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A magnetic proximity detection system mounted on an underground mobile mining
machine detects whether a worker is hazardously close to the machine. The system
generates magnetic fields covering the extended spaces around the machine. A
magnetic detector worn by the worker measures the magnetic field flux density and
determines the distance from it to the machine. The system is frequently in close
proximity to coal as the machine moves, causing the magnetic field flux, in part, to
enter massive in situ coal. This has the potential to have an adverse effect on the
accuracy of the system and on the safety of the worker if the coal were to
significantly alter the magnetic flux density distribution. Two experiments were
conducted to study the impact of in situ coal on these magnetic fields. Measure-
ments in one mine show that coal mass has no significant impact on the magnetic
field flux distribution.

Keywords: equivalent circuit; magnetic analysis; magnetic field measurement;
magnetic flux density; near-field radiation patterns

1. Introduction

Researchers at the National Institute for Occupational Safety and Health (NIOSH) have
developed and used two methods to evaluate the impact of in situ coal on the magnetic
field distribution of a magnetic proximity detection system, finding that the coal has an
insignificant impact on the magnetic flux distribution of the system. The methods,
results and the analysis of the results will be presented in this paper. The methods
developed here can be used to evaluate the impact of other geological environments on
the magnetic fields of proximity detection systems.

Magnetic proximity detection systems are increasingly used in underground coal
mines to protect workers from pinning and striking from mobile mining machines.[1-3]
Since 1984, there have been 35 fatal accidents in the USA in which a miner was struck
or pinned by a 50 ton continuous mining machine.[4] To address this problem, the
Mine Safety and Health Administration has published a proposed regulation that would
require proximity detection systems on all continuous mining machines except full-face
machines.[5]

A magnetic proximity detection system can be mounted on a mobile machine, and
generates a magnetic field from its ferrite-cored generators to cover the area around the
machine.[6—8] A magnetic field detector worn by a worker detects the magnetic field
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and determines a distance from the worker to the machine by the magnetic flux density
detected. The system can generate visual and/or audible alarms to warn the worker if
he or she is hazardously close to the machine, or the system can send a signal to the
machine control unit to disable machine motion.

As a mobile mining machine moves in the mine, its proximity to the massive
in situ coal around it changes. As a result, the proportion of the proximity detection
system’s magnetic flux that passes through the coal is variable. When a magnetic field
generator is in contact with the coal face, approximately half of its magnetic flux can
pass through the coal body while a smaller fraction of magnetic flux passes through the
coal if the system is further from the coal face. Due to this environmental variability,
there has been a concern that the coal may change the magnetic flux density
distribution (MFDD) of the system, and therefore degrades the accuracy of the separa-
tion distance determination.

The impact that in situ coal has on a magnetic field can be evaluated using the
dielectric properties of coal. Studies have showed that coal generally has low relative
permittivity (between 1.6 and 5), permeability (about 1.0), and conductivities (can be
lower than 107> Siemens/m)) at frequencies around 100 kHz, which is close to where a
typical proximity system operates.[9-11] These dielectric parameters suggest that coal
should have a small impact on the magnetic field. However, there are few actual mea-
surements to confirm this. Further, these dielectric parameters were mostly obtained in
laboratories using small specimens of coal. Within geologic strata, impurities, cracks,
and voids can result in an inhomogeneous distribution of dielectric properties, and
changes in water content, salinity, and temperature can result in a distribution change
of dielectric properties.[12] The influence of massive in situ coal, therefore, needs to be
understood.

2. Measurement methods

To facilitate measurement of magnetic fields in the presence of coal, two measurement
methods were developed for two experiments to evaluate the influence of the in situ
coal. The first was called the single-point magnetic flux density measurement (SPMF)
method, and the second was the magnetic flux density distribution measurement
(MFDDM) method. The SPMF method was used to measure a magnetic flux density at
a fixed location relative to the generator as the distance of the generator relative to the
coal was varied. The MFDDM method was used for measurements of multiple points
around a generator. The measurements permitted us to obtain a MFDD model and
examine the model for any distribution change in the presence of massive coal.

2.1. Measurement apparatus for SPMF method

The structure and circuitry of the test apparatus used in the SPFM method is illustrated
in Figure 1. An LCR Inductance—Capacitance—Resistance meter acts as an exciting
source to the magnetic field generator of a proximity detection system, and provides
the measurements of voltage and current supplied to the generator circuit as well as the
impedance of the generator circuit. The generator together with capacitor C forms a ser-
ies LC circuit which is initially adjusted to a near-resonant state at the frequency at
which the proximity detection system operates, so that the generator has a good sensi-
tivity to a dielectric characteristic change of objects near the generator. By the coupling
effect, a dielectric characteristic change of a nearby object will cause a corresponding
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Figure 1. A single point magnetic flux density measurement apparatus in close proximity to a
coal face.

change of the electrical parameters on the generator, and therefore, the impedance of
the generator, resulting in an impedance change of the generator circuit and a current
change in the generator circuit. These changes could be monitored with the LCR meter,
and used to identify the dielectric characteristic change of nearby objects.

With an AC current flowing through the generator, a magnetic field is established.
The isotropic magnetic probe of Narda ELT-400 magnetic field meter senses the mag-
netic signal at a fixed location at a distance, d, to the generator, and measures the mag-
netic flux density, B, in units of micro-Tesla (uT).When the generator is approaching a
magnetic field disturbing object, a redistribution of the magnetic field in the space
around the generator can occur, and the change of the magnetic flux density resulting
from the field redistribution is sampled by the probe. The magnetic field disturbing
object can be thus identified by detecting the magnetic flux density change from the
probe.

Any change of the electrical parameters of the generator circuit or a change of the
magnetic flux density B can be used as an indicator of a magnetic field redistribution
resulting from a magnetic field disturbing object approaching to the generator.

The magnetic probe and the generator are rigidly fastened to a plastic board to
compose the apparatus. This entire unit is moved toward the coal face from a distance
during the experiment. It was hypothesized that as the unit approaches the coal face,
the probe would detect a change in the magnetic flux density, indicating that the coal
caused a redistribution of the magnetic field. The in situ coal can also be considered as
a near-field variable load to the generator as the distances between the generator and
the coal face vary. If the coal causes the magnetic field to change, it should also cause
the voltage, current, and the impedance of the generator to change by the coupling
effect. These electrical parameters displayed on the LCR meter can be collected for an
analysis of changes in the electrical characteristics of the generator circuit under the
influence of the coal.

The measurement unit can, in fact, be in any orientation when moving toward a
coal face. Among all possible orientations, the generator shown in Figure 1 can have,
at the closest position, its largest surface area touching the coal face resulting in the
largest proportion of its magnetic field passing through the coal mass. This
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configuration is believed to be the most effective to observe the influence of the coal
on the magnetic field of the generator and is, therefore, used.

The apparatus is designed to be simple and easy to use in mines to provide a yes
or no answer of whether coal or any other geologic formation causes a change in the
magnetic fields of a proximity detection system. It, however, cannot provide measure-
ments to quantify the degree or nature of the change in the field distribution over the
space around the generator. Therefore, the MFDDM method was developed for that

purpose.

2.2. Measurement assembly for MEDDM method

The MFDDM method requires an assembly to take the magnetic flux density
measurements of many points distributed in the space around the generator first, and
then generates a best fit MFDD model with the measurements. An amplifier is used to
supply a current to the generator to establish a stable magnetic field around it. The
generator was mounted at the center of a radial coordinate system printed on a
2.44 x 1.1 m sheet of paper as shown in Figure 2. The sheet was laid on a wooden
table. An isotropic magnetic probe was used to measure the magnetic flux density at
each of the points on the radial grid. The grid paper provided a two-dimensional (2-D)
polar coordinate system for the magnetic field, and facilitated the measurement of both
location coordinates (p, o) and magnetic flux density B at a point on the field, written
in (B, p, a) as shown in Figure 3. The effect of in situ coal on the magnetic field distri-
bution can be evaluated by examining the differences between the field distribution
models obtained from the measurements in the absence of coal and the measurements
near coal.

Figure 2. Generator and isotropic probe of the MFDDM measurement assembly with 2-D polar
coordinate system.
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Figure 3. Polar and Cartesian coordinate systems for the magnetic flux density measurement
system.

3. Measurement results

The experiments to collect measurement data using both SPMF and MFDDM methods
were conducted at the NIOSH research facility just south of Pittsburgh, PA, with
experiments involving coal done in our on-site underground mine, the Safety Research
Coal Mine (SRCM), in the Pittsburgh coal seam, and other experiment in laboratories
on site.

3.1. Measurement results with SPMF method

NIOSH researchers took measurements at two locations in the SRCM using the SPMF
method; one location was relatively dry with no visible moisture on the coal face or
the nearby areas, and the other was wet with water drops present in the entire face,
floor and nearby areas. The set-up at both the locations is illustrated in Figure 4. The
generator and the probe were set at a fixed distance on a plastic board before the mea-
surements began. The measurements started with the generator placed about 500 cm
from the coal face, powered by a 20 V exciting source from the LCR meter at a fre-
quency of 75 kHz (a typical frequency for proximity detection systems.) The unit was
moved toward the coal face in 2.5 cm steps until the generator was in contact with the
coal face. The magnetic flux passing through the coal mass increased as the distance
between the generator and the coal face decreased. When the generator was in contact

SOro Ic \
[sotropic o Coal
Generator

hrobe 3
I face

Measurement unit Direction
NN—O ;| =
[—————]

Wooden
table
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Figure 4. Setup of the single-point measurement system next to an underground coal face.
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with the coal face, approximately half of the total magnetic flux could pass through the
coal. The magnetic flux density sensed by the probe should show a change with
distance between the generator and the coal face if the coal significantly disturbed the
distribution of the magnetic field.

The plot in Figure 5 shows the measurement results in the dry coal face in the
SRCM. The plot shows magnetic flux density measurements in uT as the distance
between the generator and the coal face was varied, and as the distance between the
generator and the magnetic probe was held constant. These results show little variation
in the magnetic measurements, suggesting no noticeable interference from the coal.
Figure 6 gives the average and standard deviation of the magnetic flux density mea-
surements shown in Figure 5. If the average is quantitatively taken to represent the
steady portion of the field, and the standard deviation, the portion of the variation of
the field, the ratio of the standard deviation to the average can then be taken as a
statistical measure of the magnetic field variation, which is 0.107%, indicating that the
magnetic field change, caused by a combination of all field-disturbing factors including
coal and ambient and measurement apparatus noise, is statistically insignificant.

Similar results were obtained in the location that was wet with water appearing on
the coal face.

Similar results and statistics were also obtained in the measured voltage and current
and impedances of the generator circuit. The measurements with the SPMF method,
thus, all suggest that the in situ coal in the SRCM has no significant influence on the
magnetic flux density at the given frequency.

3.2. Measurement results with MEDDM method

The assembly for the MFDDM method was used to collect the measurements of 429
points distributed in the space around a stationary generator at a fixed location, first in
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0.8 -
0.6
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Figure 5. The magnetic flux density measurements as a function of distance between the
generator and the coal face.
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Figure 6. Average and standard deviation of the magnetic flux density measurements.

the laboratory without coal present and then at a coal face in the SRCM. Two MFDD
models were obtained from those two sets of measurements, and compared to find
differences between them in order to identify the influence of the coal.

NIOSH researchers previously developed a shell-based distribution model of
magnetic flux density to characterize the near-field radiation pattern of a bar-shaped
ferrite-cored generator in a constant permeability medium.[6,13] A magnetic shell is
defined as the collection of all points around the generator that have an equal magnetic
flux density. Using the previously developed procedures, the MFDD was modeled to
characterize the fields of the same generator both with and without coal present. With
reference to Figure 3 for p and a, the generalized 2-D magnetic flux distribution model
presented in references [6,13] is again given in Equation (1), where Equation (1a) is a
polar shell function which is defined by two parameters, the shell shape parameter a,
and the shell size parameter b. The parameters, ¢ and b, can be obtained with
Equation (1b) and (1c) for a given flux density B. c,, d,,, ¢;, and d;, are constants for a
given steady magnetic field, and completely characterize the field distribution. These
constants have to be determined to provide a fit to measured data using the procedures
described in [6].

The generator running at a fixed current at a frequency of 75 kHz was first set-up
in the laboratory on a 1.22 x 2.44 m wooden table with no coal present, and the mea-
surements, (B, p, a), were recorded at all 429 points to create a total of 13 shells
around the generator. The same set-up was then moved to the SRCM with the genera-
tor nearly touching the coal face as illustrated in Figure 7, with the data acquisition
procedures repeated. The measured units of magnetic flux density were uT. For each of
the 13 shells on the surface and 13 shells in the presence of coal underground, the
shape and size parameters were determined from the measurements using a
least-squares fit. Figure 8 shows the plots of a representative sample of measured and
modeled half-shells.
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Figure 7. Setup of the magnetic distribution measurement assembly at the coal face.

Based on the best model fits for all 13 shells, the complete magnetic flux
distribution model was determined for no coal and coal cases. The models for both
cases are given in Equations (2) and (3), respectively. These models apply to the range
1000 mm = g + b > 152.4 mm for the generator of length L = 304.8 mm for its ferrite
core. To facilitate a visualized comparison of Equations (2) and (3), three pairs of the
shells are generated from the equations in small, medium, and large sizes to cover most
of the defined range for these models and are given in Figure 9. For each of these pairs
of shells, one shell came from Equation (2) with no coal present, and the other from
Equation (3) with coal present. The average differences between each pair of shells,
which could be taken as a statistical indicator of the magnitude of the difference
between each pair of these shells, are given in Table 1. The differences are statistically
small, suggesting that the influence of the in sifu coal mass in the SRCM on the
magnetic field distribution is insignificant. Similar comparisons were made on all other
pairs of shells with similar results.

It is worth mentioning that one of the contributing factors to the small differences
between the two magnetic fields shown in Figure 9 and Table 1 was found to be the

y (mm)

-1100 -600 -100 400
X (mm)

Figure 8. Measurements (in diamonds) for B = 0.54 uT with the modeled shell with no coal
present, and measurements (in triangles) for B = 0.58 uT with the modeled shell with coal
present.



Downloaded by [East Carolina University] at 08:09 02 December 2013

2424 J. Li et al.

TATATAY
FAVLV

R No coal (9.5 uT)
S -~ Toal (9.5 uT)
= _,@QQ._._________ —— No u.mﬁl 6 ul)
= _--“‘“--(,oaltl(uul\‘j\
— \\\cml (0.5uT
-~ Coal\0.5uT)
E .{} "; '
> -l l(} \ -6[](} -100 00 ,’, 900/
\ \ | ///
y -600— —=
- I
=900—
X (mm)

Figure 9. Three pairs of shells with each of the shells in each pair coming from Equation (2)
with no coal present and the other from Equation (3) with coal present (Shells are generated with
B =9.5, 1.6, and 0.5 uT, respectively.)

Table 1. Differences between the paired shells generated from the model with no coal present
and the model with coal present in terms of calculated magnitudes, p.

Magnetic flux density (uWT) Absolute average difference (mm) Relative average difference (%)

B=95 5.37 1.58
B=1.6 0.05 0.02
B=0.5 0.86 0.13

drift in the permeability, u, of the ferrite core of the generator. The permeability of the
core could vary randomly in a small range. A perceptible permeability drift generally
occurred when the generator was energized or had a sudden large change in current
through the coil causing a corresponding distribution change in the magnetic field. With
the laboratory conditions under which the measurements were taken, the effect of the
permeability drift was not as apparent as it was in an operating mine, where the power
supply to the generator was subject to a frequent on/off cycles, creating more sudden
changes in current, and therefore more chances for the permeability drift. In contrast,
no single power interruption at the laboratory occurred, and the generator was subject
to no such sudden current change. For the in-mine measurements in this experiment, a
slightly higher occurrence of permeability drift was observed. Despite the higher
permeability drift in the in-mine experiment, the field distribution of the generator with
coal present showed little change compared with the one with no coal present.

p = a-cos(2a) + b. (1a)
fora+b> %, |o|<2n
(L :length of fernte core) 1
a= c,B %, (1b) M
b=cyB™%. (1c)
for B> 0

Shell(p, o|B) =
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p = a-cos(20) + b(mm). (2a)
fora + b > 152.4mm, |o| <27

Shell(p, %/ B) .y cou = § @ = 86.56B7 15 (2b) 2)
b = 738.41B70341, (2¢)
B> 0,in pT

p = a-cos(20) + b(mm). (3a)
fora+ b > 152.4mm, |«| <27

Shell(p, #|B) oy = { a = 90.92B7017, (3b) 3)
b = 735.10B~0346 (3¢)
B> 0,in uT

4. Influence of coal on generator current

The induced current in coal by the magnetic field can change the current in the
generator of a proximity detection system due to near-field coupling effect, resulting in
a corresponding change in the MFDD of the generator. To further evaluate the
influence of in situ coal on the current in a generator, another experiment was designed
and executed.

4.1. Transformer effect of generator

When the generator is close to a coal face, it directly couples the energy from its
windings to the coal mass through the electromagnetic field. This is similar to the cou-
pling that occurs in a transformer from its primary windings to its secondary windings
to a load. A change of the load on the secondary side of the transformer will cause a
current change on the secondary windings, which, in turn, brings a proportional change
of the current on the primary windings of the transformer. Similarly, a change of the
induced current in the in situ coal will cause a change of the current on the windings
of the generator, resulting in a corresponding change of magnetic field around the
generator. This transformer effect of the generator permits us to establish an equivalent
circuit of the generator as shown in Figure 10 to study of the influence of in situ coal
on the current in the generator. In the equivalent circuit, i, denotes current on the
primary windings, i.,, denotes the total equivalent induced current on the secondary
windings, and Z.., denotes the equivalent impedance of coal mass.

There are two major differences between an ideal transformer and the generator
circuit. The first is that the coal is both the secondary windings and the load for the
generator, and is equivalent to a one turn winding. The second is that only about half
of the total magnetic flux passes through the coal mass as the generator is in contact
with the coal face. This effectively reduces the secondary windings to an equivalent of
a half turn.

The current in the coal, 7o, is widely distributed in the coal mass, and can be
determined theoretically by an integral of all current components, i(v), in individual
coal volumes as shown in Equation (4). In practice however, it is difficult to obtain the
individual current components, let alone the total current. One way that could be less
difficult to estimate the current is through the equivalent impedance of the coal mass,
Zoal, as referred to the primary side of the transformer. Transformer theory indicates

that Z,, can be transferred to the primary side and the transferred impedance, Zcoa1—p,
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Figure 10. Equivalent circuit of a generator circuit near a coal face.

can be determined using Equation (5), where N; is the number of turns in the windings
on the generator, which is 130 for the generator used in this experiment, and N, is the
number of turns of the equivalent secondary windings, which is a half turn. The equiv-
alent generator circuit with the transferred impedance then becomes the one as shown
in Figure 11, where v, denotes the voltage across the generator. The total current i,
then has the component i.-, in it as the equivalent current on the generator
transferred from the coal mass, or the interfering current from the coal mass to the
generator. This complex current component can be determined from Equation (6).

ot = / i(v)dv. )

coal volume

N\ ? 130\
Zcoal—p = Zecoal <]V;) = Zeoal <05> = 677600 Zeoal- (5)
. Vp
oal_p = ——————. 6
oot~ = 167,600 Zeon)) ©
3 : .
130 0.5 turns Iy 1o
turns _

C\' I:> V].‘ ";cnnl-p

67,6007
Generator Zco:!l ’ coal

Figure 11. Equivalent generator circuit with the transferred coal impedance to the primary side
of the generator.
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4.2. Estimate of interfering current from coal

To find the interfering current component, ico—p, created by the coal mass on the
generator windings using Equation (6), we need the coal impedance, which is also a
distributed quantity over the entire coal mass. By obtaining the value of the lumped
coal impedance, however, it is possible to attain a fair estimate of the magnitude of the
impact of the interfering current. In this study, a measured impedance of the coal was
used to estimate the interfering current component.

The lumped impedance of the in situ coal mass was obtained at the location near
the generator in the SRCM at 75 kHz as shown in Figure 12, where two sets of
stainless steel bolts were screwed into the coal on both sides of the generator with con-
necting leads. These bolts served as electrodes to measure the coal impedance. The
LCR meter was connected to the leads to obtain the impedance reading of the coal.
The current from the LCR meter for the impedance measurement in this set-up had the
same flowing direction as the induced current by the magnetic field of the generator in
the coal, and saw the same impedance as the induced current did. The measured coal
impedance was 57,917.62 —j1,944.34 = 57,950.25¢7'°*’*°Q. The impedance took into
account of all the impurities, cracks, voids, moisture content, and inhomogeneous
dielectric properties of the coal. This measured value was used for Z.,, in Equation (6)
to obtain an estimated interfering current, i.o,-, as shown in Equation (7), where
v, = 562.0 V, the actual voltage across the generator. With the measured current of the
generator of i,; = 31.202027 —353.64999 mA = 355.0375¢ 7*****!*’mA without coal
present, the total current, #,, could be obtained from Equation (8). The change in the
current magnitude in the generator with coal present can then be calculated from
Equation (9), and the relative change can be obtained from Equation (10). As shown in
Equation (10), the relative magnitude change of the generator current is 0.000029%,
which is too small to have a noticeable impact on the current in the generator, and,
therefore, on its magnetic field. In fact, this impact is much less than the amplifier
noise. Even with an interfering current assumed to be 10,000 times greater than the cal-
culated current, the relative magnitude change of the current in the generator would be
around 0.29%, which could hardly have a significant impact on the magnetic field of
the generator.

Coal face

[Leads

;l: [ W-——'\y’-
45 cm '
| | Zcml J/
A

ﬂ =

6 stainless )
bolts, O x 15 |1 Generator position

min

Figure 12. Measuring impedance of a coal mass with leads connected to a set of bolts screwed
into coal on both the sides of a magnetic field generator.
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v, 562.0

0al=p = 67600 Zeow  [67,600 - (57,91762 — 1,944 34)] )
= 0.000143 + j0.00000481 (mA).

i, = 31.202027 — j353.64999 + icoa—p = 31.20202 — j353.6638 = 355.0375¢ 749581,

(®)
lip] = |ii] = 355.037488 — 355.037496 = —0.000104 (mA). )
Uil =1i) _ 4 000029%. (10)

‘ ipi ‘

5. Discussions

The measurement data from SRCM show that the impact of massive in situ coal on the
magnetic fields of a magnetic proximity detection system at 75 kHz is small. This indi-
cates that the overall in situ coal dielectric properties, considering all geological disturb-
ing factors, has a low influence on the magnetic fields of the proximity detection
system. Moreover, both high resistance and reactance of the impedance measurement
of the in situ coal obtained in the current study also suggest that a low relative conduc-
tivity and permittivity of the coal still remain, even taking into account those geological
varying factors, resulting in a low-induced current in the coal body.

Early research indicates that coal’s dielectric properties vary widely between coal
mines and even at different locations within the same mine, and change with signal
frequency, temperature, water content, and other environmental conditions.[1,14—17]
The methods presented in this paper can be used to evaluate the impact of coal having
different dielectric properties on the magnetic fields of proximity detection systems, or
the impact of coal on the magnetic fields of systems operating at different frequencies.

For proximity systems used in metal/nonmetal mines or in low coal seam mines
with significant noncoal geology near the generators, the dielectric properties of those
in situ rocks could be greatly different from coal. The methods given in this paper
could be used to perform similar evaluations of the influence of various geologic
conditions on the magnetic field of a proximity detection system.

6. Conclusions

Two methods are introduced in this paper to measure the influence of in situ coal mass
in an underground coal mine on the magnetic field of a magnetic proximity detection
system: a SPMF density measurement method and a MFDD measurement method. The
former is used to measure the magnetic flux changes at a fixed point relative to a
magnetic generator at varying distances from a coal face, while the latter is used to
obtain measurements at multiple points around the generator for determining the MFDD
with and without coal present. The data obtained with these two methods in one coal
mine showed that the influence of in sifu coal was insignificant. In addition, the induced
interfering current of in situ coal mass to the magnetic generator was also evaluated.
Analysis of the measurements from that mine showed that the change in the magnitude
of the total current of the generator caused by the induced current in the coal was far
less than 0.1%. Although the methods were developed for coal, they can be used to
study the influence of other geological environments on a magnetic field in general.
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