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ABSTRACT

Digital methane detecting and alarm miner’s lamp has proved to be a very effective methane monitoring technique
in recent years. The mini methane detection system is the kernel of those lamps. The function of detection system
based on analog circuit is limited, which leads to high maintenance costs and unstable performance. The
maintenance-free technologies were developed and evaluated for a mini intelligent methane detection and alarm
system using innovations in computer technology, modern signal analysis and processing technology in this paper.
After introduced state of the art of intelligent methane detection systems, a mini intelligent methane detecting system
was presented to research the maintenance-free technologies, which includes system-level auto-zero, automatic and
visualized off-line calibration based on PC, and intelligent online calibration based on a wireless sensor network
(WSN). The methods and steps of those technologies were described in detail. Finally, the experiments were carried
out to validate and evaluate those technologies. The results show that the techniques to be the effective and efficient
way to lighten workload on calibration, to prolong the off-line calibration cycle of the methane measuring device,
and to improve the calibration accuracy. The size of the mini methane detection system allows it may to be mounted
directly on a miner's alarm lamp and portable gas detector.
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INTRODUCTION

Standard methane detection systems use a catalytic methane sensor called a pellistor [1]. All mining equipment must
be equipped with methane monitors that operate continuously to record methane levels at the face. Foreign products
have the advantages that they are stable and reliable and have a long correction cycle and long life. In the domestic
market, however, detection pellistors show instability when used as methane sensor. Moreover, some miners are
assigned to hold the instruments for detecting methane, which may cause data error, missing, or no alarm and which
may seriously threaten the safety of miners in coal production. It is difficult to change the current methane detection
protocols.

The placement of the methane detector and alarm on the miner’s lamp is designed to notify the miner whenever
methane levels exceed a predetermined limit at the location of the miner. It is designed to sound and/or light and
alarm if methane concentration is excessive. This is an important advancement of methane monitoring technology
because it changes the traditional alarming mechanism "Asking to withdraw" with "Having to withdraw" and
because it realizes the alarm mode of multi-point distribution and networked monitoring and alarming.

To further optimize this miner’s methane detection and alarm lamp, some problems still need to be addressed [2], [3].
In this paper, we specifically investigated the possibility of a maintenance-free technology. To do this, we
constructed a mini intelligent methane detecting and alarm system to research the maintenance-free technology,
which includes system-level auto-zero, auto-calibration based on a wireless sensor network and visual calibration.
The results proved to be a highly effective and efficient way to lessen the working strength on calibration and to
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develop a maintenance-free methane monitor.

THE INTELLIGENT METHANE DETECTING SYSTEM

Many countries have researched intelligent portable methane detection. Present commercial combustible detectors
show the microminiaturization, intelligence and versatility trend of the gas detecting device, such as RKI’s GX-86
[4], TBE’s MAX5 [5] and TS4000 [6] type intelligent gas detector from General Monitors in the U.S. The
performance evaluation of I'YONI Il (developed by GfG (Pty) Ltd, South Africa.) by scientists from NIOSH
(National Institute for Occupational Safety and Health, Pittsburgh Research Lab) has shown the viability of the
miner’s methane detection and alarm lamp [7]. A systematic study of performance characteristics [8] and factors
affecting of methanometers [9] has been made by C.D. Taylor from the Pittsburgh Research Lab. It has been shown
that humidity and oxygen concentration impact detection veracity [10] [11]. Some scholars have used multi-sensor
arrays and microelectro-mechanical systems to detect different kinds of gases [12]. Hélene Debeda adopted two
detectors based on semiconductor oxides and/or pellistors to develop a reliable methane detector [13]. Min-Ming
Tong researched the dynamic correction of thermostatic methane detection with a catalytic sensor [14]. Although
digital gas detection systems have played an important role in coal mine safety in recent years, some potential safety
problems deserve further investigation. In addition, the mini size and power consumption of the mini intelligent
detecting system puts forward higher requirements for the system design.

Figure 1 shows a diagram of the mini intelligent methane detecting and alarm system that we designed. The heating
catalytic methane sensor is connected to a Wheatstone bridge circuit, where the signal from the bridge is
proportional to the concentration of methane gas in air that passes over the sensor head. An operational amplifier is
used to increase the voltage. The increased signal voltage is treated with A/D Converter and sent to an ATMega48V,
a high performance, and low power consumption 8-Bit micro-controller produced by ATMEL Corporation. The
digital value is compared with the constant reference value being stored in EEPROM. If the methane concentration
of the workplace is over the threshold concentration, the MCU will give a switch signal through its digital 1/0 ports
to alarm the miner, who wears the methane detection and alarm lamp.

The intelligent methane sensor has an interface to a host computer with a serial communication or network to
perform the automation and visualization of the sensor calibration. Figure 2 demonstrates the mini intelligent
methane detector and its use of a digital methane detection and alarm lamp. Many factors were considered in the
system’s design, not only its micro size, low cost, low power consumption and good anti-interference but also the
relationship between system’s intelligence level and hardware and software resources.

Digital Methane Detecting and Alarm System Visualized calibration
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Fig.1 Principle diagram of methane detecting system Fig.2 The digital methane detector

MODELING AND INFLUENCING FACTORS ANALYSIS FOR METHANE DETECTING SYSTEM
Assumed that the power supply of the detector is stable with no interference, the mathematical model of the digital
methane detecting system is built. Figure 3 shows the block diagram for the maintenance-free process of the
intelligent methane detection and alarm system. The G, Gt, G, and Gp, represent the conversion circuit (Wheatstone
bridge for methane measuring), condition circuits (filter and amplifier), external disturbances (EMI, power disturb
and other factors) and A/D process concerning the methane concentration, respectively.
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Fig.3 Influencing factor model of methane detecting
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For the automatic calibration process, we know that the concentration of the standard gas sample is equal to the
output of the Gp in ideal state. Through dynamic adjustment of a Digital Potentiometer, we may get a Wheatstone
bridge balance or an Operational Amplifier changeable gain. This Digital Potentiometer performs the same
electronic adjustment function as a potentiometer, trimmer, or variable resistor. Nevertheless, the calibration system
is better than the traditional methane detecting devices, which are operated manually.

The transfer function of the system is given by

c(s)— 8605

_ | @
1+ G, (8)G; (5)G, () [Gy (S)R(s) + G, (s)]

The output of the sensor changes along with the methane concentration at a certain work current. The statistical
equation of the sensor may be described as follows

LI AT - k,AC 2
dt
where 7 is time constant of sensor and 7 =0.3851Q/°C. K_ is the changed speed of methane concentration, also

a constant in steady state gas surroundings. AC And AT here represent the gas concentration increment and
component temperature, respectively.

Considering the Wheatstone bridge measurement circuits without non-linear influence, this paper use the following
equation to solve for the transfer function

— kskcvb l

G,
7R s

@)
where k, is a constant referred to as the gain or sensitivity of the system because it represents the scale coefficient

of the gas concentrations and the sensor output voltage. Note that the parameters are valid for a methane
concentration below 4%. R is the resistance of the sensor, and V,, is the DC excited voltage of the Wheatstone bridge.

The transfer function of the other modules is as follows: G, =k; » and G, =Ko - The noise model is a multi-variable

time series model, which is simplified as white noise and may be treated with a filter. Hence, a new simplified
formula of the block diagrams is given by

G(s) = (4)

®) Ts+1

where T = i\/b. (Note: the formula does not include external interference: G (sy=o for simplification.)
k.k K kg

In practice, the methane detection is affected by external interference and internal nonlinear characteristics. Next, we
will study the zero drift, non-linear solution to be used in the system.

Analysis of the Wheatstone bridge is shown in Figure 4. When the gas concentration is non-zero, the bridge output
voltage can be expressed as
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Assumed the respective errors of R;, R, and the environmental impact are ignored, the R,,,, equalsthe R
in the catalytic components in the factory. The above formula (5) may be written as
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The variable quantity of resistance, AR, makes the output voltage produce a nonlinear error. The output of the
Wheatstone bridge has a nonlinear relationship with the methane concentration. The impact of this non-linear error
must be considered in the design.

The resistance of the platinum wire shows much more serious nonlinear characteristics when heated. Such nonlinear
characteristics can be expressed using a polynomial approximation;

Y =W, X +W, X% +W,X? +.-.+W_X" )

where X is the detecting signal, Y is the output of the system, and W, W,. W3, -+, W, are coefficients.

The above nonlinear characteristic (formula (6) and (7)) can be calibrated by MCU. If corrections to the sensitivity
are performed, a variety of different concentrations of methane are required. However, this is hard to achieve in
practice, and, moreover, the cost of maintaining system would be greatly increased. A localized linear correction
method is proposed in the paper. Using linear segments, simple linear processing can be performed.

The questions that puzzled designers can now be solved using intelligent technologies. Well-designed electronic
circuits can be used to treat auto zero, sensitivity damping and nonlinearity compensation of the sensor. Equation (2)
shows that the sensor is not equipped to detect a rapidly changing methane concentration. An intelligent methane
detection system may increase accuracy and reliability. Additionally, automatic correction, non-linear compensation,
automatic fault diagnosis, and other functions of the detection system can be enhanced.

In a word, to realize maintenance-free detection, the key technology concerns dynamic adjustment of the system
state, auto-zero, auto-calibration of system nonlinear and data post-processing.

MAINTENANCE-FREE TECHNOLOGIES IN THE DIGITAL METHANE DETECTING SYSTEM
Maintenance-free technologies in this paper mainly include three aspects:

Auto-zero: Reliability of methane detection is affected by many factors. The zero-offset and zero-drift are no
negligible factors. The zero-offset means non-zero output of system while zero input to system, however the
zero-drift is the output change impacted by factors such as time and temperature when no change of the input signal.
Through model analysis, the factor structure models are established and a strategy is suggested to deal with those
factors. Non-zero output of the system in air is adjusted by a digital potentiometer, then zero-drift of hardware
circuit (includes analog circuits such as amplifier and A/D) is dynamic corrected by an auto-zero software module.
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Digital potentiometer performs the function of a mechanical potentiometer, but replaces the mechanics with a simple
2-wire digital interface. For the host computer adjusting digital potentiometer according to the output of A/D, not
just the Wheatstone bridge output, so this correction method is a system-level auto-zero.

PC-based automatic and visualized off-line calibration: The intelligent methane sensor has an interface to a host
computer with a serial communication or network to perform automatic and visualized calibration. This method
needs standard concentration gas sample and is mainly using in first calibration in plant or periodic calibration using
in coal mine.

WSN-based on-line calibration: Area monitoring is a common application of wireless sensor network (WSN). An
intelligent methane sensor system equipped with the network connectivity can perform the calibration autonomously,
and there is no need to prepare standard gases for each system as in the conventional calibration.

1. System-level auto-zero

The methane measurement system requires signal paths with very low offset voltage and low offset voltage drift
over time and temperature. With standard linear components, the only possible calibration technique is system-level
auto-zero. The performance of digital methane measurement systems is not only determined by sensor components,
electronic parts and zero-drift of the operational amplifier but also by the precision of A/D circuit and power supply.
Therefore, the system-level auto-calibration must be taken out.

1.1 Non-zero output correction by digital potentiometer

Power supply voltage fluctuations lead to zero-offset, which will impact the measurement accuracy. Our design uses
the miner's lamp’s battery system (traditional accumulators or lithium batteries) and adopts the low-noise LDO
voltage regulator (2.5V) for providing power to the Wheatstone bridge circuit, the differential operational amplifier
and the MCU.

The power supply is positive 2.5V, so the output of the Wheatstone bridge must meet Vsen<Vin+ (shown in figure
4). To ensure a positive saturated output, one could use a non-balanced bridge measuring method, which used
resistance in series or in parallel on the arm of the Wheatstone bridge, such as parallel resistance with the white
sensing element of the sensor or a series resistance with resistance of R2. Another way is to adjust the digital
potentiometers automatically so as to balance the Bridge. The shortcoming of the former is the small gas
compensation at the Bridge negative saturated output, resulting in a low value of the current concentration. This
would result in an erroneously low value of the methane concentration being detected. The latter could increase
hardware costs and the complexity of the circuit. In the experiment, a digital potentiometer is adopted to balance the
Wheatstone bridge.

In general, mechanism of non-offset output correction is adjusted digital potentiometer according to results of A/D
in the air until the level equal to zero. This puts forward in periodic calibration and doesn’t need to run in each using
process.

1.2 Dynamic automatic adjusting to eliminate zero-drift of hardware circuit.

The mini digital methane detecting system must meet timely protection needs when using on equipments
underground in coal mine. Because methane concentration changes slowly in coal mine (even more to several ten
minutes), a dynamic auto-zero method is adopted to eliminate zero-drift of hardware circuit. The procedure is listed
as follows:

Delay 10ms: Elimination discharge time of resistors and capacitors.

Continuously sampling n times: compute the arithmetic average, recorded as X, (X,is the sampling data of
dynamic zero drift):

Nz 8)
Where t; is the current sampling value and n is sampling number.

Delay 10ms: After MCU close circuit for bridge, delay to eliminate discharge time of resistors and capacitors in
switch process in air.
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Continuous sampling n times: compute the arithmetic average, recorded as X, (includes the effect of zero drift):

n4s C)]
Where X, is the current sampling value and n is sampling times.

Computing the sampling data y in air: analyze Figure 4, the X; < X, may meet in practice. So the calibration value
in air should be calculated as below:

If X, =2X,, Y=X—X,; or y=0.

In addition, a digital filter was designed in the software to ensure the accuracy and reliability of the mini intelligent
methane measurement and alarm system.

2. Automatic and visualized off-line calibration based on PC

The techniques and apparatus for auto-calibration are very important for developing a mini intelligent methane
detection system. The special auto-calibration device can reduce the errors caused in the gas alarm calibration
process. Together with the publication of the industry standards AQ6209-2007 (Digital methane detection and alarm
lamp for miners), the continuous work time has extended from 7d to 15d [15], which has made analogous methane
detectors more difficult to popularize and apply because of their calibration and debugging process.

The traditional calibration process of methane detector consists of two parts:

Calibration in production plant. The detectors are successively put in pure dry air and certain concentration CH4.
The sensor must pre-aging before measurement. Initially, the sensors are set in an atmosphere of pure dry air. The
required amount of methane is then introduced creating an almost step change concentration and the conductance of
the sensors is monitored until the static response is reached 30s.

Periodic calibration in service. That the methane concentration signal is not linear with output voltage of the
measurement bridge. The electric nonlinearity for sensitivity may drift over time and must periodic calibrating to
ensure reliability of detection. The cycle of periodic calibration has prolonged from 7 days to 15 days by the new
Coal Mine Industry Standards of China (AQ6209-2007).

Due to the development of the technology for intelligent sensors, computers and signal processing, it was possible to
design an auto-calibration system based on MCU. The software filtration technology can improve the signal-to-noise
ratio (SNR). An advantage of regular auto-zero calibration avoids the usual cumbersome in-calibration process and,
at the same time, improves the detection accuracy by means of effectively restraining the shift of the sensor’s
measurement circuit. Using a linear interpolation method of nonlinear sensor calibration, we obtained an accurate
alarm threshold and modified the reliability of the alarm signal.

The intelligent sensor can communicate with a personal computer through the calibration instrument that we
designed. The concentration data of CH4 are sent to the host computer for real-time display of A/D data and
implementing the automation and visualization of the calibration process. This process can effectively reduce the
workload of calibration and maintenance costs.

The function of the monitoring software is to set up the main communication parameters of RS232 and real-time
display curves of gas concentration in calibration or experiment, intelligently obtaining alarm points through curves
and automatically downloading calibration data to EEPROM in ATMega48V.

Automatic and visualized calibration software has been developed successfully on a windows platform with VC++.
The RS232 library contains many functions that handle all aspects of serial communications. One may chose the

calibration value automatically, and EEPROM can be operated remotely. This has laid a solid foundation for its
further use in research of remote calibrating and remote fault diagnosis.

3. Automatic on-line calibration based on WSN
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Sensor network is a new field and developing rapidly. Because of its tremendous application potential, it has caused
great concern of many countries in military, industrial and academic. A calibration method based on a wireless
sensor network is used to achieve online calibration [11].

As a node of a wireless network, the mini digital methane detection system can be used not only for collecting the
methane concentration data but also for the calibration and diagnosis of the sensors for comparison with nearby
sensors in the network. Based on a 2.4 GHz radio transceiver chip nRF2401, the Norwegian Nordic companies
monolithic integrated, the close point-to-multipoint wireless methane measurement network was developed. Figure
5 is shown the framework of the wireless methane sensor network. The auto-calibration of the methane detection
system based on a wireless sensor network utilized the result of the other nearby nodes in a coal mine to gain more
efficiency and reliable monitoring.

()
f,\\

nRF2401 Module || nRF2401 Module || nRF2401 Module
Sensor Node 1 Sensor Node 2 Sensor Node 3

Fig.5 Framework of wireless methane sensor network

The principle of auto-calibration based on wireless sensor network is described as Figure 6. Firstly, off-line
correction is put forward as section 3.3. The A/D conversion value in air and 1% CH4 environment were recorded
and written to EEPROM. The stability tests in accordance with the standards (MT/T 409-1995) were performed to
number of randomly selected sensors.

Then online calibration based on WSN will be carried out when necessary. Steps as follow:

The all sensor nodes alarm in entire wireless network: the methane concentration exceeding safety limits can be
judged by all nodes status. If all lamps alarmed by voice and/or light, the methane concentration in working mine
face areas goes beyond the safety concentration limit. Miners must withdraw immediately.

If individual alarm: Automatic calibration program was activated, automatic correction orders were sent from data
processing node to other nodes. After delay a time, data processing node collects the correction nodes automatically
after the completion of the sampling data and alarm status.

If there is no further alarm: It shows alarm error or meets a gas. The methane is in order.
If still alarm:  The system of the node may fault itself, it should be replacement.

Therefore, it would be reasonable to hypothesize the existence of CH4 distribution underground. In normal
circumstances, a sensor system equipped with the network connectivity can perform the calibration autonomously in
the field, and there is no need to prepare standard gases for each system as in the conventional calibration.

ANALYSIS AND EVALUATION OF EXPERIMENT RESULTS

The experimental platforms and calibration instrument were designed to evaluate above technologies. The platform
of the system is shown in the figure 7. Each test unit can communicate with upper PC via RS232. Using the specific
experimental platform with host monitoring software, visual and automatic calibration was realized. The PC switch,
accept and display the monitoring data of the sensor. The experimental platform for each detecting system
corresponds with a miner's lamp which has a special double filament bulb. If the gas concentration overrun, then the
system output to control the bulbs with 1-3HZ turns off/on.
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Fig.7 Experimental testing platforms and calibration Instrument
The tests show that the system’s power can work in a wide voltage range (3-6V) with small ripple voltage. The LDO

circuit can provide a stable 150mA current and 2.5V voltage even if the voltage difference lowers to 400mV. The
application proves that the performance of the voltage source is steady and reliable.

The dynamic adjustment of the digital potentiometer is simply to insure the balance of the Wheatstone bridge.
Figure 8 shows the response curves of a detector detecting 1% CH4. Using this method, we can get an ideal
sensitivity curve by storing a set of tap points of the digital potentiometer.

Experimental data of the four components are shown in Figure 9. Those components were selected from 25 methane
monitoring nodes and labeled (a)-(d).

Analysis shows that the sensitivity curve migration is regular. The single supply of the operational amplifier and the
imbalance of the Wheatstone bridge lead to the zero offset in detection. The zero offset of the (b) and (c) nodes may
result in a false alarm for its negative zero offset. That is, the actual measured methane concentration is low. When
the sampling value of the concentration is 1%, the true concentration is 1.1% or even higher.

Figure 10 shows the change curve of a digital methane detector when detecting a 1% CH4 concentration. There is a
period delay (about 10s) before exposure to 1% CH4.
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The evaluation of the sensor system was first made in terms of focusing on the long-term stability of the gas sensor.
Among the various factors that affect the gas sensor’s response (e.g., interference gases and aging problems), the
zero drift was found to be the major cause of errors in the measured gas concentrations.
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The experimental data for different calibration techniques in different CH4 concentrations are shown in Table 1. The
data show that the zero shift value of system output is about 5mV. After the system’s auto-calibration, the zero offset
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was minimized, and sensor nonlinearity was repaired as well.

Table 1. Experimental data comparison

CH4 concentration * (Vol %)  Ideal value (mV)  No calibration (mV) Auto-calibration (mV)

0 0.0 8.3 0.3
0.4 10.0 17.3 10.2
0.5 12.5 20.2 13.5
0.6 15.0 24.8 16.2
0.7 17.5 28.4 20.5
0.8 20.0 29.2 21.8
0.9 22.5 33.0 23.9
1.0 25.0 35.1 25.4

@ Samples of CH4 from a dynamic volumetric device. Those samples just used in experimental process because the sample has minimal
fluctuation. We used standard concentration methane in the initial calibration.

CONCLUSION

This paper has demonstrated the maintenance-free technology of a mini digital methane detection and alarm system
for a miner’s lamp. The intelligent detection system can perform calibration autonomously, and it is unnecessary to
prepare standard methane for each system as in conventional calibration methods. Based on technical analysis and
industrial prototype tests, the mini intelligent methane measurement and alarm system was introduced. Theoretical
analysis and experimental results show that the maintenance-free technology has improved the detection accuracy,
prolonged the calibration cycle of the methane measuring equipment and lessened the working strength on
calibration.

Further study shall be carried out regarding the extension of the maintenance-free technology based on WSN and the
addition of more general cases so as to make the system function perfectly and practically.
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