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A good gas detection system is usually large and expensive because it requires specialized
sensors or complex algorithms. In this study, we use easily obtained gas sensors and a single-chip
microprocessor with statistical techniques and fuzzy algorithms to design a gas detection system.
This system is easy to transport, less expensive, and possesses learning ability. In our system, we
use eight different types of easily obtained gas sensors. They are ceramic and can detect different
gases. While some sensors can only detect a certain gas, others can detect a variety of gases. In
the latter case, one cannot determine the detected gas, because under certain output conditions,
different gases may produce the same output signal. How then can one determine the type of gas
detected through the use of a multigas sensor? This is the key aspect of a gas detection system. In
this study, we use a fuzzy algorithm to analyze the detected signal to distinguish the gas type, and
then combine the data to calculate the concentration of the gas. We used multisensors, a fuzzy
algorithm, and a single-chip circuit to design a gas detection system. This system is based on a
modular design; thus one can respond to the need to replace any module or sensor in the system if
necessary. This sensing system can be used to detect different gases and form a gas sensor network.

1. Introduction

Detecting both the type and concentration of a gas is considerably difficult. Consequently,
developing a sensor system for gas detection remains a prevalent research field.

Previously, Snopok and Kruglenko,” and Freund and Lewis,® used forward multiple media
(multicomponent chemical media, MCM) chemical images, pattern classification methods, and
functionally diverse conductive polymers to develop new sensors and identification technologies.
Schaller et al.® and Dutta et al.® presented multiple sensors, tin oxide sensors, and other methods
used in the food industry. As seen from our previous studies,# accurately distinguishing one gas
from among several detected gases is very difficult and often requires the use of complex detection
systems, sensors, or complex proprietary algorithms. Consequently, the system is generally large
and very expensive. In this study, we use easily obtained gas sensors and single-chip systems
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along with fuzzy algorithms to design a movable, lower priced gas detection system. In this
system, we used eight types of easily obtained gas sensors®'? for gas detection, as listed in Table
1. These sensors are ceramic, and each sensor has a different gas-detection ability. Some of them
can detect only a specific gas, while others can detect several gases. The detected gas may not
be distinguishable, as different gases can produce the same output signal. Hence, distinguishing
different gases on the basis of the output signal of the sensor has become the key aspect in
designing gas detection systems. In this study, we use fuzzy algorithms to distinguish the possible
gases and data fusion theory to combine data from multiple sensors in order to identify the gas type
and the concentration of the detected gas.

In this system, we adopted multimodule, multisensor architecture. Each module can employ
two to eight sensors and has a microprocessor and communication interface. Therefore, the sensor
signals can be used for preliminary calculations and can be stored in real time; the data or results of
these calculations can be transmitted to a host computer via a communication interface. With this
architecture, a sensing module can be used for sentinel surveillance, or multiple sensing modules
consisting of sensor networks can be used to monitor an area. The host computer makes use of this
information and uses fuzzy algorithms to update the information and learn. The entire gas detection
system can be built and used very flexibly for very efficient detection and enhance the detection
accuracy of detection systems. This system architecture is shown in Fig. 1.

Table 1
Sensor characteristics.
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Fig. 1. System architecture. Fig. 2. Block diagram of gas detection system hardware.
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2. System Architecture

The module used herein is an 8051 series single chip with a sensor signal processing circuit, a
communication interface, and other peripheral circuits. A block diagram of the module is shown in
Fig. 2.

Up to eight gas sensors can be connected in this module. Each sensor output goes through a
signal processing circuit for signal amplification, zeroing and filtering, and other processes, and
then the data is sent to a single-chip A/D converter to be digitized.

In the communication section, the module can send sensor data or the results of calculations
back to the host computer or receive from the host computer the characteristic patterns and
other parameters for a variety of gases. In the communication section, we design a universal
asynchronous receiver/transmitter (UART), and a wireless communication interface to allow more
flexible usage of the entire module.

Each module can be used alone, or grouped with multiple modules through a communication
interface to form a sensor network. In the latter case, the number and type of sensors used in each
module can be adjusted as needed, allowing the monitoring system to obtain more accurate results.

In this study, we used the sensor characteristic curves, shown in Figs. 3(a)-3(h). From these
characteristic curves of the sensors, we can see that many sensors have the same output signal for
a variety of gases; thus, we cannot directly determine the type of gas detected or its concentration.
We used fuzzy algorithms and the analytic hierarchy process (AHP) to determine the relationships
between the output signals of all gases and to determine the detected gas. After confirming the gas
type, we can calculate the gas concentration using the sensor characteristic curve.

3. Algorithms

Because some sensors can detect a wide variety of gases, the response output of a sensor can
be mapped to different gases of different concentrations. Consider the sensor HS-129 with the
characteristic curves shown in Fig. 3(a) as an example. On the basis of the curves shown in Fig.
3(a), we have the results shown in Table 2. The output response voltages of alcohol at 4000 ppm,
methane at 10000 ppm, and H, at 2000 ppm are almost the same; there are many such cases.
Therefore, we cannot directly identify the gas from the output value of a sensor. Hence the output
values of all sensors must be fused, including processing and analysis, to identify the type of
detected gas.

In the following, a module with eight sensors is used for illustration. First, we must find o,, the
maximum output value of each sensor; the results are shown in Table 3. Then, we can use these
data to find w,, the correction weighting of each sensor with the maximum of o;, 0,,,,.

@W;=0;/ Opx »1=1,2,...,8 (1)

max

A greater weighting of a sensor means the sensor has higher sensitivity for measuring a certain
gas. Multiplying the weightings to the corresponding sensor outputs can reduce the impact of
the insensitive sensors and noise. To establish the normalized data model for all gases detected,
the weighted output values are added together, and the proportion of each weighted value, which
corresponds to each gas model, is then calculated. When two gases give the same or similar output
signal at the same time, we can use the models for comparison. Since the comparison is relatively
simple, it can decrease the required computational effort. Consequently, modules do not necessarily
need a host computer.
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Fig. 3. Characteristic curves of gas sensors. (a) HS-129,® (b) HS-130,©® (c) HS-131,7 (d) HS-133,® (e) HS-134, (f)
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Table 2
HS129 sensor detection and output characteristics.
Gas
ppm Alcohol co H, LPG  Methane
0 0.25 0.25 0.25 0.25 0.25
2000 1.42 0.48 1.98 1.58 0.84
4000 2.00 0.62 2.76 2.18 1.24
6000 242 0.76 3.18 2.58 1.54
8000 2.66 0.88 3.42 2.78 1.81
10000 2.84 1.00 3.64 2.96 2.00
12000 2.96 1.12 3.84 3.08 2.18
14000 3.05 1.24 4.00 3.18 2.33
16000 3.09 1.36 4.10 3.26 2.42
Table 3
Maximum output of eight sensors.
S, S, Ss S, Ss S S Sg
HS129 HS130 HS131 HS133 HS134 HS135 TG825 TG826
4.2 3.6 3.2 32 2.4 4.2 4.6 4.6

Thought the following computation,

g=0;* w, 2)

8
G= Zlg (3)
p.=(g,/ G)x100%, 4)
T'=1[p\, Py, s Psl (%)
0=1[g1, 8 - &l, (6)

we can know which sensor reacts to the test and obtain the relative sensitivity for each sensor. Then
we can use the fuzzy-AHP (FAHP) method"? to identify the gas type and the concentration of the
test gas.

All the sensors shown in Table 1 can detect certain gas types; the results are shown in Table 4.
Define an indicator S; for each sensor, which indicates how effectively the test gas can be measured,

using Eq. (4), applying Eq. (7).

{pr,.> 0.1%then S; = 1 o)
If p;<0.1%then S, =0
Then, a fuzzy judgment vector can be obtained:

a= [Sla S29 ,Sx] (8)

We repeatedly sample data and finish Table 5 by the above process. Then we can identify the
type of test gas. The j in Table 5 is the number of times of sample testing. After completing Table 5,
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Table 4
Gas sensor detect status.

Numberof sensors
that can detect
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Table 5
FAHP table.

T a a as ay;
T, ay Ay Qs ay;

i

T; as 253! ass e as;

T a.

I Jl

we have the following FAHP matrix.

ap ap ap o dy
dyy dxp Az 77 Ay

A= |4 axp dzs "7 Az (9)

Qp Ay 4y

Select all 1°s in the matrix. This makes identification of the detected gas type possible. Therefore,
we have

8
C= > [51,5..51 (10)
=1

Thus, we can rewrite the original FAHP matrix as

Cl] C12 C13 T Cli
Cy Cyn Cp - Cy

A= C31 C32 C33 e C3i . (11)
le CJZ CJ3 CJ’
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Consider a practical example for illustration. Here, the target gas is alcohol and five tests are carried
out with the gas detection module. Table 6 shows the sampled data and results of calculation using
Egs. (1) to (6). From Table 6, we see that the outputs of TGS 825 and TGS 826 are both above 3 V.
Figures 3(g) and 3(h) imply that air and gas are not detected, which can be regarded as no output.
The other four times, the sampling data is obtained in the same manner, and Egs. (7) to (11) are

used for the calculation. We obtained the results shown in Tables 7 and 8.

Table 6
Sample data 1.
Sample 1 S, S, S, S, S Se S, Sq
Out (O) 1.98 3.46 0.26 0.38 0.15 2.2 4.5 4.5
Weighting (W) 0.47 0.96 0.08 0.12 0.06 0.52 0.00 0.00
Out x weighting (G)  0.93 3.33 0.02 0.05 0.01 1.15 0.00 0.00
Proportion (P) 17.01%  60.61%  0.39% 0.82% 0.17%  21.00% 0.00% 0.00%
Table 7
FAHP data table for five tests.
T,(S,-Sy) Ty(S,-Sy) Ty(S,-Sy) Ty(S,-Sy) Ty(S,-Sy)

Alcohol (1,1,1,1,1,1,0,0) (1,1,1,1,1,1,0,0) (1,1,1,1,1,1,0,0) (1,1,1,1,1,1,0,0) (1,1,1,1,1,1,0,0)
Ammonia  (0,0,0,0,0,0,0,0) (0,0,0,0,0,0,0,0) (0,0,0,0,0,0,0,0) (0,0,0,0,0,0,0,0) (0,0,0,0,0,0,0,0)
CH, (0,0,1,1,0,0,0,0) (0,0,1,1,0,0,0,0) (0,0,1,1,0,0,0,0) (0,0,1,1,0,0,0,0) (0,0,1,1,0,0,0,0)
CcO (1,0,0,0,1,0,0,0) (1,0,0,0,1,0,0,0) (1,0,0,0,1,0,0,0) (1,0,0,0,1,0,0,0) (1,0,0,0,1,0,0,0)
Cco, (0,0,0,0,0,1,0,0) (0,0,0,0,0,1,0,0) (0,0,0,0,0,1,0,0) (0,0,0,0,0,1,0,0) (0,0,0,0,0,1,0,0)
Ethanol (0,0,0,0,0,0,0,0) (0,0,0,0,0,0,0,0) (0,0,0,0,0,0,0,0) (0,0,0,0,0,0,0,0) (0,0,0,0,0,0,0,0)
H, (1,0,0,0,1,0,0,0) (1,0,0,0,1,0,0,0) (1,0,0,0,1,0,0,0) (1,0,0,0,1,0,0,0) (1,0,0,0,1,0,0,0)
Hydrogen  (0,0,0,0,0,0,0,0) (0,0,0,0,0,0,0,0) (0,0,0,0,0,0,0,0) (0,0,0,0,0,0,0,0) (0,0,0,0,0,0,0,0)
i-C,H,, (0,1,0,0,0,1,0,0) (0,1,0,0,0,1,0,0) (0,1,0,0,0,1,0,0) (0,1,0,0,0,1,0,0) (0,1,0,0,0,1,0,0)
iso-butane  (0,0,0,0,0,0,0,0) (0,0,0,0,0,0,0,0) (0,0,0,0,0,0,0,0) (0,0,0,0,0,0,0,0) (0,0,0,0,0,0,0,0)
LPG (1,0,1,1,0,0,0,0) (1,0,1,1,0,0,0,0) (1,0,1,1,0,0,0,0) (1,0,1,1,0,0,0,0) (1,0,1,1,0,0,0,0)
Methane (1,0,0,0,0,0,0,0) (1,0,0,0,0,0,0,0) (1,0,0,0,0,0,0,0) (1,0,0,0,0,0,0,0) (1,0,0,0,0,0,0,0)
Smoke (0,0,1,1,0,1,0,0) (0,0,1,1,0,1,0,0) (0,0,1,1,0,1,0,0) (0,0,1,1,0,1,0,0) (0,0,1,1,0,1,0,0)
Table 8
FAHP results for five tests.

Ti(Si—Ss)  Ty(Si=Sy)  Ti(Si—=S¢)  TuSi=Se)  Ts(S,=Sy)
Alcohol 6 6 6 6 6
Ammonia 0 0 0 0 0
CH, 2 2 2 2 2
Cco 2 2 2 2 2
Cco, 1 1 1 1 1
Ethanol 0 0 0 0 0
H, 2 2 2 2 2
Hydrogen 0 0 0 0 0
i-C,H,, 2 2 2 2 2
iso-butane 0 0 0 0 0
LPG 3 3 3 3 3
Methane 1 1 1 1 1
Smoke 3 3 3 3 3
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From the majority-decision point of view, the test gas can be judged to be alcohol. However,

after checking the sensor characteristic curves shown in Fig. 3, we find that there is more than one
possible gas that matches the measured results. For example, CO, in HS-129 and methane in HS-
135 are also possible candidates because no other sensor can detect them. Therefore, we cannot
confirm which gas it is from the detection results of HS129 and HS135.
To confirm the gas type and concentration, we use third-order polynomials obtained by the least-
squares method to match all characteristic curves of the eight sensors shown in Fig. 3. Then the
sampling results shown in Table 6 are converted to concentrations of possible gases in accordance
with the matched polynomials. The results are shown in Table 9. Then, we select all data of the
same gas type from Table 9 and use the redundant management method calculation to determine the
gas type and the concentration. To achieve this objective, define n; as 1 if the jth sensor detects the
gas, and 0 if it does not detect the gas. Define the following terms:

8
/= Z";lm’, (12)
Z,‘:l n;
fi=fllm =</ 4)], (13)
Table 9
Gas sensor characteristic functions.
Sensor Gas_Type X3 X2 XM X0 Input Output
HS129 Alcohol 6060.6243 —35653.7037 72142.5705 —45942.3526 1.98 4168.099
CcO —3230.1086 10767.314 4902.9033 —2462.4368 1.98 24384.12
H, 1010.769 —6022.8916 13955.0043 —9870.978 1.98 1993.771
LPG 4441.1527 —26702.3747 56343.2773 —37889.437 1.98 3460.23
Methane 2267.688 —7354.1535 13223.751 —5294.6692 1.98 9659.818
HS130 Alcohol 2472542869 —2520797.828  8567653.858 —9703841.36 3.46 3959.513
i-C,H, 1484056.745 —3842869.582  3331761.218 -963040.006 346 26031763.03
HS131 Alcohol —97261.9475 135725.6428 41926.4229 —14473.5546  0.26 3892.893
CH, 6663.7572 —32911.7764 54918.5699 —28570.0384  0.26 —16398.924
LPG 58674.0354 —280404.3196  447915.0502 —234111.986 026  —135578.15
Smoke —19108.7351 65421.53 —17879.9126 1145.9254  0.26 583.788
HS133 Alcohol —61006.9234 132238.3425 —34214.5218 1312.7242  0.38 4058.851
CH, 9195.6412 —28925.2529 29752.9676 —7473.1604  0.38 160.744
LPG 51446.8935 —358193.0844  828555.1397 —631550.03 0.38  —365599.164
Smoke —20333.8864 78951.3124  —59427.4171 15149.4334  0.38 2851.823
HS134 Alcohol  —341519.7987 276136.2104 —64001.0075 4671.8622 0.15 132.146
Cco 1049.9812 —4594.8934 6899.5578 —3330.7568 0.15 —2395.665
H, 2585.5071 —9872.2833 12562.7185 =5099.3106  0.15 —3428.303
HS135 Alcohol 4179.0871 —24757.4667 51745.5929 —34438.8464 2.2 4074.239
Co, —45.2142 2924.6309 11019.0444 —3963.169 2.2 33952.501
i-C,H,, 1010.769 —6022.8916 13955.0043 —9870.978 2.2 2441.904
iso-butane 6060.6243 —35653.7037 72142.5705 —45942.3526 2.2 4740.904
Smoke 2512.9533 —8402.3701 14551.6941 —5808.2374 2.2 12295.945
TGS825  Hydrogen —12.6402 88.5875 -218.37 197.4982 4.5 —143.108
TGS826 Ammonia —2519.893 7016.183 —6520.5564 2090.1344 4.5 —114799.913
Ethanol —58922.5589 56313.1313  —17934.3434 1969.2256 4.5  —4307712.591
Hydrogen —355.576 1873.5138 —3305.8325 2019.5249 4.5 —7319.93
iso-butane —214.4767 1476.7707  —3414.4853 2719.1907 4.5 —2285.576
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and

1, if * is true,

ST*] ={ (14)

0, if * is false,

where m, is the measured value.

Next, data in Table 9 are used to obtain the results shown in Table 10 using Egs. (12) to (14).
The “Redundant” data in Table 10 is obtained using Eq. (12). The “R. Result” data is obtained by
comparing the “Redundant” value to the output in Table 9 one by one and summing the values that
are nonnegative and with a difference less than 25%, i.e., summation with false values excluded.
Hence the effective concentration of the gas should be

8
Zi:l ﬁmi
m==—

. (15)
Z§=1 Jin;

After completing the above procedures, there are still three possible gas types. Then the results
are compared with the values in Table 4. We find that in addition to alcohol, the other two possible
gases, CO, and methane, can only be detected by HS-135 and HS-129, respectively. Furthermore,
both these sensors can detect alcohol. Thus, through this calculation and comparison, we can
confirm that the test gas is alcohol. Once we confirm the test gas to be ethanol, the output values
whose difference from the average is less than 15% are summed, and the result is then divided by
the number of correct sensors to obtain the gas concentration of 4030.719 ppm.

By this method, the type of gas and its concentration were confirmed by only simple calculation.
Hence, a low-cost gas detection system can be constructed using a low-cost single chip (such as
8051).

4. Practical System and Experimental Results

After completing the entire sensing module design and algorithm derivation, we completed the
actual sensing system, as shown in Fig. 4. This module is constructed of an 8051 single-chip-based
controller with mobility in mind in the design. The gas sensor or communication module can be

Table 10

Sample data results.

Gas Redundant R. Result Sensors can detect  Gas concentration
Alcohol 3380.957 3380.957 5 4030.719
Ammonia —114799.913 0 0 0
CH, -8119.09 0 0 0

CcO 10994.228 0 0 0
CO, 33952.501 33952.501 1 0
Ethanol —4307712.591 0 0 0

H, —3428.303 0 0 0
Hydrogen —3731.519 0 0 0
i-C,H,, 13017102.46 0 0 0
iso-butane 1227.664 0 0 0
LPG -165905.695 0 0 0
Methane 9659.818 9659.818 1 0
Smoke 5243.852 0 0 0
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replaced in accordance with the demand. This design makes future maintenance easy. The housing
shown in Fig. 4(b), makes the gas detection module easily portable. It can also be grouped into a
multi-module gas detection system to monitor the environment.

The gas detection system is composed of a host system and at least one gas detection module.
One can monitor multiple gas detection modules, as well as the data and calculation results for each
gas detection module through the main control system by using a database system for management.
This can make the whole system more intelligent. Figure 5 shows a gas detection module and
monitoring of the system integration test results.

(@ (b)

Fig. 4. (Color online) Gas detection module. (a) Gas module and (b) gas module with case.

Fig. 5. (Color online) Gas detection system.
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Fig. 6. (Color online) Experimental results. (a) Gas module result and (b) master program result.
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Figure 6 shows the results of the actual tests, where Fig. 6(a) shows the results of the real-time
calculation of the gas detection module. The result is stored in a single-chip memory and can be
retrieved for later use, and is transmitted through the communication line to the master for display
as well as recording. Figure 6(b) shows the result of the monitoring system.

5. Conclusions

We used a variety of sensors, and a single-chip circuit to design a low-cost gas detection system.
This system is based on the modular design approach. It can satisfy the demand to replace all
modules, including the sensors in the system. Using a plurality of sensing modules for detecting
different gases can form a network of gas detection systems.

In our system, we used the FAHP method to identify the type and the concentration of the
detected gas from the corresponding characteristic curves of the sensors. Using this method, the
gas types could be accurately distinguished in our experiments. However, it is still limited to the
specifications of the sensors used. We hope that in the future, we can overcome the limitations of
the sensors and detect and identify more types of gases.
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