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Abstract

Since 2016, electromagnetic interference (EMI) of personal dust monitors (PDMs) with magnetic proximity detection systems
(PDSs) has been observed in underground coal mines. The EMI causes the magnetic field measurements of a PDS to change,
which, in turn, alters the calculated location of the miner relative to the machine. Any altered location calculation can potentially
cause the PDS to fail to warn a worker who is at an unsafe distance from the machine, arousing a serious concern on safety hazard
caused by EMI in underground mines. The search for EMI mitigation strategies led to the development and use of large shielding
pouches and boxes to hold the entire PDM to reduce its magnetic emission. Research on these pouches and boxes found that
although they were able to reduce the emitted radiation from the PDM, they also disturbed the magnetic field of the PDS,
affecting its performance. Researchers from the National Institute for Occupational Safety and Health (NIOSH) have focused on
shielding internal PDM components rather than shielding the entire PDM. The PDM air pump motor is one of the PDM
components that has been identified as a major source of electromagnetic radiation and has been selected for further study and
tests. The measurements show that a small copper or aluminum foil enclosure can effectively reduce the magnetic emission of the
motor by between 50 and 85% at 73 kHz. This study compares the test results of the air pump motor with various cost-effective
shielding materials. The data provided in this paper can serve as a reference for shielding enclosure design of the PDM air pump
motor to reduce its electromagnetic emission as one form of EMI mitigation strategy.
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1 Introduction of mobile machinery such as a continuous mining machine or

other mobile equipment. To address this hazard, MSHA re-

Work in underground coal mines presents a number of unique-
ly difficult safety and health challenges. Among the health
hazards is the risk of respiratory diseases due to dust exposure.
To address this hazard, the Mine Safety and Health
Administration (MSHA) mandates the use of a continuous
personal dust monitor (CPDM), a battery-powered device that
the miner wears on his or her belt to take continuous dust
samples for designated occupations and designated areas (30
CFR § 70).

Among the safety hazards in an underground coal mine is
the risk that a miner may become struck or pinned by a piece
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quires that all continuous mining machines, except full-face
machines, must be equipped with a proximity detection sys-
tem (PDS) (30 CFR § 75.1732). A PDS consists of machine-
mounted and miner-wearable components (MWCs) that com-
municate with low-frequency signals to determine the position
of the miner relative to the machine and to issue warnings or
automatically disable machine motion in order to prevent the
machine from contacting the miner. The miner-wearable com-
ponent of the PDS is typically worn by the miner on his or her
belt. Since the PDM is also worn on the miner’s belt, these two
devices can be placed near each other.

Incidents of electromagnetic interference (EMI) of one
model of CPDM, which we will refer to as the PDM, with
the PDS in underground coal mines have been reported, and
NIOSH researchers have verified through laboratory experi-
ments that EMI is occurring. The EMI affects the readings of
an MWC of'the PDS in such a way that the calculated location
of the miner becomes unreliable. This creates a serious safety
concern since it can effectively render the PDS non-
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operational during the EMI incident. As a result of EMI,
miners working near a machine can be in a risk position with-
out knowing it. For the miner’s safety, NIOSH researchers
have conducted research into EMI mitigation strategies.

In an effort to mitigate the effects of this EMI, large
shielding pouches and boxes were developed to enclose the
entire PDM to reduce its magnetic emission. Research showed
that the pouches and boxes reduced the emitted radiation, but
they also disturbed the magnetic field, affecting the perfor-
mance of the PDS [4-6].

In order to find a better solution, researchers from the
NIOSH have turned their focus from external shielding of
the entire PDM to internal shielding of individual PDM com-
ponents. The research team identified the PDM air pump mo-
tor as one of the major sources of electromagnetic radiation
within the PDM and selected this pump assembly for further
tests. The research team conducted a series of tests on this
pump and showed that a copper or aluminum foil enclosure
can effectively reduce the magnetic emission from the motor
by between 50 and 85% at 73 kHz, which is the operating
frequency of one MSHA-approved PDS used in underground
mines. With this shielding around the pump motor, the mag-
netic emission of the motor is reduced to well below the sus-
ceptibility threshold at which it could interfere with the PDS.
While this result is promising, it should be noted that the air
pump motor is only one of several components within the
PDM that may cause EMI. An investigation of the other com-
ponents within the PDM is currently underway. This study
compares the shielding effects of copper, aluminum, and other
cost-effective materials that could be used to shield the motor.
The information provided in this paper can be used by PDM
and other electronic device manufacturers to develop an EMI
shielding strategy for internal device components; this could
make mines safer by mitigating the problems of EMI and
thereby maintaining the normal and safe performance of
PDS:s.

2 Method and Experimental Setup

NIOSH researchers have developed a test method to measure
the shielding effectiveness of the enclosures that are particu-
larly applicable to the air pump motor. Some standardized
EMI measurement methods, such as RE101, were referenced
and adapted in the development of the NIOSH test method [1,
2]. In addition, the method of determination of shielding ef-
fectiveness was also developed by referencing and adapting
some standardized methods [3, 7]. In the experiment, the en-
closure was made to directly touch the surfaces of the air
pump motor assembly, which has an irregular shape.

The maxon A-max 303774 motor used to drive the air
pump in the assembly is a 12-V DC brushed motor. This type
of motor has a commutator with stationary carbon brushes
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sliding over it while it turns to rapidly switch armature current.
This current switching can produce a significant electromag-
netic emission.

A 12-V supply with a pulse-width modulation (PWM)
mode is used to control the speed of the motor. These series
output pulses can generate electrical noise over a wide spec-
trum range. In a PDM, the pulse width changes with changes
in measurements from on-board temperature, humidity, and
other sensors. To measure emission exclusively from the mo-
tor, the motor was removed from the PDM case and provided
with a stabilized 12-V pulse supply while varying the frequen-
cy of the pulse. During testing, two diode snubbers remained
connected to the motor terminals. A total of 12 pulse frequen-
cies were selected, which included DC, 10 Hz, 20 Hz, 30 Hz,
40 Hz, 50 Hz, 100 Hz, 200 Hz, 500 Hz, 1000 Hz, 1500 Hz,
and 2000 Hz. Figure 1 shows the block diagram of the exper-
imental setup. Figure 2 demonstrates the wave form of a pulse
supply voltage.

As shown in Fig. 1, the air pump motor was powered by the
12-V pulse supply via a 140.0-cm (55.12 in.) cable. An AL-
RE101 antenna was used to measure the magnetic field emis-
sion of the motor at a distance of 7 cm (2.76 in.). This is the
distance that is used by a standardized RE101 test [2]. The
side of the motor to be measured was turned to face the center
of'the receiving antenna at 7 cm, and this practice was follow-
ed for each side of the motor. The antenna feeds the emission
measurements from the motor to a Tektronix RSA5S103A
Real-Time Signal Analyzer via a 183.0-cm (72.0 in.) coaxial
cable. The signal analyzer stores the raw measurement data in
a unit of dBuV. The data were transferred to a computer to
convert to magnetic flux density readings in dBpT. The stan-
dardized RE101 test uses dB1V as the basic measurement
unit, and the manufacturer of a standardized RE101 receiving
antenna provides conversion factors from dBuV to dBuT.
These conversion factors are factory-determined and frequen-
cy-dependent.

Prior to the emission measurement of the motor, the emis-
sion of the pulse power supply unit was measured at a distance

12 V pulse supply varying in frequency

T

140.0 cm
l AL-RE101 Antenna
Motor RSA5103 signal
with air analyzer
pump

—»7 cm<—— 183 cm —>

Fig. 1 Block diagram of the experimental setup for the PDM air pump
motor
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Fig. 2 Illustration of pulse supply voltage to the motor

of 140.0 cm. These measurements showed that the power
supply unit would have a very insignificant influence on the
emission measurements of the motor. The measurements also
showed that the influence of the signal analyzer on the antenna
was very insignificant. Furthermore, the measurements
showed that the ambient electromagnetic noise was low.

Figure 3 shows the air pump motor assembly; the metallic
cylinder in the photograph is the electric motor and the black
plastic housing attached to the motor contains the air pump.
The magnetic field emission measurements were made on six
orthogonal sides of the air pump motor assembly. The sides of
the motor were numbered as shown in Fig. 3. Figure 4 shows a
picture of the motor with one side (side 3) sitting on the test
platform with no shielding materials applied. The air pump
has a rubber air tube connected with an air filter at the opposite
end of the tube.

The AL-RE101 antenna has a usable frequency range of
10 Hz to 1 MHz. In this experiment, the measurements of the
emitted magnetic field from the motor were set in a frequency
band from 10 to 150 kHz, which covers the operating frequen-
cies used by all of the current commercial PDSs. Any unin-
tended magnetic field emissions from the motor in this

Power Supply Leads

Air Pump

<@ Side 2

Side 3

Fig. 3 Assembly of air pump and motor (side 4 on the bottom of the
motor)

Motor

; AL-RE101
Air pump

.. =

To signal analyzer

12 V pulse supply

Fig. 4 Motor with its one side (side 3) sitting on test platform

frequency band that could cause an interference with the prox-
imity detection systems can then be identified.

3 Test Results

The magnetic field emission measurement on the motor began
with no shielding material applied. The emissions from the six
sides of the motor were measured individually and used as the
baseline of the motor emission. The baseline emission mea-
surement from each side was later compared with the emission
measurement of the corresponding side of the motor with
different shielding materials applied. The shielding effect of
each of the materials was then identified by the emission
differences.

The tight packing of the components surrounding the
motor assembly inside of a PDM leaves little room for a
shielding enclosure for the motor. In addition, the PDM has
a weight restriction. Some light, thin, and flexible materials
were, therefore, allowed to be used to shield the motor
assembly. The shielding materials and their thicknesses
used in the experiment were aluminum foil of 0.0254 mm
(0.001 in.), aluminum foil of 0.0508 mm (0.002 in.), cop-
per foil of 0.016256 mm (0.00064 in.), copper mesh of
0.1143 mm (0.0045 in.) diameter wire and 0.1397 mm

160 — === 1 kHz 2 kHz
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140 30 Hz ——40Hz
£ 120 o 300ns
%100 ——-15kHz
“ 80
£ 60
S 40

10000 100000
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Fig. 5 Comparing magnetic field emission from side 3 of the motor
having no shielding to the susceptibility of a PDS
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(0.0055 in.) opening, graphene sheet of 0.254 mm
(0.01 in.), stainless steel mesh of 0.09906 mm
(0.0039 in.) diameter wire and 0.09906 mm (0.0039 in.)
opening, and silver-graphene epoxy.

Figure 5 shows the magnetic field emission measurements
from side 3 of the motor with no shielding material applied,
referring to Fig. 4 for the experimental setup. In addition to the
emission spectra, from 10 to 150 kHz, of the motor with 12
supply voltages in different pulse frequencies, a susceptibility
curve, labeled as susceptibility (PDS), of a PDS measured in
NIOSH’s previous research [4] is also given in the figure for
the purpose of identifying potential EMI from motor emis-
sions. Any portion of an emission curve for the motor found
to be above the susceptibility curve suggests that there is a
high potential for interference to occur because of the stronger
energy of the emitted magnetic field of the motor compared
with the susceptibility of the PDS. The emission curves of the
motor produced from the 12 supplied pulse voltages, as shown
in Fig. 5, have a high potential to cause an interference around
73 kHz because these emission curves all pass above the PDS
susceptibility frequency around 73 kHz. Seventy-three kilo-
hertz is the operation frequency of the PDS used in this exper-
iment. This is the basic reason that the susceptibility curve (as
shown in Fig. 5) of an MWC of the PDS shows the lowest
value at 73 kHz, and EMIs would mostly occur around this
frequency, since interference can occur there at much lower
energy levels than at other frequencies. For this reason, the
emission of the motor at 73 kHz is particularly interesting to
NIOSH researchers, and the shielding effectiveness analysis
mostly focused on this frequency. Figure 5 provides a
systematical method to identify whether the emissions of the
motor can potentially cause EMI with an MWC of a PDS.
This method will be used in the following discussion.

As shown in Fig. 5, the motor showed a strong emission
from 10 to 150 kHz even with a 12-V DC supply. This is
because of the rapidly switched current for armature on com-
mutator. A pulsed 12-V supply would create additional
emissions.

The measurements showed that all six sides had very sim-
ilar emission patterns to that given in Fig. 5 with, however,
different amplitudes. A lower emission was found from two
ends (sides 1 and 2 as shown in Fig. 3) of the motor, and the
emission from side 2 was the only one showing its curves
below the susceptibility of the MWC of the PSD suggesting
that the emission of side 2 would not cause EMI. The remain-
ing sides were all found have much higher emissions, al-
though with slightly different amplitudes. For this reason,
the emission measurements from side 3 are used to typify
the emission of the motor in the following discussions.

Figure 6 shows the experimental setup for the emitted mag-
netic field measurement of side 3 of the motor shielded
completely with one layer of 0.0508-mm aluminum foil.
The shielding layer was tightly wrapped on the motor with
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Fig. 6 Motor shielded with aluminum foil of 0.0508-mm (0.002 in.)
thickness

the adhesive insulation tape to hold and form an enclosure
from outside. The shielding was also extended around the
immediate leads of the motor. No electrical ground connection
was made between the shielding enclosure and the motor.
Figure 7 shows the magnetic field emission measurements
from side 3 of the shielded motor. Comparing the emission
measurements of the side 3 with the baseline, shown in Fig. 5,
one could find that the aluminum foil brought all emission
curves downward. A calculation from the computer program
developed in this study shows that the shielding enclosure
attenuates the magnetic energy emission by 71.37% on aver-
age at 73 kHz.

Figure 8 shows the magnetic field emission measurements
from side 3 of the motor shielded with one layer of copper
mesh with a wire diameter of 0.1143 mm (0.0045 in.) and an
opening of 0.1397 mm (0.0055 in.). The motor was shielded
in the same manner as that with the aluminum enclosure
shown in Fig. 6.

As shown in Fig. 8, all of the emission curves of side 3 of
the motor were brought down by the copper mesh enclosure
further than the aluminum foil enclosure. As a result, the emis-
sion no longer has a potential to interfere with the PDS. A
calculation from the computer program developed in this
study shows that the copper mesh enclosure attenuates the
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Fig. 7 Magnetic field emissions from side 3 of the motor shielded with
one layer of aluminum foil of 0.0508-mm or 0.002-in. thickness
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Fig. 8 Magnetic field emission from side 3 of the motor shielded with an

enclosure of one layer of copper mesh with wire diameter of 0.1143 mm
(0.0045 in.) and opening of 0.1397 mm (0.0055 in.)

emission from side 3 of the motor by 84.92% on average at
73 kHz.

With the same shielding manner, we measured the emis-
sions from side 3 of the motor with each of the shielding
materials. Figure 9 shows the average emission attenuations
of those different shielding materials and material thicknesses
at 73 kHz on the emission from side 3 of the motor. In Fig. 9,
Al .001” stands for aluminum foil with 0.001-in. thickness, Al
.002” for aluminum foil with 0.002-in. thickness, Cu .00064
for copper foil with 0.00064-in. thickness, Ag-graphene for
silver-graphene epoxy, and Cu mesh for copper mesh. Copper
and aluminum clearly show a higher shielding effect than the
other materials and were more effective with greater thickness.

The magnetic field emission from each of the sides of the
motor was measured in the same manner with each of the
shielding materials. The measurements show that the emission
attenuations were different from different sides, even with the
same shielding material. For example, Fig. 10 shows the av-
erage emission attenuation of each of the sides of the motor
shielded with copper foil at 73 kHz. As it can be seen, the
copper foil did not equally attenuate the magnetic emission on
all of sides of the motor. Note that the measurements also
show that the magnetic field emission strength from each side
of the motor with no shielding material applied was also
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Fig. 9 Average emission attenuations on side 3 of the motor with
different shielding materials
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Fig. 10 Comparison of the average emission attenuations of six sides of
the motor shielded with copper foil of 0.016256-mm (0.00064 in.)
thickness at 73 kHz

largely different from each other. Side 2 had the lowest no-
shielding emission, which also had the lowest emission atten-
uation as shown in Fig. 10.

Figure 11 shows the average emission attenuations with
different shielding materials on all of the sides of the motor
at 73 kHz. Similar to side 3, copper and aluminum show a
higher effectiveness at attenuating the emission of the motor
and more effective with greater thickness. The thicker alumi-
num enclosure was shown to have a higher attenuation per-
centage value than the thinner one. The thicker copper enclo-
sure also shows a higher attenuation percentage value than the
thinner one.

4 Discussion

As shown in Section 3, the highest emission was found from
the longitude side surfaces of the motor. This suggests that
reducing the emission from these sides of the motor can re-
duce overall emission of the motor. If the manufacturer wishes
to design a motor with a low emission, focusing on emission
reduction of side surfaces of the motor would be most effec-
tive. This also suggests that re-orientating the motor in a PDM
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Fig. 11 Comparison of the average emission attenuations by the
shielding materials and their thicknesses on all of six sides of the motor
at 73 kHz

@ Springer



216

Mining, Metallurgy & Exploration (2020) 37:211-217

in such a way that its lowest emitting side faces an MWC of a
PDS can potentially reduce a chance for EMI.

As shown in Fig. 11, aluminum and copper show a higher
attenuation rate on the emitted magnetic energy of the motor at
73 kHz than any of the other materials tested. The figure also
shows that an enclosure with a thicker layer of shielding has a
higher emission attenuation rate than that with a thinner one.
This suggests that the shielding material and its thickness are
important factors to consider for a shielding enclosure design
for the motor.

Measurements show that the shielding effectiveness is
different from one side of the enclosure to another. This
suggests that each of the sides of the enclosure not only
shields part of the magnetic energy from that side of the
motor but also reflects part of the energy back, resulting
in a redistribution of magnetic energy within the enclo-
sure. This could cause the emission from another side to
slightly increase rather than decrease as it showed in the
case of silver-graphene epoxy. As shown in Fig. 11, a
magnetic emission increase from one of the enclosures
causes the average emission to increase with silver-
graphene. Further study may be needed to understand this
phenomenon in order to not only develop better shielding
enclosures but also to prevent the motor’s electrical char-
acteristics from potentially being altered by the intensified
magnetic energy within the enclosure caused by the
shielding enclosures.

A complete coverage over the motor with a shielding en-
closure is required in order to achieve a high effectiveness of
shielding. Our measurements show that an intensified mag-
netic energy could be measured from even a small opening on
a shielding enclosure. This suggests that the magnetic energy
produced from the motor can be redirected by the internal
surfaces of the shielding enclosure and released from a small
opening of the enclosure. This also suggests that an enclosure
can be designed with an opening on it to release the magnetic
energy from it in a direction which causes no interference to
other systems.

It was a very challenging task to maintain consistency
among the different shielding materials used to manually wrap
the motor. To minimize any possible negative impact on the
emission measurement due to wrapping inconsistencies, a
dedicated technician was appointed to perform the job, a con-
ductive tape was used to tightly hold the wrappings to the
surfaces of the motor, and photos were taken of the enclosures
made from different materials. Researchers consistently exam-
ined the measurements and repeated the work whenever any
doubtful data was found. It was found that a small opening on
an enclosure could make a notable difference in the measured
emission. Whenever this happened, the wrapping was repeat-
ed. All the enclosures used in the experiments were saved
since they could serve as samples when enclosures needed
to be copied to repeat a test.
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In a separate experiment, researchers measured the mag-
netic field emission from the motor with lower DC supply
voltages than its normal value of 12 VDC and found that a
lower emission was always associated with a lower voltage.
The measurements were not presented in this paper because
those lower voltages were not considered to be normal.
However, it shows that a supply voltage is indeed a factor that
influences the strength of the emitted magnetic field of the
motor.

5 Limitations

The quantitative analysis of the effectiveness of the shielding
materials used in this research was based on the electromag-
netic emission measurements from only one air pump motor
of PDM at one laboratory condition. Additional measure-
ments need to be made from additional motors under different
testing conditions in order to determine the variation of elec-
tromagnetic emissions among motors under various operating
conditions. The data can help with cost-effective selections for
shielding materials and choice for shielding enclosure design,
which cover a range of the motors.

6 Conclusions

NIOSH researchers conducted this research with the in-
tention to help develop EMI mitigation strategies for a
continuous personal dust monitor, which was found to
electromagnetically interfere with magnetic proximity de-
tection system used in underground coal mines. Tests
showed that air pump motor in the PDM was one of the
strongest electromagnetic sources. To help further possi-
ble enclosure designs to shield the air pump motor, this
paper presents the test results of some selected cost-
effective shielding materials for the motor for the purpose
of identifying the effectiveness of these materials on mag-
netic field shielding for the motor. The measurements
show that the strongest emission was from the longitude
side surfaces of motor. The measurements also show that
aluminum and copper can shield the magnetic energy
emission of the motor more effectively than any other
tested materials. The measurements, in addition, show that
the thicker a shielding enclosure is, the more effective the
shielding. The results provide quantitative measurement
data that can assist in the development of effective EMI
shielding strategies for the air pump motor and also for
other electronic systems used in underground mines to
increase electromagnetic compatibility in mines and im-
prove safety for miners.
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