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USAGE OF MICROELECTROMECHANICAL SENSORS FOR THE MONITORING OF
CRITICAL PARAMETERS IN THE ATMOSPHERE OF AN OPEN PIT
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ABSTRACT. During industrial blasting, large amounts of toxic gases are released, which often form high concentrations at workplaces in mining sites. This poses
potential risks to workers and requires strict control of the atmosphere after blasting, which is most often done with the aid of portable and stationary devices equipped
with precise but expensive electrochemical sensors. This article discusses the features and applications of low-cost microelectromechanical sensors for monitoring
critical gas levels in the working atmosphere of mining sites. It also discusses the calibration of CO and NO2 sensors as part of a multi-gas module, optimised for
implementation using a microcontroller. The aim of the presented work is to study the possibility of building a mobile platform for atmospheric research and to
increase safety when working in open pits and quarries.
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M3MNON3BAHE HA MUKPOENEKTPOMEXAHWYHU CEH30PU 3A HABNIOOEHUE HA KPUTUYHW NAPAMETPU B
ATMOCO®EPATA HA OTKPUT PYOHUK

3axapu [JuHyee, SiceH MopbyHos

MurHo-eeonoxku yHusepcumem ,Cg. Mear Puncku®, 1700 Cocpusi

PE3IOME. Mpy 13BbpLIBAHE Ha MPOMULLNEHI B3PUBHW PaBOTI Ce OTAENAT roneMi KoNMYeCTBa TOKCUYHM Ta3oBe, KOUTO YECTO (POPMUPAT BUCOKM KOHLIEHTPALMK Ha
paboTHUTE MecTa B MUHHUTE 0BekTH. ToBa Kpve NOTEHLMANHU puckoBe 3a paboTHULMTE W Hanara CTPUKTEH KOHTPON Ha aTMocdepaTa cref B3puBsiBaHe, KOWTO ce
W3BbPLUBA HA-4eCTO Ype3 MPEHOCUMM W CTAUMOHApHW YPeau, CHaBheHM C MPeuMsHW, HO CKLMNOCTPYBALUM EneKTPOXUMMYHM CeH3opu. HacToswara cratus
pasrnexaa 0coBEeHOCTUTE U MPUMOKEHUETO Ha MUKDPOETIEKTPOMEXAHUYHN CEH30PU C Hucka CeBECTOMHOCT 3a HabmiodeHMe Ha KPUTUYHM HUBA Ha rasoseTe B
paGoTHaTa aTMocdepa Ha MUHHW 0BekTW. [uckyTvpaHo e kanubpupaHeto Ha ceHsopu 3a CO u NO2 kaTo uacT OT MynTura3oB MOfyM, kaTo e HarmpaBeHa
ONTUMM3ALMS 33 peanu3aLus ¢ NOMOLLTA Ha MUKPOKOHTponep. LlenTa Ha mpencTaBeHus Tpyd € NpoyuBaHe Ha Bb3MOXHOCTTA 3a WarpaxfiaHe Ha MOGMNHa
nnatchopMa 3a 3cneasaHe Ha aTMocdepara 1 NoBuLIaBaHe Ha TexHUYeckaTa 6e3onacHoCT npu paboTa B OTKPUTI PYAHULIN 1 KapUEPH.

KntouoBu gymu: MOHUTOPUHT Ha aTMocdepaTa, B3pUBHU pPaboTu, MUKPOENEKTPOMEXaHUYHN CEH30PH, TEXHMYecka GesonacHocT

Introduction values. The National Institute for Occupational Safety and
Health (NIOSH 2007) defines the IDLH (Immediate Danger for
Life and Health) which specifies the maximum level of
exposure to a given hazard to which a healthy person can be
exposed for 30 minutes without having irreversible health
consequences. In mines, due to the specifics of the mining
process and in order to protect human health and life, it is
more suitable to monitor critical values of the concentrations
of gases formed after blasting instead of taking into account
precise numerical values. (Dinchev 2014; MSA, 2022). Among
these gases, the carbon oxide (CO) and the nitride dioxide
(NO2) are of a particular interest in the current research.
Based on the above, the emergency values of the monitored
hazards are given in Table 1.

Mining is an energy-intensive and dirty process that
involves moving large masses of ground. The most effective
and cheap way to do this is to carry out blasting operations.
They are characterised by a sudden and drastic release of a
large amount of energy accompanied by high temperature and
the release of gases. This is followed by the removal of the
resource-rich blast mass for processing, which still requires
human intervention and carries the risk of exposure to highly
toxic gases. As a result, both relatively mild symptoms,
including irritation of the eyes, nose, and throat, cough,
dizziness, headache, and shortness of breath, as well as
severe intoxication leading to death can occur. (Mainiero
2007, Ozmen 2015). The American Industrial Hygiene
Association — AIHA (AIHA 2020) defines some international
public exposure guidelines, such as AEGLs (Acute Exposure
Guideline Levels), ERPGs (Emergency Response Planning
Guidelines), TEELs (Temporary Emergency Exposure Limits),
each of which is subdivided into three tiers of exposure

Table 1. Critical values of the monitored hazards

Gas Concentration, ppm
ERPG-1 | ERPG-2 | ERPG-3 IDLH
<60 min | <60 min | <60 min | <30 min
(610) 200 350 500 1200
NO 1 15 30 20
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The International Labour Organization’s (ILO 1991) “Safety
and health in opencast mines” instructions specify:

o 18.3.4. A person should not be permitted to enter the
vicinity of a working face after shot firing until the gaseous
products of the blast have dissipated.

e 18.3.5.2. The supervisory official, before allowing persons
to enter such a locality, should ensure that it has been
thoroughly ventilated and freed from water, if practicable,
and that the atmosphere within has been tested to ensure
its purity.

All this emphasises the importance of the problem under
consideration and shows that monitoring of the atmosphere
after the explosion is necessary.

Motivation of the research

A general idea of the scale of the blasting works can be
obtained from what is shown in Fig. 1.

Fig. 1. Blasting works in a real open pit

The figure shows the dissipation of hazardous gases after
blasting in a real open pit. Confirmation of safe concentrations
of toxic gases in the atmosphere is required before the site is
visited by workers. This necessitates the monitoring of the
atmosphere after the explosion.

Problems with the stationary installations

At the moment, a small part of the open pits has stationary
gas monitoring systems, and usually, their efficiency is not
high. Modernising in this area is an upcoming task. A known
problem is that in the process of mining, the workplaces
change their location dynamically within the open pit mine. This
requires that the measuring devices be positioned in new
locations near the site of the explosions. Stationary
installations have a high price, and the possibility of being
damaged by blasting at any moment is high. An additional risk
is represented by factors such as the temperature, humidity,
and dustiness of the work environment. In addition, the high
concentrations of noxious gases immediately after the
explosion could lead to sensor saturation, which would disable
them or render them inoperable for a prolonged period. This
affects their reliability and poses a risk to mine personnel.

Problems with the mobile installations

While portable devices have a number of advantages, they
also have disadvantages. When using portable devices and
frequently changing the location in the mine cup, it is difficult to
predict the ftrend of changes in the measured gas
concentrations. They have problems related to the working
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environment in terms of response time and leaving the gas
zone. The time to travel in the mine to a safe place can be very
long, implying the risk of high doses of ingested harmful
substances. Last but not least, passing near mobile machinery
can lead to higher concentrations of the measured gases,
which means an increased risk of making incorrect decisions
regarding the evacuation of personnel.

In (Dinchev 2014), modernising the Assarel open pit
through a set of stationary monitoring installations is
considered. In (lonascu 2021,) the use of electrochemical
sensors that could be used to control the mine atmosphere is
discussed. They have a high price and a limited shelf life. In
the present study, an experiment with micro-electromechanical
sensors has been carried out, which aims at the future
construction of a remotely controlled mobile station offering a
significantly higher level of reliability and more flexible
measurement methods.

Gas concentration measurement
electromechanical sensors

using

The gas sensors used in this work are based on the micro-
electromechanical system (MEMS) technology which has the
advantage of being small in size. MEMS is a concept used to
create tiny (chip-level) integrated devices or systems that
combine mechanical and electrical components (Samotaev
2021). These sensors have significant measurement stability
and are more suitable for qualitative rather than quantitative
measurement.

The general overview of the electrical connection for every
of the MEMS sensors used in the present work (Winsen, 2019)
is given in Fig. 2.

®

|

Gas Sensor

[ GND

+
D
wn
S

®

&

(D) (D

G oy
= @

R #g2(5) (©F T

D Vout

@
Fig. 2. Electrical connections and test circuit of the MEMS sensor

From an electrical point of view, the sensor can be seen as
a two-resistor device. The resistive component between pins 1
and 3 has a resistance of about 80 Ohms with very low
accuracy (+/- 20%). It acts as a 50mW heater used to preheat
the module before starting measuring gases. The resistor
between pins 5 and 7 is the sensitive component. Connecting it
in a voltage divider configuration allows measuring the voltage
drop across the resistor RL and then convert it to digital code
with the aid of an analogue to digital converter (ADC).

The calibration curve is non-linear, so it must be
interpolated or approximated mathematically. The polynomial
for the NO2 sensor (Winsen GM-102B) is given by (1).

y=a+b.x+cx®+d.x®+ex’

(1)
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It is a 4-th order polynomial with coefficients:
a=0.3884834806, b=0.8232244906, c=8.124691449,
d=6.623357975, and e=2.1753927.

The polynomial obtained for the CO sensor (Winsen GM-
702B) is different in two measurement intervals. For the range
(0.2V to 2.13V), it coincides with (1) and for the range (2.13V
to 2.4V), it is given by (2).

y=a+bx+cx?+d.x’+ex?+ f.x*+g.x° (2

For the range (0.2V to 2.13V) it is a 4-th order polynomial
with coefficients:
a=17.79251443, b=-121.7237072,
d=-214.6489452, and €=60.53236018.

For the range (2.13V to 2.4V) it is a 6-th order polynomial
with coefficients:
a=1176266431,
d=-2311641410,
g=11278154.95.

Although the elaborated polynomial approximations are
quite accurate, with an error way below 10%, they pose a
computational  challenge when a small embedded
microcontroller is considered as a measurement processing
device.

€=269.7256284,

b=-3259312339,
€=798788991.2,

¢=3760050587,
f=-147098079.5,

Device implementation

Most small microcontrollers (MCU) do not support the
floating-point (FP) standard IEEE-754 (IEEE Std 754, 2019).
Even if they are equipped with FP math hardware, they usually
perform integer math much faster. In the proposed device, the
ATmega328P MCU is chosen. It is an 8-bit MCU with no built-
in support for FP numbers. Although the "float" and "double”
data types are supported, both of them occupy 4 bytes of
memory. In order to use data types larger than 8 bits, the
compiler needs to generate a sequence of code or link an
external library. The use of FP arithmetic negatively impacts
the code size and the speed of execution.

Due to the above drawback, the coefficients in the
polynomial approximation need to be fixed-point or integer
numbers. This is done by first upscaling them by a factor that is
a power of two and then downscaling the final result by the
same factor (Baron 2006). This allows for using left-shift
operation for the multiplication and right-shift operation for the
division which is much faster.

The block diagram of the proposed gas sensor device is

given in Fig. 3.
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Fig. 3. Block diagram of the gas sensor device
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The prototype consists of an Atmel (now Microchip)
ATmega328P 8-bit MCU equipped with a 16MHz oscillator, a
micro-SD card for data logging, and a button to enable or
disable the logging process, and the Grove Multichannel Gas
Sensor module made by Seeed Studio (Liu 2021). The latter is
populated with four MEMS sensors, namely GM-102B (NOz,
0.1~10ppm), GM-302B (C2H50H, 1~500ppm), GM-502B
(combined C2H50H, 1-500ppm; C7H8, 1-500ppm; CH20, 1-
100ppm), and GM-702B (combined CO, 10-5000ppm; H2, 10-
500ppm). Although all the sensors have been verified, the
ones that are the subject of the experiment in this research are
the GM-102B and GM-702B since the hazardous impact of the
NO2 and CO gases is most significant.

The physical view of the prototype is shown in Fig. 4.

Fig. 4. Physical view of the prototype

In the figure, S1 is the GM-702B, S2 is the GM-502B, S3 is
the GM-702B, and S4 is the GM-702B. The communication
between the MCU and the sensors is done over an I12C bus.
The status LED blinks when the device is in an idle state and it
is constantly lit when in data logging mode.

The control algorithm is shown in Fig. 5.
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Fig. 5. Operational algorithm

On power-up, the controller periphery, such as the GPIO,
serial port, SD card, and the sensor board, is initialised. Next,
the main loop is entered. While waiting for the enable signal,
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the algorithm outputs the ‘.’ character in the serial console
indicating an idle state. When enabled, the sensors are read
and processed, and the data is stored on the SD card. This is
done in a pre-defined time frame that uses a non-blocking
mechanism. The program flow guarantees that the SD card will
always be written and the file will not remain open under any
circumstances.

The comparison between the computed result for the static
characteristic of the NO2 sensor and the original curve given by
the manufacturer is shown in Fig. 6. In the same figure, it can
be seen the plot of the error varies within the maximum range
of -6.8% to 6.6%. The error increases for smaller gas
concentrations and decreases for higher ones which in fact
benefits the quality of measurement in the area of interest,
namely the hazardous concentrations.
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Fig. 6. NO2 gas concentration plot versus sensor voltage drop.
The “equ” index denotes the approximated curve. The error
(horizontal line) fluctuates between -6.8% and 6.6%. The scaling
factor is 210=1024

The comparison between the computed result for the static
characteristic of the CO sensor and the original curve given by
the manufacturer is shown in Fig. 7.
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Fig. 7. CO gas concentration plot versus sensor voltage drop.
The “equ” index denotes the approximated curve. The error
(horizontal line) fluctuates between -8.4% and 0.7%. The scaling
factor is different for two ranges - in the range 0.2V to 2.13V, it is
210=1024, while in the range 2.13 to 2.4, it is 2

The scaling factor for the polynomial description is 1024 for
sensor voltages between 0.2V and 2.13V, and it is 2 for the
range 2.13V to 2.4V. It can be seen that the plot of the error
varies within the maximum range of -8.4% to 0.7%. The error
for this sensor is evenly distributed and is within acceptable
bounds.
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As a result of the experiment, it can be seen that the
approximation of a high-order polynomial with fractional
coefficients by using integer coefficients does not change the
validity of the data. The results obtained from the
manufacturer's calibration curve almost fully coincide with the
experimental ones, with a negligible error.

Future work

The satisfactory results of the study point out that the work
should be continued until a finished and autonomous device is
obtained. To achieve this, future efforts should focus on power
autonomy, increased mobility, remote real-time data transfer,
real-time measurement processing, and the development of a
simplified sensor calibration procedure. This includes adding a
battery and designing a small printed circuit board (PCB) that
would contain all the necessary components in a compact
design. In addition, research should continue to explore the
possibility of using an autonomous self-propelled or flying
device (drone) and finding a means of wireless communication
over long distances with low energy consumption. The wireless
LoRa (long-range) network seems to be a suitable candidate
for this purpose.

Conclusions

The development of modern technology makes it more and
more affordable to build reliable mobile devices that can
increase the level of safety in the field of mining. In the
presented study, the problems related to the control of the
atmosphere in an open pit from the point of view of monitoring
the critical values of toxic gases after blasting are considered.
A mobile measuring device was built with the help of which
measurements were carried out and micro-electromechanical
sensors were calibrated. Optimisation of the computational
process was carried out, allowing the efficient use of a small
microcontroller. The conducted experiments provide a good
basis for the future construction of a complete mobile station to
replace the stationary mine atmosphere control equipment.
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