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Abstract

Gas sensors, like any other type of sensor, are affected by external influencing factors among which the most
aggressive are the ambient temperature and humidity. If these influences are small, their effect on the global
accuracy of the sensor is reduced, and the error caused by these factors is included in the admissible error provided
in the datasheet. However, if the influences are significant, their effect can no longer be neglected and a
compensation of these errors is necessary based on the known influence characteristics found in the datasheet of
the sensor. Unfortunately, these characteristics are not linear and the compensation must be accomplished
according to an analytical relationship, if it can be known, or based on look-up tables implemented in the memory
of the measuring device. The things get complicated when there are more influence factors. The paper describes a
method for compensating the influences of ambient temperature and humidity on an MQ7 metal oxide gas (MOG)
sensor, mainly dedicated to measuring carbon monoxide (CO), by mathematically modelling the surfaces of the
characteristics given in the sensor's datasheet and their implementation on a microcontroller platform.
Experimental data show that, for a temperature variation between 10 and 50 Celsius degrees (°C) and a relative
humidity (RH) variation between 30 and 90 %, a reduction of the total amount of error is obtained by compensating
the influence quantities resulting in an accuracy improvement of more than 60 %.
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1. Introduction

In the context of the actual climate changing, the problem of finding the value of
concentration of pollutant gas concentrations spread over large areas of land and in very
different environmental conditions is becoming more and more of interest. Among the most
used methods of monitoring of gases in the environment are those with measuring instruments
that use sensors. There are numerous types of gas sensors with which gas analyzers are
equipped, both fixed and portable, operating according to several physico-chemical principles.
The technologies available to support gas sensors advanced rapidly in the last decades. Some
examples of such operating principles are given below. Solid electrolyte gas sensors [1], utilize
as sensing material certain ionic crystals such as ZrO2 through which ionic current is
established in presence of a gas at high temperatures. Two principle designs are available in
this case: potentiometric and amperometric. Capacitive gas sensors [2] are able to use as a
principle the variations of the capacitance of a material due to either a change of the dielectric
constant or a change in thickness of the active layer produced by the gas to be detected.
Calorimetric gas sensors [3] can detect changes of the temperature of the active surface layer,
due to the adsorption of combustible gas molecules at the surface layer.

Gravimetric gas sensors may be found in two main designs, namely as quartz crystal
microbalance (QCM) sensor [4] and as surface acoustic wave (SAW) detectors [5]. Both
operations are based on detecting changes of sensing layer mass owed to gas molecules
adsorption down to nanogram by means of sensing variations of the proper resonant frequency
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of the device. Optical sensors [6] operation in terms of infrared (IR) spectroscopy is based on
the interaction between the photons and the gas molecules which leads to a high degree of
radiation adsorption in a very narrow range of frequencies and hence to a very good selectivity
and sensitivity down to parts per million (ppb) levels. Finally, there also exist a number of
researches for sensors based on nanotechnologies by which the surface contact of the sensitive
material with the gas is significantly increased and so the device sensitivity [7]. However, the
most utilized sensors in common instrumentation devoted to detect and measure gaseous
pollutants especially at emission sources are those using as functional layer metal oxide
semiconducting materials. At higher temperatures, usually more than 300 °C, the conductivity
of these materials is changing with the gas concentration due to the gas molecules adsorption
by the oxygen ions found at the surface layer [8, 9]. As main advantages one may remind the
low cost and flexibility in production, wide range of gases to be detected, and construction
simplicity. Yet, they also exhibit important drawbacks like low selectivity and sensitivity, high
power consumption and strong susceptibility to external environmental influence factors such
as ambient temperature and humidity. These two factors of influence seriously affect the device
accuracy and without appropriate measures of compensation, the measurement errors may rise
in certain circumstances to more than 50 %.

There are two ways for compensating the temperature and/or humidity. One way is devoted
to well-known hardware methods, which include bridge method, negative temperature
coefficient platinum resistance method and different configurations using operational
amplifiers for signal conditioning. The other way is dealt by software methods that are the most
spread in the modern digitally oriented devices. Many approaches solve this problem by using
Machine Learning (ML) algorithms. For example, [10] presents a solution for compensating
systematic errors determined by temperature and humidity variations for a Volatile Organic
Compounds (VOC) sensor using artificial neural networks. It turns out that the method is
effective, but it is necessary for compensation to use significant resources capable of
implementing the algorithm. In [11], a similar approach for compensating the influence errors
for CO, NO2, SO, O3 and CO> gases using several Machine Learning algorithms such as
Linear, Quadratic and Gaussian Regression Models, Clustering Model and Artificial Neural
Network is presented and discussed. Also in these cases the efficiency of the method is good,
but they have some limits for practical implementation. In other cases, the correction is
modelled as an analytical relation to be implemented in the computing unit which drives the
device, when the sensor characteristic must be known in advance. They are usually traced using
pretty complicated and expensive experimental setups [12-14].

In this paper, a general method for improving a MOG sensor accuracy by mathematical
modelling its behaviour under the influence of ambient temperature and humidity is presented.
It will be shown that applying this method leads to diminishing the unfavourable influence of
temperature and humidity with more than eight times in certain circumstances. The theoretical
development of the model and its experimental validation is provided for a particular MOG
sensor MQ7 type which is devoted to sense carbon monoxide (CO), but the method may be
successfully applied to other MOG sensors like MQ2, MQ3, MQ4, MQ5, MQ6, MQ135,
sensitive to smoke, alcohol, hydrogen, methane or ammonia, whose working principle is similar
to MQ7. By extension, the procedure may be applied to any sensor whose characteristics are
significantly affected by external quantities provided that the influence characteristics are given
in the datasheet or experimentally traced. An assessment of the algorithm efficiency in terms
of error reduction is finally discussed.

Compared to other methods found in literature, mainly those comprising machine learning
algorithms that offer the best performance but require high computing resources, the main merit
of this method is that it provides a simple and affordable solution to improve the performances
of a device equipped with a low-cost gas sensor by easy implementation in a process controller
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without requiring a large amount of resources, thus leading to a reduced cost of the equipment
combined with obtaining adequate performances. The obtained performances are not
spectacular, but they offer a very practical way of obtaining a reliable device, with satisfactory
qualities, at a low price.

2. Proposed compensation algorithm

The aim of this section is to describe a method by which the measured value of a gas
concentration can be corrected in order to obtain a better accuracy of measurement when
functioning under important variations of ambient conditions of temperature and humidity.

2.1. Operating principle of the sensor

The operating principle of a MOG sensor is based on the oxidation-reduction reaction of the
gas to be detected with the oxygen disposed on the surface of the sensitive surface of a metal
oxide. As a result of this reaction, the conductivity and finally the electrical resistance of the
material changes with the gas concentration [8]. A scheme of this principle is given in Fig. 1,
customized for carbon monoxide (CO). In absence of CO, the interaction between the
atmospheric oxygen and the metallic oxide surface creates a potential barrier at the oxide grain
boundary, which traps the electrons from the bulk of material and thus its electrical resistivity
gets high.

1
=0, + (Sn0,)* — 0~ ad(Sn0,) CO + 07ad(Sn0;) — €O, + (Sn03)*

2 eV eV
E
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Fig. 1. Operating principle of a metal oxide gas sensor. Representation of two in-contact metal oxide grains in i)
absence of the sensing gas (left) when the potential barrier is high and so the material resistivity and
ii) in presence of the sensing gas (right) when the potential barrier decreases.

In a CO gas atmosphere and at material temperatures of 300 — 400 °C, the CO molecules are
adsorbed on the oxide surface and recombine with the oxygen ions forming the carbon dioxide
COq., thus releasing the electrons from the trapping layer and decreasing the potential barrier.
In this way, the electrical resistance decreases according to the gas concentration. For N-type
oxides (TiO2, Nb20s, Ta,0s, ZnO, SnO»), conductivity increases and hence the material
resistance decreases in the presence of reducing gas, whereas for P-type oxides (NiO, CuO,
Cr203, Co304), the things will happen conversely. Next, the presentation will be customized for
a low cost commercial sensor MQ7 type.

MQ?7 is a sensor mainly dedicated to the detection and measurement of CO, but, like almost
all MOG sensors, it is not selective, being sensitive to other gases to a lesser extent. In Fig. 2,
the characteristics of MQ7 taken from its datasheet are given [16]. They represent the
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dependence of the ratio Rs/Ro on the gas concentration C, where Rs is the sensor resistance at
concentration C and Ro is the sensor resistance at a reference concentration Co = 100 ppm CO.
These characteristics are traced at typical external influences of temperature 6o = 20 °C and
relative humidity RHo = 33 %. The sensor’s sensitivity to other gases such as hydrogen (H>),
liquid petroleum gas (LPG) or methane (CHs) can be also observed from the characteristics.
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Fig. 2. The characteristics of MQ7 sensor as in datasheet [16]

The way the sensor is connected in an electrical circuit is depicted in Fig. 3a. As it may be
noticed, the sensor contains four terminals: two of them through which the sensitive material is
heated at temperatures of 300 °C to 400 °C, whereas from the other two, the variable resistance
Rs of the sensor is available. The sensor is electrically connected in the circuit through a voltage
divider together with the load resistance Ry, from which the voltage Vi is measured. The supply
voltage of the divider is Vs. The load resistance, R. has a fixed value of about 10 k€, as indicated
by the manufacturer. For ease of use, the sensor is available in a shield compatible with Arduino
or ESP32 development boards, as shown in Fig. 3b.

V5 Vm

Fig. 3. a) Electrical circuit connection of the sensor, b) Arduino MQ?7 shield [16].
2.2. Sensor scaling

Sensor scaling means finding the dependence of the gas concentration C on the measured
voltage Vi picked from the voltage divider, that is:

C=E&, (10)
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In Fig. 4 is given the dependence of the ratio Rs/Ro on temperature for a range between
-10 °C and 50 °C and for two different values of humidity, where Rg is the sensor resistance at

the reference concentration Co = 100 ppm CO, 6o = 20 °C and RHo = 33 %, for which the ratio
Rs/Ro = 1.

Rs/Ry

06 | —=—RH=33%

&3 RH = 88%

02

0.0

-10 0 10 20 30 40 50

Temperature [°C]

Fig. 4. Dependence of the sensor characteristics on temperature and humidity [10].

First, the dependence of (1) for the reference conditions 8o = 20 °C and RHo = 33 % will be
determined. For this, the characteristic traced for the CO gas in Fig. 2 will be employed. One
observes that this characteristic is fairly linear in logarithmic axes and may be approximated as:

lg & =mlgC+k )
0

where m and k are the slope and the intercept of the line, that may be calculated knowing the

coordinates of two points on the characteristic. Let be these two points

R R
Alx, =Cy, = —= and B x,=0C,, = = 3
(x; =Cy, ) R 1 2=C m= R, ©)
Taking into account (1), it results:
Y1
_ leyi—lgy, _ le » (4)
lgx~lgx; g XL
X2
and
K = [8x1l8y,—lexslzy, (4)

lgx,—Igx,

On the other hand, the voltage picked from the voltage divider, Vi, depends on the two
resistances, Rs and R, according to:

vy popg taVm
m aRL+RS s L Vm
Ry _ Yo _
:R—O_RL v (6)
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By applying the logarithm operation on (6), one obtains:

Ig % =lg R, *—1 =melgC+k )

From (6) and (7) one deduces the scaling equation which gives the dependence of the
concentration C on the measured voltage, Vm, for temperature 6o and relative humidity RHo:

10;1{'9[2;] o RHo —k} ) 10;%9@6[\\&_1}}'(} o

The scaling equation may be computed using the microcontroller of the platform the system
is deployed on.

CQO,RHO =

2.3. External influences compensation algorithm

As stated before, according to datasheet and experimental tests, metal oxide sensors, in
particular the MQ7 CO sensor, are strongly influenced by external parameters such as ambient
temperature and humidity. The graphs in Fig. 2 represent the dependences of the ratio Rs/Rg on

gas concentration for 6o = 20°C and RHo = 33% where Ro is the resistance of the sensor for C
100

= 100 ppm CO. For these values, % PP, Any deviation of 6 and RH from the above

0 6y,RH

values produces a change in the ratio Rs/Ro by a value ARy
0 6.RH
on correction (Corr). Consequently, for a certain value of the concentration C, the corrected

value of Rs/Ro ratio at temperature 6 and relative humidity RH will be given by:

which will be called further

C c AR. C
Rs — Rs + i (9)

Ry 9 rRH Ro 9y,RH, Ro  0y,RH,

For the ease of calculation and due to lack of sufficient information in datasheet, one agrees
to consider the same correction over the entire measuring range of the sensor, i.e.:

C AR, 100ppm

Corr = =& (10)

Ry ¢,.RH, Ry ¢,RH,

With this simplification, one can calculate the corrected value of the measured ratio Rs/Ro at
any 0 and RH for CO = 100 ppm from the datasheet characteristics as:

100ppm 100ppm 100ppm
R pp R 124 AR. 144
== = = +Corr=14+ — (11)
Ry o,RH Ry 6,.RH, Ry 6,.RH,
. R. 100ppm _ . .
The quantity = = f(#, RH) represents families of characteristics that describe a
0 O,RH

surface having 6 and RH as variables. To determine this surface, the dependence % = f(6) will
0

be first modelled by 3-order polynomials, obtaining:

R, 100ppm 3 )
R ey = ARHE +HRH)E +c(RH)O ++d(RH)= = P(.RH) (12)

So,

100,
Corr= A& 7" _ pg RH)— 1 (13)
Ry ¢,RH,
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Since from the characteristics provided in the sensor datasheet there is not enough
information regarding the variation with humidity apart from the dependencies for RH = 33%
and RH = 88%, one may assume that the coefficients a(RH), b(RH), ¢( RH) and d(RH) have a
linear variation with RH. By performing the linear fit of the four coefficients with RH, one
obtains the following set of equations:

a(RH) =m,RH +k,; b(RH)=m,RH +k,
¢(RH)=m.RH +k.. d(RH)=myRH +k, (14)

On the other hand, to the ratio correction Corr corresponds the correction 4V, of the voltage
measured under the same temperature and humidity conditions. By differentiating (7) one gets

AR looppm 0 R_L ﬁ_l M

s _ Ry W _ Ro

R =Gy AV =AY, (15)
0 9()7RH0 m m

from which the AV, correction results as

Ry 2 AR, 100ppm

AV, = - AR,
n RL I/u n RO 0(),RHO

(16)

Finally, the corrected value of the measured voltage Vi will be:
Ve =V, + AV, a7
This value is introduced in (8) for finding the corrected concentration:

RL Yoo ) 4k

1
Llg 2L _Ya —
Corp = 10" & R0 Tk (18)
3. Experimental setup

In order to validate the proposed compensation algorithm, an experimental setup was built
with the help of which gas concentrations measured in different controlled environmental
conditions using a commercially available MQ7 CO sensor were compared with reference
concentrations of a standard gas. The testing of the method was carried out for a single sensor,
even if, for the correctness of the conclusions, the measurements should have been performed
on larger, statistically significant batches of sensors. Because of this, the evaluation of the
accuracy of the method is approximate, the intention of the paper being to provide a possible
solution to improve the quality of the data measured with such sensors at a price as low as
possible.

The experimental setup, schematically presented in Fig. 5, includes a sealed Plexiglas
enclosure with a volume of 3.52 dm? equipped with a homogenization fan, in which the MQ7
sensor mounted in an Arduino compatible shield is inserted. In the same enclosure, a DHT22
temperature and humidity sensor is also presented with the aim to measure the two quantities
at the same time with the gas concentration. DHT22 measures temperature with an accuracy of
+ 0.5 °C and humidity within &+ 2 % RH. The standard concentrations of CO were prepared by
mixing pure CO gas with fresh air in various volumes. The pure gas is extracted from a gas
cylinder of 99.7% purity acquired from Fluka. The signal produced by the sensor, namely the
Vm voltage picked from the voltage divider Rs-RL, as well as the signals delivered by the DHT22
sensor are acquired with an Arduino Leonardo compatible with MQ7 and DHT22 modules,
whose role is to read the analog signals, digitize them and transmit to a computer in which a
signal acquisition and processing virtual instrument built in LabVIEW is running. This software
implements the relation (18) with which the corrected value of the concentration is calculated.
In order to test the algorithm efficiency at different temperatures and humidity values, the
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Plexiglas enclosure was introduced in a Binder Model KBF P 240 constant climate chamber
that is able to maintain constant inside both temperature and humidity in a range of 0 to 70 °C
and 10 to 90 % RH respectively within an accuracy of 1.5%. A picture of the stand is given in
Fig. 6. The maximum preparation error of standard concentrations is 0.76%.

=

Mixer |[¢m 2>

Processing
& control

Data
acquisition
board

Calibrated enclosure

Standard
gas

Cylinder with
standard gas

Calibrated Sensors Data acquisition
enclosure board

Fig. 6. A picture of the experimental setup.
4. Results and discussion

In this section, the evolution of the voltage correction according to the mathematical model
is accomplished by simulation, after which the experimental data are processed in order to draw
a conclusion regarding the efficiency of the algorithm to reduce the external influences upon
the results of measurement.

4.1. Simulation
In Fig. 7, the sensor characteristic meaning the dependence C = &(V,,) calculated using (8)

at particular conditions Co = 100 ppm CO, Rs= 15 kQ, R. = 10 kQ and Vs = 5 V is given. It may
be noticed the strong nonlinearity of the device, which may limit its range of use.
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Fig. 7. The sensor characteristic representing the dependence C = &(V,).

In Fig. 8, the surface representing the dependence of the correction Corr on the two influence
factors is computed according to (13). As stated earlier, Corr is considered constant over the
whole sensor measurement range, at least in the range of 100 to 1500 ppm, in which the
algorithm has been tested. This quantity is added to the actual measured value of gas
concentration in order to obtain the corrected value as close to the standard concentration as

possible.
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Fig. 8. Evolution of the correction factor Corr with respect to temperature and relative humidity simmulated on
the basis of (13).
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4.2. Experimental data

In order to obtain experimental data using the above described setup, the following steps
have been carried out:

1. Sensor formatting, that is supplying the sensor with the voltage of 5 V for 24 hours, as
indicated by the manufacturer in the datasheet;

2. Measuring the sensor resistance at reference conditions. The found value is Rs = 14.7
kQ.

3. Adjusting the load resistance R so that to obtain the same reference value for
concentration Co = 100 ppm in both corrected and uncorrected cases. The value is R =
11.2 kQ.

4. Tracing the dependence Cmas = f(Cstandara) In @ concentration range between 100 ppm
and 1300 ppm in steps of 200 ppm for different temperature and humidity conditions,
including the reference conditions.

5. Calculating the relative errors and interpreting the results.

The method was tested using an ATMega32U4 microcontroller on the Arduino Leonardo
platform employed as acquisition and computing unit. Compared with the response time of the
concentration variation (order of seconds), the acquisition and calculation times of the
correction are insignificant. One of the board's analog inputs was used to acquire the voltage
provided by the MQ7 sensor, whereas the communication with the DHT22 sensor was done
through the one wire interface. The entire program implemented on the microcontroller
occupied 12.7 kB of memory.

In order to assess the efficiency of the proposed method, the relative errors obtained for
corrected and uncorrected values have been calculated according to the formulas:

= max [S=zerl 00 (19)

N

ecorr

and

= max IC\—EM 100 (20)

N

euncorr

where ecorr and euncorr are the maximum relative errors in corrected and uncorrected cases
respectively, Cs is the standard value of gas concentration in every point of the characteristic
and Cecorr and Cuncorr are the values computed with (8) and (18) respectively. The above errors
were calculated without considering the accuracy of the standard concentration set for every
point of the characteristic, as it remained the same for all testing points.

In Fig. 9 a) to d), the evolution of the measured corrected and uncorrected values of gas
concentration are traced with respect to standard concentrations known within the accuracy of
0.76 % and different ambient conditions of temperature and humidity. In these plots, the first
bisector has been also traced, taking it as a reference, because it represents the true values of
gas concentration.
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Fig. 9. Dependence of measured corrected and uncorrected values of gas concentration on standard
concentrations for different values of temperature 6 and relative humidity RH. For every case, the maximum
relative errors are specified.

4.3. Discussions

As it may be observed at a first glance from Fig. 9, the corrected values are much closer to
the first bisector than the uncorrected ones, meaning that the errors are pretty small for these
characteristics. The uncorrected characteristics have very large deviations from the first bisector
in certain situations. These deviations may be above or below the first bisector. In Table 1, the
calculated values of the maximum relative errors are given for the experimental data in various
combinations. By analyzing these results, one may notice that a significant difference between
the errors obtained for corrected measurements and the uncorrected ones exists, from which
one may draw the overall conclusion that the algorithm works well in some situations,
especially when the influence conditions are extreme.
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Table 1. Calculated maximal relative errors for different experimental data.

0 [°C] RH [%] Maximum relative error e [%]
Corrected Uncorrected
20 33 1.2 6.5
30 10 11 5.3
50 10 8.4 458
10 40 8.7 55.1
30 70 9.8 57.3
50 90 9.9 58.4

One may also observe that even the corrected values are affected by errors and that they
increase to the higher end of the tested range. These errors may have multiple causes such as:
imprecision of voltage readings with the microcontroller, technological dispersion of MQ7
sensor characteristics, imprecision in reading the temperature and humidity with DHT22,
hypothesis that the correction is constant over the whole range, uncorrected approximation of
the surface, etc.

5. Conclusions

In the paper, a method for improving the low cost metal oxide gas sensors performances
based on a mathematical model developed starting from the datasheet characteristics is
presented. The model can be implemented as a computer algorithm on a digital platform or on
a microcontroller. By experimental trials, it was proved that the measurement accuracy can be
improved by lowering the influence of external factors like temperature and humidity,
especially when their values are extreme. The maximum obtained experimental error from the
performed tests when correction is applied was less than 10 %, whereas without correction, the
error may augment to more than 55 %. The main benefit of this method is that the compensation
relation can be deduced from the very datasheet characteristics, it can be easily deployed on
computing units with limited resources, leading to significant improvement of the measurement
accuracy. It is also important to note that the method can be utilized and implemented for
compensating the errors at any other sensor or device prone to large influences of external
factors.
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