequency of 73 KHz in a known sequential order. An
MWOC is used to measure the three axes (i.e., X, Y, and Z) of
the magnetic field. The magnetic fields measured by the MWC
are wirelessly (915 MHz) transmitted back to a controller box
installed on the CMM in real time. A laptop is then used to
wirelessly (2.4 GHz) read the measured magnetic fields from
the controller box through a LabVIEW program. The trailing
cable is a standard shielded, heavy-duty cable that consists of
five conductors.

It should be noted that the measured magnetic field in this
article is shown as a digital number from an analog-to-digital
converter without a specific unit. These digital numbers, how-
ever, can be converted to true magnetic field values with either
a unit of Tesla or Gauss by multiplying a constant, which can be
obtained through appropriate calibrations.

The magnetic field readings (i.e., digital numbers without a
unit) provided by the MWCs are generally not accessible by
their users for a PDS used in coal mines. For the purpose of
research, however, we have utilized a modified PDS by adding
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Fig. 6. Experimental setup for measuring how the coupled field varies with
the distance between the cable and the generator.

an interface through which the magnetic field information can be
accessed by a computer. More details about these modifications
to a PDS designed at NIOSH can be found in [23]-[25].

One of the challenges for measuring the coupled field is to
separate the coupled field 7., (t) from the direct transmitted
field r4,(¢). In our measurements, this is achieved by purposely
placing the MWC close to the trailing cable but far away from all
four generators. Under such a configuration, rq,(¢) is negligible
compared to 7 (t) so that the measured magnetic field is mainly
the coupled field. This assumption can be quickly verified in the
field by slightly moving the MWC away from the cable and
monitoring the change on the measured magnetic field. If the
field quickly decays as the MWC moves away from the cable, it
can be determined that the source of the field is the cable, not a
field generator.

It should be noted that during the measurements the orien-
tation of the MWC is generally not a concern as the measured
three-axis magnetic fields were combined and the vector sum
value was used to represent the magnetic field value at that
specific location.

B. Measuring the Magnetic Field Variation With the Distance
Between the Field Generator and the Trailing Cable

Fig. 6 shows the experimental setup for measuring how the
coupling loss PL; varies with d;, which is the distance between
the field generator and the cable. One section of the trailing cable
was purposely placed close to one of the four generators (Gen
3) to facilitate the coupling from the generator to the cable. A
forklift was used to move the cable so that the distance between
the cable and the generator can be varied. The coupled magnetic
fields for different distances were recorded by an MWC located
far away from the Gen 3 but directly against the cable (i.e.,
d3 ~ O)

C. Measuring the Magnetic Field Variation Along
the Trailing Cable

Fig. 7 shows the experimental setup for measuring how PL;
varies with the distance d,. For every two meters, a marker was
made along the cable using a white chalk. The MWC was placed
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Fig. 7. Experimental setup for measuring how the coupled field attenuates
along the cable.

Fig. 8. Experimental setup for measuring how the coupled field varies with
the distance between the cable and the MWC.

directly against the cable ( d; = 0) at those marked locations to
measure the coupled magnetic field along the trailing cable.

D. Measuring the Magnetic Field Variation With the Distance
Between the Cable and the MWC

Fig. 8 shows the experimental setup for measuring how PL;
varies with the distance d3. The MWC was moved away from the
cable with a step size of 2 cm, and the coupled field was recorded
at every stop. During this measurement, all other parameters
(except the distance d3) that can possibly affect the coupled
field remained the same.

E. Measuring the Magnetic Field Variation With the
Impedance Between the CMM and the Ground

CMMs typically have a large metallic pan (see Fig. 9) that
is designed to hold the coal cut from the cutting drum. The
impedance (particularly, the capacitance) between the CMM and
the ground is affected by the height of the PAN from the floor.
Fig. 9 shows two different configurations where the PAN was
raised to different levels to alter the impedance between the
CMM and the ground. In the “PAN UP” configuration, the pan
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PAN DOWN

Fig. 9. Varying the impedance between the CMM and the ground by raising
(“PAN UP”) and dropping (“PAN DOWN?”) the metallic pan of the machine.

and the drum were raised up from the ground so the impedance
X (as shown in Fig. 4) was increased. In the “PAN DOWN”
configuration, the pan and the drum were dropped to the floor so
that the impedance X was decreased. In each configuration, the
metallic frame of the CMM was connected to the earth ground
with a wire, and a potentiometer was added to vary the resistance
between the CMM metallic frame and the earth ground.

V. SIMULATING THE PARASITIC COUPLING BASED ON FEKO

The PDS used in the measurements reported in this article
is a commercial PDS that does not support adjustable frequen-
cies. As a result, some simulation studies were conducted to
investigate how frequency affects the parasitic coupling. The
simulations were based on FEKO, an EM software that has
been used to investigate the magnetic field coupling of MF
communications [16] and recently in magnetic PDSs [22].

A picture of the simulated ferrite-rod antenna along with an
actual antenna used in a PDS generator is shown in Fig. 17.
The simulated antenna was constructed based on the exact
parameters of the actual antenna. The geometric parameters of
the simulated antenna are listed in Table L. It should be noted that
this FEKO-based antenna model has been validated by extensive
measurement results in [22]. The antenna was driven by a voltage
source.

To simplify the problem, a large rectangular wire loop
(50 m x 5 m) was used to approximate the coupling loop formed
by the trailing cable and the power system (as the simplified
model shown in Fig. 4). The resistance and the capacitance in
Fig. 4 were implemented in FEKO with a complex impedance
load. The ferrite-rod antenna was placed 0.1 m from one side
of the loop. Fig. 10 shows the simulation setup for investigating
how the system frequency affects the parasitic coupling. The
receiver is located at (—18.75 m, 5.115 m) with the origin of the
coordinate defined in the center of the antenna.

VI. RESULTS AND DISCUSSION
A. Measurement Results

Based on experimental setups given in Section IV-A, the three-
axis components (i.e., B,, B,, and B;) of the coupled magnetic
fields were measured under different configurations designed
to study the influence of different parameters. The measured
three-axis components were then combined and, unless stated
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Fig. 10.  Simulation setup for investigating how frequency affects the coupled
field received by an MWC.

TABLE I
ANTENNA PARAMETERS

Parameter Value
Radius (a) 12.7 mm
Number of turns (N) 37
Length (L) 0.16 m
Ferrite length (Lf) 0.1905 m
Permeability () 2500
Wire radius 0.685 mm
Frequency (f) 73.6 kHz
12000 w
O Measured Data
10000 Q\ ----- Exponential Fit | |
\\‘
\‘
S 8000+ O,
@ RN
s Q.
6000 | \Q\
~Q.
4000 | Q. o
~O
2000 : ' :
0.2 0.4 0.6
d, (m)
Fig. 11.  Coupled magnetic field attenuates with the distance between the cable
and Gen 3.

otherwise, only the vector sum of the measured fields were
analyzed and are presented in this section.

Fig. 11 shows how the coupled magnetic field variates with the
distance between the cable and Gen 3, based on the experimental
setup illustrated in Fig. 6. It is shown that the coupled field
decreases rapidly with the distance, particularly when the cable
is relatively close to the generator (e.g., for d; < 0.2 m). This
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Fig. 12.  Picture showing a PDS generator installed too close to the CMM end
of the trailing cable which causes strong magnetic field coupling even though
the rest of the cable is far from the generator.
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Fig. 13.  Coupled magnetic field varies with the distance along the trailing
cable.

observation suggests that trailing cables should be kept away
from PDS generators in order to mitigate the coupling from the
generator to the cable. It is also shown in Fig. 11 that the field
approximately attenuated exponentially with the distance.

While under most circumstances, magnetic field coupling can
be mitigated by moving around the trailing cable to increase
the distance between the cable and the generator, there is one
circumstance where the distance between the cable and the
generator is primarily determined by the location where the
generator is installed and, thus, cannot be easily adjusted. This
is the case when a generator is installed close to the end of the
trailing cable where the cable connects to the CMM, as shown
in Fig. 12. As a result, special care must be taken when one
installs PDS generators. If a generator is installed too close to
the trailing cable, strong coupling could occur despite that the
rest of the cable stays far from the generator.

Fig. 13 shows how the coupled magnetic field varies with the
distance along the trailing cable, based on the experimental setup
shown in Fig. 7. In contrast to the rapid attenuation observed in
Fig. 11, the coupled magnetic field in Fig. 7 does not show
significant attenuation with the distance along the cable. This
finding is consistent with the conclusion reported in [16] and
[26], which concludes that MF signals, after being coupled to a
transmission line, show a very small transmission loss along the
cable.

Authorized licensed use limited to: Stephen B. Thacker CDC Library. Downloaded on August 19,2020 at 11:37:14 UTC from IEEE Xplore. Restrictions apply.



4362

9000 w "
) O Measured Data
8000 + N |- Exponential Fitting Curve| |
\\
7000+ ™ 1
\\ B = 2525+12387* exp(-38*d3)
© S,
© 6000 - k%
L hY
m 5000 - O,
4000 | e
...... -Q
3000 ¢ Tre—e—a 1
-
2000 ‘ ‘ ‘
0.02 0.04 0.06 0.08 0.1
d (m)
Fig. 14. Coupled magnetic field attenuates with distance between the MWC
and the cable.
14000
! , :
12000 - q' Red das.hed line: modelling
H Green circle: measurement
10000| §
8
3 %
ic 8000f %
o )
®
6000 F 1%
\ PAN DOWN
4000 D DS
Lo0q. - i
PANUP  Teme—e -
2000 : : : : :
0 500 1000 1500 2000 2500 3000
R (ohm)
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and the ground.

Fig. 14 shows how the coupled field varies with the distance
between the trailing cable and the MWC, based on the experi-
mental setup given in Fig. 8. Similar to Fig. 11, Fig. 14 shows
that the coupled magnetic field decreases exponentially with
the distance between the MWC and the trailing cable (i.e., d3).
The result in Fig. 14 suggests that the coupling effect can be
dramatically mitigated by keeping the MWC some minimum
distance away from the trailing cable.

Fig. 15 shows how the coupled magnetic field varies with the
impedance between the CMM and the ground. Based on the ex-
perimental setup illustrated in Section I'V-E, the resistance of the
potentiometer was set to different predetermined values, and the
corresponding coupled magnetic field for each resistance value
was recorded. This process was repeated for both “PAN DOWN”
and “PAN UP” configurations, which varies the impedance
between the CMM and the ground by changing the value of
X rather than R. The red dashed lines in Fig. 15 are simulated
results based on (7) where the two unknown parameters K
and X were treated as two fitting parameters to best match the
simulated results to the measured results, which are shown as
a green circle. It is observed from Fig. 15 that the simulated
results agree well with the measured results, indicating that the
simplified model presented in (7) is accurate. As expected, the
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PDS generator.

magnetic field coupled from the PDS to the trailing cable quickly
decreases with the resistance between the CMM and the ground
when the resistance is small (for example, R < 1000 €2). For
large resistances (1000 €2 or above), however, the coupled field
does not vary with the resistance significantly. In addition to
resistance, Fig. 15 also shows that the coupled field is influenced
by the capacitance between the CMM and the ground. For the
same resistance, the “PAN DOWN?” configuration produces a
stronger coupled field than the “PAN UP” configuration. This
can be explained by the fact that raising the pan (“PAN UP”)
causes the capacitance between the CMM and the ground to
decrease, which leads to a decreased coupled field.

B. Simulation Results

Fig. 16 shows a comparison of the simulated magnetic fields
(vector sum of the three-axis fields) at the same receiver po-
sition for with and without the large coupling loop. It is ap-
parent that the received field with the coupling loop is much
stronger than the field at the same location but without the
coupling loop. Since the receiver position is located far from
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Fig. 18.  Coupled to direct signal ratio varies with frequency.

the transmitting antenna, with the presence of the large cou-
pling loop, the magnetic field received by an MWC can be
approximately viewed as the coupled field only (i.e., 7¢p(%)).
Accordingly, without the presence of the coupling loop, the
received signal would be the direct signal rq.(t). As a re-
sult, the result in Fig. 16 can be viewed as a comparison be-
tween the coupled field and the direct field for different system
frequencies.

It should be noted that the source driving the ferrite-rod
antenna in the simulation is a voltage source. In other words,
the source currents (1) for different frequencies are different,
given a fixed excitation voltage. To further characterize the
influence of frequency on the parasitic coupling, we introduce
a new metric: coupled to direct signal ratio, which is defined
by: v = 20 * log(rcp(t)/rar(t)). Lower values ~ correspond
to weaker parasitic coupling and, thus, are more desirable for
a PDS. Fig. 18 shows the simulated ~ for different system
frequencies. It is found that ~ increases with frequencies and
then saturates around f = 100 KHz. The frequency point where
~ becomes saturated seems to be closely related to the value
of R and C in (7) and, thus, is strongly dependent on the actual
environmental factors where the machine and the PDS is located.

The result in Fig. 18 suggests that lower frequencies would
be preferred for a reduced coupling influence. It should be noted
that in practice mitigating the parasitic coupling is often not the
only consideration when selecting the system frequency for a
PDS. There are some other important factors (e.g., the coverage
of the direct signal 74, (¢) and the electrical noise generated by
large machinery in the underground [27]) that must be taken into
consideration when designing a PDS.

VII. CONCLUSION

This article investigates the influence of trailing cables on
the performance of magnetic-field-based PDSs. A three-phase
model was proposed to describe the coupling process from a
PDS generator to a trailing cable, propagation along that cable,
and coupling from the cable to an MWC. A series of experiments
was designed to study the different factors that control the
coupling from a PDS generator to a trailing cable for each of
the three phases. It is demonstrated that the coupling effect can
significantly enhance the magnetic field received by an MWC
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and, thus, could potentially cause undesired nuisance alarms.
The results show that this coupling effect is primarily controlled
by two factors: the distance between the PDS components and
the cable [including two distances: 1) the distance between
the generator and the cable, and 2) the distance between the
cable and the MWC], and the impedance between the cable
and the ground. This article shows that the coupling effect can
be mitigated by either maintaining some separation distance
between the PDS components and the cable or increasing the
impedance between the cable and the ground. The minimum
separation distances depend on multiple factors and could be
different for different mines or for different locations within
the same mine. Care should be taken during PDS installation,
calibration, and commissioning to understand how coupling
affects system performance for a particular installation.

The results and findings presented in this article increase the
understanding of the coupling mechanism for a magnetic-field-
based PDS and can help PDS manufacturers design better prod-
ucts that are more robust in underground mining environments.
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