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ABSTRACT

Background: MQ-series gas sensors belong to the metal oxide semiconductor (MOS) family of sensors that
can sense the presence of many gases. These sensors find their application in gas alarm systems as key
components. While necessary sensor circuit output voltage value for alarm point in a stand-alone gas alarm
system is desirable, but what exact combination of the sensor circuit parameters is required? Hitherto, the
determination of these circuit parameters has not been given much attention in the research community. Aim:
the purpose of this work is to explore a structured graphical approach of determination of MQ series gas sensor
circuit parameters for a stand-alone gas alarm system that yields desired sensor circuit output voltage value
for the alarm point; the main objective of the study was to develop mathematical model equations that relate
the: (i) sensor resistance (Rs) with the gas concentration (x) and the sensor resistance at standard calibration
concentration of the sensor base gas in the clean air (Ro) and (ii) sensor circuit output voltage (VrL), load
resistance (RL) and sensor resistance (Rs). It is expected from the model equations developed that graphical
correlations of the sensor circuits parameters will be generated. Using these graphs for a particular case of an
MQ-4 gas sensor under the influence of LPG, the parameters that yield desired sensor circuit output voltage
of 2V for 1000 ppm of LPG alarm point will be determined. Methods: Model equations were developed for the
sensor dynamics, and based on these model equations, graphs for the determination of required sensor
parameters were plotted for a case of MQ-4 gas sensor response to LPG. Results and Discussion: The
results yielded optimal values for R,, Ry and R, of 20 k£, 30 k2 and 20 k{2 respectively, for alarm settings of
1000 ppm and a desired sensor circuit output voltage of 2 V. Based on determined parameters, the calibration
equation for determination of best concentration value for a given value of emulated LPG concentration was
developed. Using the method proposed in this study makes the process of determining the MQ-series gas
sensor circuit parameters less cumbersome as their value can easily be obtained from the resulting graphs.
Conclusions: a structured graphical approach for determination of MQ-series gas sensor circuit parameters
for alarm points in a stand-alone gas alarm system showed that using MQ-4 gas sensor and LPG as the target
gas, and for a sensor circuit output voltage of 2 V for alarm point at 1000 ppm of LPG, the corresponding value
of Ry, Rg and R;, obtained were 20 k2, 30 k2, and 20 k2 respectively. Hence, a structured graphical approach
is suitable for determining MQ series gas sensor circuit parameters for a stand-alone gas alarm system under
the influence of its associated gases.
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found useful in food quality control (Peris and
1. INTRODUCTION: Escuder-Gilabert, 2009), hazardous gas detection
(Chadry and Suryani, 2018), environmental
monitoring (Capelli, Sironi and Del Rosso, 2014;
of metal oxide semiconductor (MOS) gas sensors Capelli and Sironi, 2017), medical treatment and
diagnosis (Chen, Wang, and Choi, 2013) and

that can detect the presence of some volatile, | . d | Gorska-H K
oxidizable, or reducible gases in an oxygenated electronic nose eve opment (Gorska-Horczycza
’ et al.,, 2016; Cui et al., 2019; Kanade and

environment (Gomez, Pelegri-Sebastia and ) :
. : ’ Shaligram, 2014). MQ-series gas sensors are
Lajara, 2020). This group of sensors has been commonly used in this regard owned to their high

MQ-series gas sensors belong to the family
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sensitivity, stability, and long life characteristics
(Ornek and Karlik, 2012). The resistance of the
active sensing layer of these sensors changes
when in contact with the target gas. The
relationship between the sensor resistance and
gas concentration is non-linear (Liu et al., 2012)
and depends on the gas type. When connected as
one of the basic components in the sensor circuit,
a certain voltage that depends on the type and
concentration of the gas can be measured at the
circuit output (Nayyar, Puri, and Le, 2016; Ponzoni
et al., 2017).

The MQ-series gas sensors form the major
component in many gas alarm systems due to
their cost and sensitivity advantages. As reported
by (Nnokwe, Ubochi, and Onwuzuruike, 2020) is a
microcontroller-based gas leakage detection
system that employs an MQ-6 gas sensor for
sensing of LPG. This device monitors the
concentration of leaked gas on a liquid crystal
display (LCD) and sends messages to a user’s
mobile device as part of alarming conditions.
Methane concentration measuring instrument was
developed by (Harun and Sokku, 2019) using MQ-
135 and Arduino UNO as sensor and processor,
respectively. The measured gas concentration is
displayed on an LCD screen. An LPG leakage
detection system in which MQ-2 was used as the
sensor, LCD as the display, and the information
regarding the gas leakage sent as SMS to the
registered phone number via GSM module was
presented by (Hasibuan and Idris, 2019). A
combination of MQ-6 gas sensor and
microprocessor was used by (Katrandzhiev and
Karnobatev, 2016) as the main components to
realize LPG concentration measuring device,
which also produces audible sound and visible
light as signs of alarm when there is gas leakage.

Developed by (Ahmed et al.,, 2018) is a
microcontroller-based gas alarm system that
triggers a buzzer and LED indicator when the
alarm set point for the MQ-9 gas sensor was
37,000 ppm of Methane gas. Designed by (Kumar
and Kumari, 2019) are an Arduino-based system
with MQ2, MQ4, and MQ135 gas sensors capable
of monitoring the concentration of gases and also
gives alarm when the concentration of the various
types of gases in the atmosphere is above the
threshold value and also sends a notification to
designated mobile phones through SMS via GSM
module. Present in (Munsadwala et al., 2019) is an
loT-based hazardous gas identification, and
visualization device is consisting of MQO7 and
MQ135 for sensing the CO and COy; and air
quality, respectively. The sensors output was
processed by Arduino microcontroller, and the

output from the controller was sent to the cloud
storage via loT infrastructure. An LPG leakage
concentration detection, monitoring, and control

system which employed MQ-6, Arduino
microcontroller, LCD display, GSM module,
buzzer, and relay DC motor for sensing,

processing, visualizing the gas concentration,
sending situation message to the registered phone
number, producing audible sound and
automatically controlled the stove gas release
knob respectively was presented by (Soundarya et
al., 2014).

A toxic and hazardous gas concentration
detecting, measuring, and monitoring system
using MQ-2 gas sensor, Arduino, and nRF24L01P
Wireless Transceiver Module as a sensor,
processor, and data transfer technology,
respectively, was developed by (Mahbub, 2019).
An Arduino-based embedded system for detecting
toxic gas in the air was developed by (Holovatyy
et al.,, 2018). This system monitors the gas
concentration and triggers the alarm (Buzzer and
red light) when the concentration is abnormal. The
alarm message is sent as SMS to the registered
phone number via the GSM module and displayed
on the LCD and personal computer screen. Also
developed by (lbrahim, 2018) is a microcontroller-
based carbon monoxide and carbon dioxide
detector using MQ-7 and MQ-135 for carbon
monoxide and air quality sensing, respectively.
The gas concentration was displayed in ppm on
LCD, and the alarm is triggered when the
threshold for the safe gas concentration is
reached. The research conducted by (Jamal et al.,
2019) focused on the development of a smart real-
time monitoring instrument to detect and measure
in addition to heat stress the toxic gases (CO, NO,,
and H;S) concentration in ppm on Java developed
Graphical User Interface (GUI) using the Internet
of Things (loT) technology. The designed system
used MQ7, MQ136, and MQ131 gas sensors,
Atmega 328-PU with its Wi-Fi shield 101 to sense,
control, and Wi-Fi communication between
Remote Terminal Unit and GUI.

Present by (Shahadat, Mallik, and Islam,
2019) is a system for monitoring LPG leakage and
activation of alert that gives the buzzer sound,
switching on specified relay(s), and sending an
alert message to the administrator for the
necessary actions. In this system, the gas leakage
concentration is sensed by an MQ-6 gas sensor
whose output is fed to the microcontroller node for
processing. When the reference threshold value is
crossed, the controller switches on the relay(s)
and buzzer(s), alerting the administrator via the
loT server for necessary action.
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It was discovered from the consulted
literature that majority of the gas alarm systems
that employ MQ-series gas sensors as sensing
elements, microcontrollers are normally used to
interface the sensor(s) with the alarm unit. This is
because additional functions like gas
concentration monitoring, storage, displaying, and
sending of data and information to remote
terminals are required to be performed by the
system. But suppose all the aforementioned
additional functionalities are not required. In that
case, a straightforward, simple, economical, and
reliable stand-alone gas alarm system can be
achieved by connecting the sensor circuit to the
alarm output unit via a simple switching
component like a transistor. To realize this type of
stand-alone gas alarm system, a unique
combination of sensor circuit parameters is
required to achieve the required sensor circuit
output voltage to activate the switching circuit that
links the sensor circuit with the alarm output unit
(buzzer or light source) at the alarm point. The
alarm point is the value of gas concentration at
which the alarm is expected to come on or a
particular action to take place, and it is normally
set for a given gas and sensor. However,
determining the sensor circuit parameters to
achieve the required sensor circuit output voltage
for a given alarm point has not been well
researched. Therefore, this study presents a
structured graphical method for determining the
sensor circuit parameter that yielded the needed
sensor circuit output voltage for the alarm point.

To achieve the aim of this study, the
mathematical model equations that relate the: (i)
sensor resistance (Rg) with the gas concentration
(x) and the sensor resistance at standard
calibration concentration of the sensor base gas in
the clean air (Ry) and (ii) sensor circuit output
voltage (Vz.), load resistance (R;) and sensor
resistance (Rg) were developed. Based on these
model equations, the graphs which relate the
parameters together were plotted. Using these
graphs for a particular case of an MQ-4 gas sensor
under the influence of LPG, the parameters that
yielded the desired sensor circuit output voltage of
2V for 1000 ppm of LPG alarm point were
determined.

2. MATERIALS AND METHODS:

This section is devoted to developing
mathematical relationships among the gas,
sensor, and sensor circuit parameters. Also,
based on the developed model equations, the
graphs that summarize the effects of these

parameters on one another were plotted. The
desired circuit parameters value were then
graphically determined from the plotted graphs.

2.1 MQ-series Gas Sensor Model Equations

The MQ-series gas sensor resistance, Ry is
related to other gas and sensor parameters, as
shown in Equation (1) (Ajiboye et al., 2021).

Ry =10 r(mlogqiox+logioc+logioRo)

(Eq.1)

Where m and ¢ are as defined in (Ajiboye et al.,
2021.

Figure 1 shows the MQ-series gas sensor
electrical equivalent circuit where Ry the sensor
heater resistance is. Based on Figure 1, the
sensor output voltage is as expressed in Equation
(2) where V.. is the supply voltage across the

circuit.

| ———

gRs SENSOR

< Ry
=vee N L7 N
g R

=

Figure 1. MQ-series gas sensor electrical
equivalent circuit

— RiVcc
(10(mlog10x+logloc+log10Ro) +Ry)

VRL

(Eq. 2)

From Equation (2), the concentration (x) can be
expressed as a function of other parameters and
variables, as shown in Equation (3).

m

<10910 (R‘I}ZEC—RL)—109106—10910‘?0)
x=10 (Eq. 3)
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2.2 Determination of sensor circuit parameters

The developed model equations were used
to plot the graphs that relate the sensor and gas
parameters together in this section. Using these
graphs, the value of the parameter for the sensor
circuit was determined.

2.2.1 Determination of R,

The first parameter required for the
characterization of the MQ-series gas sensor
circuit is Rg. This parameter is normally
determined using the experimental method
because the value varies from sensor to sensor
(Rumantri, Khakim, and Iskandar, 2018; Shahid et
al., 2018). The variation is because keeping the
sensor manufacturing condition constant is not
practically achievable. Therefore variation in the
resistance of the sensor under the same
conditions of gas and environment is inevitable
(Kim et al., 2006; Vandana et al., 2016). For easy
understanding of the relationship among Rg, x and
Ro for the MQ-4 gas sensor considered in this
study under the influence of its base gas (CH,) the
mesh plot of Figure 2 was carried out using
Equation (1) for 10kQ <Ry <60kQ and
200 ppm < x < 10000 ppm. The graph of Figure 3
which relate Ry and Rg when the sensor was
assumed to be under the influence of the CH, was
extracted from Figure 2 when the concentration
was 1000 ppm of CH, which is the base gas
calibration concentration. Many types of Figure 3
can be gotten from Figure 2 at different
concentrations, but the one considered in this
study is for the analysis of the trend of Rg as Ry
varies when the sensor is in the base gas at a
calibration concentration of 1000 ppm.

150

Rs (kQ)

40

Ro (kQ)

Figure 2. Mesh plot of Rg versus x and R, for
MQ-4 gas sensor in the CH,

7071

60

50

40

Rs (kQ)

30

20 |

10

Ro (kQ)

Figure 3. Plot of Rg versus R for MQ-4 sensor in
the CH, at a concentration of 1000 ppm

2.2.1 Determination of Rg in the gas under
investigation

For the purpose of this study, LPG was
considered because of its domestic and industrial
applications. Therefore, fixing of alarm point using
MQ-4 gas sensor for LPG is presented. Based on
Equation 1, Figure 4 is the mesh plot of Ry,x and
Rg for MQ-4 gas sensor under the influence of
LPG was obtained for 10 k2 < R, < 60 kf2 and
200 ppm < x < 10000 ppm. Rg can be determined
from Figure 4 for a given value of Ry and x. The
alarm point is determined by the x value for a given
gas. Since the gas under consideration in this
study is LPG, a practical threshold value that
human beings can withstand (1000 ppm) is used
as the alarm point. Based on this concentration,
the graph of Figure 5 which relate Rg and Ry was
extracted from Figure 4 to show the relationship
between these parameters when x = 1000 ppm. It
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should be noted that at any given value of x on the
surface of Figure 4, the like of Figure 5 can be
generated for a better understanding of the trend
of the relationship between Rg and Ry for the
concentration in question. The value of Rg for any
specified value of Ry can easily be obtained from
Figure 5.

150

Rs (kQ)

40

Ro (kQ)

Figure 4. Mesh plot of Rg versus x and Rg for
MQ-4 gas sensor in LPG

80 [
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Rs (kQ)

50 [

40 - X: 20
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30 L

20

10 20 30 40 50 60
Ro (kQ)

Figure 5. Plot of Rg versus Rg for MQ-4 gas
sensor in LPG at concentrations of 1000 ppm

2.2.2 Determination of the sensor circuit R, for
alarm point

Applying Equation 2, the relationship among
Vi, Ro and Ry, is demonstrated in the mesh plot
of Figure 6 for 10 k2 < Ry, < 60 kN and 10 kN <
R; < 47 k. Figure 6 make the relationship among
VrL: Rg and R}, comprehendible at a glance. For
any given value of Rg the relationship between Vg,

and R;, can be established.

For the purpose of this study, it was
assumed that Ry = 20 k{2, therefore, Rg = 30 k2
as can easily be evaluated from Figure 5. The
graph that relates Vi, and R; together was
extracted from Figure 6 for clarity purpose and is
as shown in Figure 7. Using Figure 7, the value of
R, for any desired value of Vg, for the sensor
circuit can be determined.

RL (kQ)

Figure 6. Mesh plot of Vy;, versus Rg and R, for
MQ-4 gas sensor in LPG

3571

251

VRL (V)
x
S

1 . | . . | | | |
10 15 20 25 30 35 40 45 50

RL (kQ)

Figure 7. Plot of Vg, versus R, for MQ-4 gas
sensor in LPG

2.3 Experimental Setup

Using the determined sensor circuit
parameters, the Arduino-based gas-alarm system
shown in Figure 8 was developed and calibrated
using simulation and emulation data. The
simulation and emulation were carried out by
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applying Equation 3 and the experimental setup
shown in Figure 9, respectively.

Sensors

Figure 8. Developed Arduino-based gas-alarm
system

Figure 9. system emulation experimental setup

The setup consists of a digital meter for
monitoring the sensor circuit emulated voltage, the
developed system, a variable dc power supply unit
for supplying the sensor circuit emulated voltage,
and a laptop PC for monitoring and storage of
system output (emulated concentration). The
developed system was powered from an in-built
+5V dc source, and the output of the variable
power supply was connected to the input pin of the
microcontroller to mimic the sensor circuit output
voltage. Then the voltage from the variable power
supply was varied within 1.545 V and 3.455 V,
which is the sensor circuit expected output voltage
range when LPG concentration was in the range

of 200 to 10000 ppm. The system output, LPG
concentration levels were logged into the laptop
PC as the input voltage to the microcontroller was

varying.

3. RESULTS AND DISCUSSION:

The mesh plot of Figure 2 makes the
presentation of the relationship among Rg, x and
Ro for MQ-4 gas sensor in CH, to be compact.
Also, the extraction of Figure 3 from Figure 2 for
the demonstration of the relationship between Rg
and Ry when x = 1000 ppm provides room for a
better understanding of the relationship and
makes the range of these parameters clearer. As
can be seen from Figure 3, the relationship
between Rg and Ry is linear, which make it easy
to determine Rg for any given value of Ry or vice
versa. Since Ry = 20 k2 when the sensor is
assumed to be in CH, at calibration concentration
of 1000 ppm in clean air, the value of Rg is also
20 k£ as can be seen from Figure 3.

To capture the relationship among Rg, x and
Rg with easy when MQ-4 is in the vicinity of LPG,
the mesh plot of Figure 4 was constructed. It can
be seen from Figure 4 that at any spot on the
mesh, the value of Rg for any combination of x and
R( value can be determined. Furthermore, Figure
5 was extracted from Figure 4 to make a
visualization of the relationship between Rg and
Ro clearer. Figure 5 reveal that the relationship
between Rg and Ry, is linear. Therefore, the value
of Rg for a given value of Ry can easily be
determined from Figure 5, but Rg = 20 k2 for this
study; therefore, from Figure 5, the corresponding
value of Rg is 30 k0.

The relationship among Vg;,, Rg and R; was
present in Figure 6. From this Figure, the circuit
response to any combination of Rg and R; within
the specified range can be captured at a glance.
Since the value of Rg has been determined to be
30 k2 using Figure 5, this value of Rg yielded
Figure 7 from Figure 6. It can be seen from Figure
7 that 125V < Vg, <3.05V and 10k <R, <
47 k2 and Vg, bears a nonlinear relationship with
R;. Assuming the required sensor circuit voltage
value of 2 V, then the corresponding value of Ry,
that can produce this voltage using Figure 7 will be
20 k0.

The system calibration graph of Figure 10
was obtained by plotting the simulated (ideal)
against emulated (assumed practical) LPG
concentration data.
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Figure 10. system calibration curve

Since the plot yielded a straight-line graph,
the data were fitted linearly. The resulting system
calibration equation that can be used to find the
best concentration for a given value of emulated
LPG concentration is shown in Equation (4), where
y and x are the predicted and emulated LPG
concentrations in ppm respectively.

y=x+86 (Eq. 4)

At this stage, it can be seen that a structured
graphical method for the determination of sensor
circuit parameters, namely, Rg, Rg and R;, for
alarm point, which is required for the proper
functioning of MQ-series-based, a stand-alone
gas alarm system has been developed and
demonstrated.

4. CONCLUSIONS:

A structured graphical method for
determining MQ-series gas sensor circuit
parameters for alarm points in a stand-alone gas
alarm system was developed and demonstrated
using MQ-4 gas sensor and LPG as the target gas.
The developed method is concise, straightforward
forward and time-saving. The method is less prone
to analytical error since all that is required is the
proper visual reading of the parameter value from
the graph. For a particular case of expected
sensor circuit output voltage of 2 V for alarm point
at 1000 ppm of LPG, the corresponding value of
Ry, Rg and R}, obtained were 20 k2, 30 k2, and
20 k0 respectively. An Arduino-based stand-alone
gas-alarm system was developed and calibrated
using simulation and emulation LPG concentration

data.

The method can be applied to any type of
MQ-series gas sensor under the influence of its
associated gases.
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