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Abstract

Semiconductor gas sensors are essentially not selective to detect a single chemical species in a gaseous mixture and also th
response of the sensor in most cases is influenced by the variations of ambient humidity and temperature. One of the solutions is
the analysis of the dynamic response of a single sensor with modulated temperature. For the non-linear output signal the fast
Fourier transform transform was calculated. The zero-order amplitude and the phases of higher harmonics were selected. These
guantities served as input data for the fuzzy model of the sensor. The hybrid fuzzy sensor model, based essentially on Takagi-
Sugeno-Kang(TSK) theory, comprised a two-level optimization algorithm. The authors elaborated that algorithm, utilizing
conjugate gradient and genetic algorithm methods. At the output of the fuzzy model the concentrations of ethanol with minimized
influence of humidity variations were obtained.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction substrates are the most promising struct(®es0,13,14.
For sensors with temperature modulated in a pulse mode

Although semiconductor gas sensors are widely used,the average power consumption decred$8kand often
it is known that they are not selective to detect a single their long-term stability improve§l6].
chemical species in a gaseous mixture. Moreover, the The time dependent non-linear response of the sensor
response of the sensor in most cases is influenced byis related to the kinetics of gas molecules, i.e. adsorption,
the variations of ambient humidity and temperature. oxidation and desorption on the semiconductor surface,
These problems are solved in different ways. One of and is influenced by the chemical structure and concen-
them is based on the collection and processing of signalstration of the gas species. The procedure of feature
from arrays of partially selective sensof$,2]. The extraction is usually performed by the standard method
selectivity and sensitivity of a sensor array can be greatly used in signal processing domain, i.e. by calculating the
enhanced by developing various pattern recognition fast Fourier transformiFFT). Recently, wavelet analysis
methods[3-5]. An alternative approach is the analysis has been introduced to extract the features from the
of the dynamic response of a single sensor with modu- dynamic sensor signdlL.7,19.
lated temperaturd6—12. In this case, one sensor is  The quantitative description of gas mixture composi-
equivalent to an array of sensors working at different tion using the a.m. feature extraction procedures is,
temperatures. The modulation in most cases consists imowever, a complicated task. Nakata et E9] by
application of a pulse or sinusoidal signal to the sensor jyestigating the higher harmonics of the dynamic sensor
heater. The upper limit of modulation frequency depends response conclude that it is possible to determine the
on the sensor construction, mainly its dimensiGngu- concentration of a gas sample in the presence of water
encing the them?"?" capacjtyand thermal ls_olatlon Of_ vapour. Some authors develop neural network algorithms
the sensor. Sensitive layers deposited on mlcromachlneqz’g,zq or neural networks combined with fuzzy infer-
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3550. The authors investigated the dynamic response of the
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presented in Fig. 3. As a reference for alcohol concen-
tration a Figaro TGS2620 sensor was used. The variation
of sensor temperature causes the change of kinetics of
gas molecule$adsorption, desorption and oxidatjoon
the semiconductor surface. In effect the non-linear var-
iations of investigated sensor resistance with time are
observed(Fig. 4). The resistance values were sampled
by an electrometer and recorded by the computer. Only
the results for steady state conditions were taken into
account. Ethanol concentration varied from 0 to 450
ppm with 30 ppm steps at selected air humidity. The
measurements have been repeated for the following
relative humidities: 10, 25, 50, 75 and 100%.

Gas sensor resistance values were sampled 32 times
_ _ _ _ per one period of the heater voltage. Collected data

Fig. 1. Investigated sensor in a TO-5 packdgéthout a cap. contained actual values of sensor resistance, humidity

and alcohol vapour concentration. During sampling the

SnG, :Sb film, developing the advanced fuzzy model of moments of alcohol concentration variation were local-

the sensor for signal evaluatid@l]. ised. For each stage of computations a series of 128
' measurements collected just before the concentration
2. Experimental variation were selected. The starting point of the series

was always at the same phase of the sinusoid.
The sensor structure suspended on thin Pt wires

bonded to TO-5 header pins is shown in Fig[22]. 3. Fuzzy model of the sensor
The LTCC structure with buried heater played the role
of a substrate for a sensitive layer. The small dimensions
of the structure(4 mm in diameter and 0.2 mm in
thickness cause that the heat capacity of the sensor is
low and hence the power consumption necessary for th

adequate operation of the sensor is below 0.8 W. More ‘fuzzy' sets. As a result one obtains for every input

details on the Sensor design are given[23]. Testing variable a statement, e.g.: valugis element of set A,
of the sensor in ethanol vapour under constant heater.

) L in 80% and set B; in 25%. The second stage is data
voltage (constant working temperatureindicates the evaluation based on set of specially prepared rules
significant influence of humidity variations on the sensor There are several models. which use different rules and
ch;aracterr]istics, Figh. 2. The sensitivity was defincled as qethods of output evaluétion The widely knowin-
Ro/Rs wWhereRis the sensor resistance in a sample gas . .. N .
andR, is the sensor resistivity in air with 50% hurr?idit?/. guistic model (Mamdan) consists of rules of type: If
The influence of humidity on sensor resistivity, presum-
ably caused by hydrogen atoms from the water molecule,
reduces mostly the sensitivity in a certain ethanol con-
centration range. Generally that dependence is, however,
not monotonic.

This non-linear influence restricts using of the sensor
to a rather narrow humidity range. Its construction,
however, made it possible to apply an alternate heater
supply voltage resulting in an adequate temperature
response, which enabled further elaboration of the sensor
signal in view of minimization of humidity variations 13
on the final measurement value. 4

By applying the sinusoidal voltage=7+2.5 cos 0 100 200 300 400
2wft [V] where f=40 mHz it was possible to obtain
the sinusoidal variation of sensor temperature with the
amp“t_Ude of order 100C, mainly due to the low heat Fig. 2. Sensitivity upon ethanol concentration of investigated sensor
capacity of the sensor structure. The measurement SySwith varying air humidity and for constant sensor working
tem and gas installation used in the experiment is temperature.

The fuzzy modelling technique consists of three stag-
es. The first is the process of classification called
uzzification. The discrete values of input variables are
changed to ‘fuzzy value’ and assigned to two or more
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Fig. 3. The measurement system of sensor dynamic charactetstiesd gas installation used in the experimén.

W. Maziarz et al. / Thin Solid Films 436 (2003) 127-131

(a)

voltage controlled

‘ator LTCC based

enerator "
£ source AN aehsor A '

o o > o +o Keithley
A\ $_| o] o 6517

reference sensor
5V TGS2620
power T o o HP

source __ o

o 34970A

dry air

@
5
f=+]
=]
[®]
—
ye1 o
[}
.I
o

°

alcohol
vapour

=2 = humidity
air > sensor
L | |
L <] 3—
T to sensors
- ullm chamber
"I . e | vapour
water |2 Uo 27
S sy s

1000

10° 900 _

[ s

_ 300 5

Sy 700 =

< - 600 2
= investigate:

ht 10°F sensor 1300 S

it 400 2

: :

ol \Toszen ethanol 30 &

m concentration i 200 :

@l J100 ™

. 0
0 1 3 4 5

Fig. 4. Dynamic resistance vs. ethanol concentration at 10% humidity

Tim e [min]

l"’A,Z(X|)

129

for investigated sensor in comparison to the characteristic of TGS Fig. 5. An example of a TSK model for the case of two inpytand

2620 sensor.
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Fig. 6. The structure of hybrid fuzzy model of the investigated sensor. Genetic algorithm and conjugate gradient procedures are used in a two-:
level optimization of the model. Two fuzzy sets for each of four input variables give altogether 16 rules.

x1 iIs small andx, is big theny is small. The outputs of In real situations one uses many input variables and
all rules are then aggregated giving a combined fuzzy the TSK model complicates. In effect the hybrid fuzzy
output, from which a discrete value is calculated by the model of the sensor, comprising the two-level optimi-
procedure calledefuzzification. zation algorithm, was elaboratd®1,24, Fig. 6. The
The model used in present work is based on Takagi- conjugate gradient and genetic algorithm methods were
Sugeno-Kang(TSK) theory [24]. It combines some used for the optimisation of the model. The fuzzy model
elements of linguistic models at the input with mathe- had two sets for each of four input variables. Every
matical functions at the output and contains rules of the combination of input sets gave one rule leading to 16
type: If x; is A; andx, is A theny=agtaj; x1+aj xo. rules in the used model. As a first training sample result
The main idea of TSK theory is illustrated in Fig. 5, of FFT transformation from averaged first two cycles
wherex; andx, are the values of input variables and was used. The second sample was prepared from cycles
x,. For these variables, we find degrees of membership3 and 4. For every pair ‘humidity-ethanol concentration’
to successive fuzzy sets, whepg :(x;) apg o(x,) we get two training samples, giving overall 160 training
are the membership functions for the first input variable. samples. Testing samples were obtained in a similar way
Similarly, for the second variable, we obtain member-  with except that cycles 2 and 3 were selected.
ship functionsu,(x2) angh,,(x,) . The values and
7, are defined as degrees of activation of consecutive 4. Results and discussion
rules. In the described example is calculated as a
minimum of membership functions values for every  For all concentrations and humidities the FFT trans-
input variable. The rule condition is not always fulfilled forms of the output dynamic signal of the sensor were
in 100%, but usually the condition of more than one calculated. The zero-order amplitude and the phases of
rule is fulfilled at least in a part. As a result we get two basic and higher order harmonig$0, 80 and 120 mHz
values y, and y,. By defuzzification one obtains a  were selected for further considerations. The selected
discrete valug”. That value is calculated as a weighted quantities served as input data for the fuzzy model of

average of results of the successive rules, according tothe sensor. _
the formula: For training data a maximal error of the model was

less than 20% of the full range and RMS error was

m lower than 5% of the range. For testing data points the
2T RMS error was lower than 11.5% of the range. Calcu-
y = = lated vs. real concentration of ethanol for input training
YT data and for input testing data are shown in Fig. 7. The
i=1 dependence between real and calculated concentrations

is linear. The scattering of points is caused by both

where 7; are activation coefficients of the ruleg,are  humidity variations and the errors introduced by the
output values generated by successive rulesiaadhe model.

number of the rule. This method allows complicated

functions to be approximated with just with a few simple 5. Conclusions

rules. TSK models have the ability of limited extrapo-

lation of training data, thus the process of building the  The main goal of the work was elimination of the

model is easier in situation, where the set of training influence of humidity variations on the measurements
data is incomplete. of alcohol vapours concentration with a single semi-
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Fig. 7. Calculated vs. real concentration of ethafolppm) for input
training data(a) and for input testing datéb).

conductor sensor. Modulation of sensor temperature
gives additional informatior(in our model zero-order
amplitude and phases of three higher order harmonics

of the FFT transform of non-linear sensor signathich

sary to use large training data sets, collected in a wide
range of humidity and gas concentration variations.
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