Sheffield
Hallam _
University

Determination of optimum load resistances of MQ-series
gas sensor circuit for specific gas concentrations

TAIWO, Ajiboye Aye, FEMI, Opadiji Jayeola Femi Jayeola, RUTH, Ajayi
Adebimpe and OLUSOGO, Popoola Joshua

Available from Sheffield Hallam University Research Archive (SHURA) at:
https://shura.shu.ac.uk/34042/

This document is the Published Version [VoR]
Citation:

TAIWO, Ajiboye Aye, FEMI, Opadiji Jayeola Femi Jayeola, RUTH, Ajayi Adebimpe
and OLUSOGO, Popoola Joshua (2022). Determination of optimum load resistances
of MQ-series gas sensor circuit for specific gas concentrations. TELKOMNIKA
(Telecommunication Computing Electronics and Control), 20 (1), 158-165. [Article]

Copyright and re-use policy

See http://shura.shu.ac.uk/information.html

Sheffield Hallam University Research Archive
http://shura.shu.ac.uk



http://shura.shu.ac.uk/
http://shura.shu.ac.uk/information.html

TELKOMNIKA Telecommunication Computing Electronics and Control
Vol. 20, No. 1, February 2022, pp. 158~165
ISSN: 1693-6930, DOI: 10.12928/ TELKOMNIKA.v20i1.21091 a 158

Determination of optimum load resistances of MQ-series gas
sensor circuit for specific gas concentrations

Ajiboye Aye Taiwo, Opadiji Jayeola Femi, Ajayi Adebimpe Ruth, Popoola Joshua Olusogo

Department of Computer Engineering, Faculty of Engineering and Technology, University of llorin, llorin, Nigeria

Article Info

ABSTRACT

Article history:

Received Jul 14, 2021
Revised Dec 18, 2021
Accepted Dec 29, 2021

Keywords:

Liquefied petroleum gas
MQ-6 gas sensor
Sensor circuit sensitivity
Sensor power dissipation
Sensor resistance

MQ-series gas sensors are frequently used in gas concentration sensing
owing to their high sensitivity and relatively cheap cost. Reportedly, both the
sensor’s circuit sensitivity (S) and power dissipation (Ps) are functions of
sensor circuit load resistance (R;). However, there is no well-established
standard method for determining R, value that can simultaneously yield
maximum sensor circuit sensitivity (S,,) and acceptable Ps for a given value
of gas concentration. To obtain optimum R, the dependence of S and Ps on
R, for a given gas concentration was thoroughly investigated. The model
equations for determining S,Ps and Ry, at Sy (R pmax) Were derived and
MQ-6 gas sensor’s response to its associated gases was used for
demonstrating the proposed method. Variations of both S and Ps with
respect to R, were investigated when each of the associated gases has
concentration of 1000 ppm. The sensor circuit optimal R; must satisfy the
dual conditions of (i) S=Sy and (ii) Ps < set threshold. Results obtained

from the analysis revealed that the values of Ry y4x were 20, 24, 64, 120,
and 152 kQ for liquefied petroleum gas (LPG), CH,, H,, alcohol and CO
respectively, corresponding to sensor powers of 0.3125, 0.2589, 0.0977,
0.0521, and 0.0411 mW.
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1. INTRODUCTION

MQ-series gas sensors are frequently employed in gas concentration sensing due to their high
sensitivity and low cost compared to other alternatives [1]-[3]. This class of gas sensors consists of micro
aluminium oxide (AL.O3) ceramic tube, a sensitive layer of tin dioxide (SnOz), and nickel-chromium alloys
that generate the necessary heat required for the desired sensor operation. The sensor is interfaced with the
external circuits and components via 6 pins, out of which two are used each for signal, electrodes, and
heating coils, respectively [4]-[6]. The SnO, semiconductor is the portion of the sensor that senses the gas
[4]1, [5], [7], [8] and it has a variable resistance with gas concentration and the type; and it also possesses high
resistance in clean air [9]. The sensor resistance varies with the gas concentration when they are placed in the
vicinity of the gas to be sensed [8], [10], [11]. The magnitude of the sensor circuit output signal is a function
of both the concentration and type of the gas [7], [9], [12] and the nature of metal oxide used for the sensor
sensing area [2], [13], [14]. The heating and the sensing section of the sensor can be powered by a separate or
same voltage source (S). This is to generate the required heat needed to maintain the sensor in the active state
and the conversion of the sensed gas concentration to an appropriate voltage level across the load resistor in
the sensor circuit [6], [10], [13], [15]. Due to the resistive nature of the sensor’s sensing element, the sensed
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gas concentration is normally converted to the voltage across the load resistor in the sensor circuit [6], [9],
[10], [12].

The required sensor circuit parameters for the calibration and analysis of Metal Oxide (MOX)
semiconductor gas sensors are: sensor activation voltage (V¢), sensor circuit output voltage (Vg,), sensor
resistance in the base gas at calibration concentration in clean air (R,) [16], the sensor resistance (Rg) and
load resistance (Ry) [4], [17]. In practice, the value of R is usually determined experimentally [4], because it
is only the range that is normally given in the sensor datasheet; and more so it is practically impossible to
have gas sensors with the same value of Ry [8], [11], [18]. Once the value of R, is determined, the sensor
resistances at different gas concentrations can then be obtained from the sensor sensitivity curve in the sensor
datasheet for various types of gases under given temperature and relative humidity (RH) [2].

Haija et al. [19], studied MQ-2 gas sensor was used to monitor air quality by adopting the 20 kQ
load resistance as given in the sensor datasheet. Rumantri et al. [4], presented an air quality monitoring
system was developed consisting of an MQ-7 gas sensor and two others. But a load resistance of 1 KQ was
adopted in the study which is quite not within the range (5 kQ - 47 kQ) given in the datasheet with no
justification given. The air quality monitoring system developed in [20] used MQ-2 gas sensor and a variable
load resistance value (0-5 kQ) to allow for sensitivity adjustment [21]. A combination of MQ-2, MQ-3,
MQ-6, MQ-135, with a load resistance of 10 kQ connected to each was used in [5] to develop a real-time
olfaction monitoring system; however, the choice of using a load resistance of 10 kQ for all the sensors was
not given. The 20 kQ load resistance recommended in the MQ-2 gas sensor datasheet was adopted in [22] for
developing an air pollution monitoring system using a single MQ-2 gas sensor for both CO and smoke
detection. The clean air sensor resistance for the MQ-5 gas sensor was determined in [1] by arbitrarily
selecting 20 kQ for the load resistance. In a death-defying gas intelligent sensor system [6], MQ-2 and MQ-7
were used for sensing flammable gases and carbon monoxide respectively but the load resistance value of 1
kQ which is outside the range (5 kQ - 47 kQ) recommended in the sensor datasheet was used for both
sensors. In the microcontroller-based liquefied petroleum gas (LPG) leakage monitoring and control systems
proposed by [23]-[30], the leakage gas was sensed in these systems using MQ-2 [23], [27], MQ-6 [24], [25],
[28], [29], MQ-5 [26], and MQ-4 [30] gas sensors. The load resistance value was arbitrarily selected for these
systems. Maximum sensitivity and tolerable sensor power dissipation are the major factors required for the
selection of load resistance at the alarm point [13], [31]. The load resistance should always be selected in
such a way as to improve the sensor performance because when it is too low it results to low sensitivity and
when it is high it gives less accuracy [22].

It was established in [3] that S and P; both depend on R,. However, there is no well-established
existing standard method of determining R; value that can simultaneously yield S,, and tolerable P; for a
given value of gas concentration. Also, the method employed in [3] assumed sensor circuit output voltage
was linearly related to the gas concentration. Therefore, for the method to be effective, it must be applied to
the linear portion of the relationship which will require additional efforts like physical inspection and/or
linearity test on the plot to locate the portion. In this study, the non-linear relationship between the sensor
circuit output voltage and gas concentration has no effect as the sensitivity can be determined for any given
value of gas concentration. Therefore, the major contribution of this study is the development of a structured
method of optimum load resistance determination for MQ-series gas sensors for any given gas concentration.
This was achieved by investigating the dependence of both the sensor circuit sensitivity and power
dissipation on the load resistance for a given gas type and concentration. Furthermore, the study will provide
a standard method of load resistance determination for MQ-series gas sensor circuit designers.

Applying the sensor model equations proposed by [3], the equations for S, R} y4x and Ps at a given
gas concentration were derived. To demonstrate the proposed method, the response of MQ-6 gas sensor to its
associated gases was considered. The MQ-6 gas sensor parameters were substituted into the S, Pg, and
R, max equations for the various gases. The curves of S and Pg were each plotted against R, for a given value
of R, and concentration. The plotted curves were used to study the trend of the observed variations. The
value of R y4x and the corresponding value of Ps; was determined for each of the gases. The R, value that
resulted in highest S and P < set threshold is the optimum for the sensor circuit for a given gas and
concentration value. Since the value of R, that resulted in highest S and also satisfied the P; condition for all
the MQ-6 gas sensor associated gases is Ry y4x, the optimum R, for the MQ-6 gas sensor circuit will be
R max- The variation of Ry ,.x With concentration and the effects of substituting R y4x for R, on sensor
circuit output voltage for MQ-6 gas sensor associated gases were also investigated.

2. METHODOLOGY
This section is devoted to development of the required model equations. The equations derived for
S, P, and Ry y4x is presented in this section. Also, the application of the developed equations in the graphical
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determination of the optimum load resistance, R y4x Was demonstrated using MQ-6 gas sensor response to
its associated gases. The detail analysis of the resulting graphs are presented in section 3.

2.1. Development of system model equations
The expression for sensor resistance in terms of gas concentration (x) and R, is as shown in (1) [3].

RS — 10"(mlog10x+logwc+log10Ro) (1)

_ 10810 (¥2)—logao (¥1) @)
logso (x2)-log1o (x1)

Where (x,,y,) and (x,, y,) are the coordinates of any two different points on the straight line associated with
a given gas on the sensor sensitivity characteristics curve.

c=10"@ ®)

Where ¢ is the point of intersection of the sensor sensitivity characteristics curve associated with a given gas
with the Z5-axis.
Ro

Also, the sensor circuit output voltage is given by (4) [3].
VRL = M (4)
Substituting (1) in (4) yielded (5).

RLV
Ve = ypes ®)

(10"(mlog10x+logloc+log10Ro)+ RL)

As revealed in (5), Vg, is a function of x, R, and R, because V., m, and c are constant for a given
sensor circuit and gas type. It should be noted that the range of R, and R, for a particular MQ-series gas
sensor is always specified in the sensor datasheet. Since R, is the only parameter that can be varied by the
circuit designer [3], its effect on the sensor circuit sensitivity and sensor power dissipation for a given value
of x and R, was investigated for its optimum selection. To select R;, the highest sensor circuit sensitivity and
tolerable sensor power dissipation conditions must be met [13].

The model equation for S was derived by differentiating (5) with respect to x and is expressed
in (6).

_mVCCRL10(mlog10x+log10c+log10Ro)

S = 6
x(lo(mlog10x+log10c+logloR0)+RL)2 ( )

The relationship between P, and sensor resistance, Ry is expressed in (7) [3].
_ Vec®Rs ©)

$ 7 (Rs+RL)?

The expression for R, y4x for a given value of x and R, was obtained by finding the derivative of S
in (6) with respect to R, and then solve for R, . The resulting model equation is as expressed in (8).

R — 10"(mloglox+log10c+logloRo) 8
LMAX

In (8) validates the proposition in (1). Using (6) and (7), the plots of S versus R, and P, versus R,
can be obtained and used to study the trend of variation between S and R;; and also P, and R;. This would
allow graphical determination of the optimum value of R, for a given value of R, and x. Also, from (8), the
plot of R .4, Versus x can be generated for a given value of R,. The value of R, can be determined by using
an empirical or graphical approach, the latter was applied in this study using the range of R, given in the
sensor datasheet. It should be noted that the maximum value of power dissipated by the sensor must not be
greater than the permissible value [31].
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2.2. Demonstration of the proposed method

To investigate the effects of variation of R, on S and P,, MQ-6 gas sensor was used and all the gases
that can be sensed by this sensor were considered. The first step in the plot of S and P, versus R; is to
determine the value of the following parameters: V.., x , m, c and R, and then substitute them into (6) and
(7). In this study V.- =5V and x = 1000 ppm were adopted for all the gases while m and ¢ were determined
using (2) and (3) for each of the gases following the procedure explained in sub-section 2.1. To determine
Ry, the graph of S versus R, was plotted (using LPG being the base gas for MQ-6 gas sensor), for 10 kQ <
R, <47KkQ, 10kQ <R, <60kQ and x = 1000 ppm as shown in Figure 1. The value of Ry yax
corresponding to R, can be obtained from Figure 1.

Using (6) and (7), the plots of S versus R, and P, versus R; for all MQ-6 gas sensor associated gases
for 10 kQ < R, < 180 kQ were plotted and are as shown in Figures 2 and 3 respectively. These plots were
used to study the trend of variation of the sensor circuit sensitivity and sensor power dissipation with respect
to load resistance. The value of R y4x When the sensor is under the influence of each of the gases were
determined from Figure 2 and investigation of their compliance with the sensor power dissipation condition
was carried out using Figure 3.
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Figure 1. Plots of S versus R, for x = 1000 ppm at various R,
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Figure 2. Plots of S versus R, for R,=20 kQ for all ~ Figure 3. Plots of P, versus R, for R,= 20 k(. for all
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Using (8), the plots of R, y4x against x were carried out as shown in Figure 4 to study the variation
of Ry max With x for each of the MQ-6 associated gases. Furthermore, by using (5), the graph of Vy, was also
plotted against x for each of the gases as shown in Figure 5. In Figure 5, there are two plots on the same
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graph, the solid line with markers (LPG-1, CH,-1, H,-1, Alcohol-1 and CO-1) is for the situation when
R, =20 kQ for all the gases and the dash-dash line with markers (LPG-2, CH,-2, H,-2, Alcohol-2 and CO-2)
is for when R, = R, yax. From this Figure, the effect of substituting R, y4x for R, on the sensor circuit output
voltage can be quantified.
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3. RESULTS AND DISCUSSIONS

The summary of the results obtained from Figure 1 is presented in Table 1. It can be seen from
Table 1, that Ry = R max is consistent for 10 kQ < R; < 60kQ and 10kQ < R, < 60kQ and the
maximum sensitivity (S,,) remains constant at 0.5143 mV/ppm. In practice, 10 kQ < R, < 47 kQ [32], but
as can be seen from Table 1 to obtain S,, for any value of R; the range of R, and R, must be same, therefore
that of R, (10 kQ < R, < 60 kQ ) was used in this study. It has been established by [32] that R¢ = R, when
MQ-6 gas sensor is in the vicinity of the base gas (LPG) at concentration of 1000 ppm and also from (1) and
(8) that Rg¢ = Ry max, therefore, it can be inferred that Ry = R, y4x for this sensor which supports the results
presented in Table 1. Since the value of R, used for the calibration of MQ-6 gas sensor at 1000 ppm of LPG
in the datasheet is 20 kQ [32], it was assumed that R; y4x= 20 kQ for this sensor which make R, = 20 kQ.
This value is very close to what was obtained in [3] (23 k).

Table 1. Summary of the relationship among Ry, Ry yax and Sy
Ro (kQ) Ry yax (kQ) Sy (mv/ppm)

10 10 0.5143
15 15 0.5143
20 20 0.5143
25 25 0.5143
30 30 0.5143
35 35 0.5143
40 40 0.5143
45 45 0.5143
50 50 0.5143
55 55 0.5143
60 60 0.5143

From Figure 2, it can be observed that the value of S increases from the initial value (S;), when
R, = 10 kQ, to the maximum value at R, = R, yax for the various gases, after which it decreases to the final
value (Sy) which corresponds to minimum value when R, = 180 kQ. The condition for R,, in the datasheet is
10 kQ < R, < 47 kQ, implying that if this range is used, the circuit will only attain its maximum sensitivity
under the influence of LPG or CH,. Therefore, the upper bound for R, was extended to 180 kQ to enable the
circuit attain Sy, for other three gases. As can be seen from Figure 2, the values of R, y,x for LPG, CH,, H,,
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Alcohol and CO are 20, 24, 64, 120 and 152 kQ, respectively corresponding to S, values of 0.5143, 0.5017,
0.3402, 0.2059 and 0.1089 mV/ppm. Apart from determining R, y4x from Figure 2, once R, value is
determined from Figure 1, the value of R, .y for any of the gases at a given concentration can be
determined from the sensor sensitivity curves normally given in the sensor datasheet since it has been
revealed in this study that Ry = R, yax at a given concentration for all gases. It should be noted that for the
sensor circuit to satisfy the maximum sensitivity requirements the condition R, = R} y4x must be fulfilled
for the concerned gas.

It can be observed from Figure 3 that, the initial power dissipation value (Ps;) obtained at
R; = 10 kQ is the highest value for the sensor when it is under the influence of each of the gases. As R,
increases, Ps decreases from Pg; to the final value (P ) when R, = 180 kQ. The values of sensor power
dissipation when R, = R} yax (Psrimax) for LPG, CHy, H,, Alcohol and CO were obtained from Figure 3 as
0.3125, 0.2589, 0.0977, 0.0521, and 0.0411 mW respectively. These results reveal that the sensor dissipated
power when R, = Ry yax (Psrimax) decreases with an increase in Ry y4x value. LPG, the base gas, has the
highest value of Ps z; yax (0.3125 mW), this is because at R, y4x, the sensor current will be maximum and it
decreases for the other gases because of the increase in the R y4x. It can also be seen from the results that,
the maximum value P p; pax (0.3125 mW) is far less than the tolerable value (15 mW [31]).

It can be seen from Figure 4, that the initial value of Ry yax (R max,:) Which is maximum for each
of the gases was obtained when x = 200 ppm. The value of Ry y4x decreases from R; y4x ; to the final value
(R max,r) Which is the minimum for each of the gases at x = 10000 ppm. It is also observed that the base gas
has the minimum values of both R, y4x; and R, yax  cOmpared to other gases. R y4x generally, decreases
with increasing x and its value at any concentration can be determined from Figure 4 for all MQ-6 gas sensor
associated gases. The graph of Figure 4 revealed that R, ;4% depends on both the gas type and concentration.

As shown in Figure 5, the initial and final sensor circuit output voltages (Vg ; and Vg, ¢) are attained
when the values of x are 200 and 10,000 ppm respectively, for R, = 20 kQ. Also, the initial and final sensor
circuit output voltages when R, = Ry yax (Varmax,: and Ve, max ) are attained when the values of x are 200
and 10,000 ppm, respectively. The output voltage span when R, = 20 kQ and R, = R, y4x are denoted by
Vr,sp and Vep max,sp respectively. It can be seen in the Figure 5 that Vi yax; > Vryi and Vep yax,sr > Verr
except for LPG where Vg yaxi = Veri and Vepmax s = Ve p because R, = Ry yax = 20 kQ. For CHy, Hy,
Alcohol and CO Vgy max,sp > Vrsp While Vap yax sp = Vrisp Or LPG. It can be seen from Figure 5 that
there is an improvement in both the span and range of sensor circuit output voltage when R, = R yax
compared to when R, = 20 kQ. In summary, the study revealed that the sensitivity of the sensor circuit is
maximum when R, = Ry yax, Psrpmax < 15 mW (the maximum sensor power dissipation threshold [31])
and the sensor circuit output voltage span is maximum when R, = R} yax for each of the gases. Based on
these results the optimum value for Ry, is Ry pax-

4. CONCLUSIONS

The technique for determining the MQ-series gas sensors circuit optimum R, value for a given value
of gas concentration was established. The method is appropriate for the determination of R when a gas
sensor circuit with a very sensitive alarm point is to be designed. For a given value of R, and x, the sensor
circuit dynamics model equations were used for determining: (i) S as a function of R, and (ii) Ps; as a
function of R, . It was discovered that R, must be tuned to R, to obtain S,, for LPG which is the base gas and
the value remains constant for any value of R,. The R, =20 kQ recommended for MQ-6 gas sensors in the
datasheet when the LPG concentration is 1000 ppm was reinforced in this study, yielding S,, and tolerable P
of 0.5143 mV/ppm and 0.3125 mW, respectively. The proposed method for the determination of R, is time-
saving, cost-effective, flexible and reliable.

Based on the dependence of both P; and S on R, as revealed in this study for LPG which is the base
gas, it is recommended that the MQ-series sensor manufacturers devise a means of increasing the value of R,
so that lower Ps at S), can be achieved. The findings will also aid the sensor circuit calibration process since
the determined optimum R, (R y4x) Will give Sy, acceptable Pg and an improvement in both the range and
span of the sensor circuit output voltage. The study revealed that the R, range in the datasheet (10 kQ <
R, < 47 kQ) must be extended to (10 kQ < R; < 180 kQ) so that R, y4x Can be obtained for all the MQ-6
associated gases. The dependence of R; ,.x value on gas type and concentration is also parametrically
revealed in the study. Finally, the optimal results can be obtained from the MQ-series gas sensor circuit when
the condition R, = R, yax is met for a given gas type and concentration.
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