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Abstract— an electronic nose (e-nose) based on a gas sensor array equipped with a stable temperature controller has been successfully
developed by applyingproportional-integral—derivative (PID) controller . This study was motivated due to the dependence of
sersor response on the temperature of a sample. Here, the temperature influences the volatile organic compounds (VOC) of the
sample. The performance of the e-nose was then evaluated to classify the quality levels of black tea (Q1, Q2, and Q3). The black tea
samples were purchased from Tambi Tea Industry in Central Java, Indonesia. Here, the quality is based on the information from the
factory. For each quality level, the measurement was repeated 31 times. Therefore, the total of measurements is 93, and only six
sensors, i.e. MQ-7, TGS 813, TGS 2602, TGS 826, TGS 2620 and TGS 825 have the high influence on the patterns differentiation. It is
found that the e-nose is not able to distinguish the three quality levels of black tea correciiyien applying without heating
treatment. In this condition, only 88.9% of cross-validated grouped are correctly classified. On the other hand, for the
black tea sample with unstable heating, the performance of the e-nose has been improved. In this case, 92.5% of cross-
validated grouped are correctly classified. Moreover, for the black tea sample with stable heating treatment, all samples
are separated where 97.8% of cross-validated grouped are correctly classified. The results indicated that the e-nose with
the highly stable heater was capable of detecting the quality of black tea.
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[. INTRODUCTION Recently, other promising methods for rapid assessment

Black tea orCamellia Sinensis is a variant of tea which is  ©f tea are based on aroma using an electronic nose (e-nose)
very popular in the world. This tea is widely sought by the [6], [7] and taste using an electronic tongue (e-tongue) [8]-
consumers so that its quality has a commercial value in thel10]- A customized e-nose has been reported to determine

international market. The quality of the black tea can be the quality of black tea with the maximum of classification

determined based on its aroma, taste, color, and chemicajt€ of 82.18% [11]. It may be due to uncontrollable sample

compounds [1]. heater because of using ON/OFF controller. This rate is not
Based on its aroma, the quality of black tea is often acceptable for the real application so that it needs to be

determined by a tea tester expert. Even though this method i&Proved.
the most realistic to the quality of black tea, there are still i
several problems such as standardization of measurements, :
stability, reproducibility, and subjective in nature [2]. Compressor |
Meanwhile, the standard analytical methods like high-

Sensor
chamber

Flowmetel ™Y

performance liquid chromatography (HPLC), gas Flow control

chromatography (GC) and capillary electrophoresis (CE) L

show a high performance, but these are difficult to be bambe

applied directly, in particular for fast assessment [3]. It is S
because these analytical instruments are usually complicated ? Feater fhemr Computer
and must be operated and analyzed by experts [4], [5]. s

GND
Fig. 1 Schematic diagram of the e-nose system
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Fig. 2 Electronic circuit diagram of the e-nose system

In this paper, we report our improvement of the e-nose  aluminum with a volume of 170 mL. Each board of sensor
system by stabilizing the temperature of the sample heater array was mounted facing each other to minimize the effect
using PID controller. For a certain temperature setting, the of non-homogeneous aroma in the chamber.
temperature tolerant has been improved fronf€ 8using

ON/OFF controller) to = 0.2C (using PID controller). B. E-nose &/stem ) )

Furthermore, principal component analysis (PCA) and linear ~ The schematic diagram of the e-nose system developed in
discriminant analysis (LDA) methods were used to obtain this study is shown in Fig. 1. It consists of (1) main
the capability of the e-nose to distinguish quality levels of ~controller, (2) sensor chamber including the sensor array

black tea. Effect of the sample temperature was investigatedinside, (3) air flow system, (4) air flow speed regulator, (5)

for the sample without heating (treatment I), unstable _sample chamber, and (f_S) heate_r controller. The detail of this
heating (treatment 11), and stable heating (treatment 1Il).  instrumentation system is described as follows.

1) Main Controller
II. MATERIALS AND METHOD

A. Materials = M 2

The black tea samples with three quality levels used inE %& /i ;L \—O
this study were purchased from Tambi Tea Industry in "™ |- |, 0 & 11-2
Central Java, Indonesia. The information of the quality TR L dens ]:85:%
levels from the highest (Q1) to medium (Q2), and lowest
(Q3) was obtained from the factory. Based on the factory, . cl "O”'i
Q1 is broken orange pekoe (BOP). It is the black tea with a Wil

fine powder made from leaf tea, and Q2 is broken pekoe Il Fig. 3 Schematic diagram of temperature controller in the sample chamber
(BP-Il), made from tea leaves and stems slightly coarse in
powder form. Meanwhile, Q3 is the Bohea that dominated
by the rod-shaped tea coarse powder.

The main controller is the Mega 2560 from Ardufho
This contains 10-bit ADC, 16 analog inputs, 54 digital

Twelve tvoes of metal oxide semiconductor (MOS mput/ou;put which is 15 of them are used as pulse width
commercial ypgas sensors purchased from c&iffere?wt modulation (PWM). .Furthermore,.the putput of the analog
manufacturers (MQ7, TGS8XX, and TGS26XX series). voltage can be obt_amed by manipulating the duty cycle of
Each sensor exhibits global selectivity as summarized inthe PWM via the Q|g|tal output. Each gas sensor of th? 12-
TABLE [12], [13]. These twelve gas sensors were then gas sensor array is connected to thg m|cro_controller via the
separated into four boards as the number of holes in thet?rmt'nal. nqde .;sz!eld to r??rl:ce noises. 't:'g' 2 shows the
sensor chamber. The sensor chamber was made from Durd cctONIC circuit diagram of the €-nose system.
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Fig. 4 Graphical user interface (GUI) of the typical of sensor responses

TABLE |
LIST OFGAS SENSORSINSTALLED IN THE E-NOSE[12,][13]
Sensor
Group NO type Response to
A 1 MQ 7 CO, hydrogen, LPG, methane,
alcohol, air
2 | TGS2600 | Methane, CO, Isobutane, ethanal,
hydrogen, pollutant gasses
3 | TGS813 Methane, propane, butane,
flammable gasses
B 4 | TGS825 Hydrogen sulfide
5 | TGS2602 | Hydrogen sulfide, ammonia,
ethanol, toluene
6 | TGS826 Ammonia, isobutane, hydrogen,
ethanol, air
C 7 | TGS2610 | Liquid petroleum gas, propane,
isobutane, metane, ethanol,
hydrogen, air
8 | TGS 2611 | Methane, ethanol, hydrogen,
isobutane, air.
9 | TGS832 Freon, ethanol, air.
D 10 | TGS2612 Methane, liquid petroleum gasses,
ethanol, isobutane, propane
11 | TGS 2620| Alcohol, hydrogen, isobutane, CO,
methane, air
12 | TGS822 Alcohol, n-hexane, benzene,
methane, CO, isobutane, acetone.

2) Air Flow System (AFS) and Sample Chamber

The air flow system (AFS) was used to handle and deliveredthe headspace generation (300 s), the collecting (120 s) and
odor by using dried air as carried gas during purging andthe purging (80 s) process. The headspace generation was
sensing stage. In this system, the solenoid valve alternately!sed to prepare tea aroma by warming-up the sample
switched between the headspace vapor sample and dried aifollowed by blowing the dried air. Then, the volatile
The MOSFET (IRF540N) in the driver of the solenoid valve compounds of the sample were constantly flowed into the
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serves as an electronic switch, while the 2N2222 transistor
serves as a MOSFET amplifier.

In AFS, purging occurs when valves 2 and 3 are closed,
while valve 1 is opened. This condition causes air pressure
flowing to the sensor chamber. Oppositely, sensing occurs
when valve 1 is closed, and valve 2, 3 are opened so that air
pressure enters the sample chamber for pushing aroma to
sensor chamber.

The sample chamber, on the other hand, was made from
stainless steel with a volume of about 500 mL. It was

equipped with a stabilized heater (see FB). using a
proportional-integral—derivative controller (PID controller).
The heater is controlled by adjusting the pulse width as the
output of the microcontroller. Then, the pulse width resulted
from the conversion of the difference between the read
temperature, and the setpoint is converted into PWM to
activate the triac (BT136). The flow rate of air or aroma of
the sample can be adjusted using mass flow control (MFC)
of SLA 7950S. It can be conducted by varying the orifice of
MFC using the PWM.

C. Sample Preparation and E-nose Measurement

To assess its performance, the e-nose in this study was
tested to classify the level of black tea qualities (Q1, Q2, and
Q3). For each measurement, dried black tea sample (50 g)
was put on the chamber sample of the e-nose. The
temperature of the chamber was set to be 40.0 0,2
while the flow rate of air or tea aroma was set to 2 L/min.
The measurement process is referred to [15] that consists of



sensor chamber for signal collecting by the sensor array.B. Temperature Testing Stabilization
Meanv.vhne,.th-e purging process was taken place by bIowmg As shown in Fig6, the aroma intensity of black tea can
the dried air into sensor chamber to recovery the baselin e increased by heating the samglke.this experiment, the
response. Each sample was measured for ten cycles an

. . - asample burns if the temperature of the chamber is more
repeated for 31 times. Fig. 4 shows GUI containing sensorthan 50°C. It means that the heater should be controlled to
responses for ten cycles. J

obtain the optimum condition.
D. Data Analysis 60 ' ' ' 5000

For each cycle of sniffing process, a preprocessing signal

was appli ; ; ; 4500
pplied to obtain the relevant information and prepare 55

the data for multivariate statistical analysis. This process 4000 g
consisted of manipulating the response of the signal on the oi a
baseline using a fractional method [15]. Furthermore, the o 50 3500 3
feature extraction was carried out to obtain the robust 2 &
information that represents a unique pattern of each sample. ‘g_ 45 3000 §
The feature of the signal was the maximum value of the £ bid
response curve [16]. = | 2500 3

Due to using 12 gas sensors in the e-nose, the high 40 / ~
dimension matrix (order of 930 x 12) resulted in the feature -—4'-' 2000
extraction of all measurements. Finally, to investigate

o . ; 35 t t t 1500

whether e-nose was able to distinguish among different 0 500 1000 1500 2000

quality levels of the black tea, PCA and LDA analysis were Time (s)

applied. All these.multl\./a.rlate analyses were applied to theFig. 6 Increasing the sensor response due to increasing the temperature of
collected data, using Minitab 16 software package for PCA, the sample

and SPSS v. 21.0 for LDA. PCA extracts the discrimination N

of sample types, while LDA maximizes the variance C. Stability of Sensor Array

between sample categories (quality levels). The stability test of the heating system was conducted to
determine the performance of the system related to the
I1l. RESULTS ANDDISCUSSION Sensor response.

Fig. 7 shows the raw responses of 12 sensors for ten

A. Temperature Controller : )
; . ) . cycles of sensing and purging under a stable temperature of
An important requirement of the heating system is 450c As shown in

stability becaus_e of the high sensitivity of the aroma to the Fig. 7, the first two cycles (less than 600 s) show
temperature. Fig. 5 shows the performance of the heaterrelativel unstable compared to the others
control system. For the set point of 40, it takes about 600 y P '

s. The coefficient of PID controller roles in reaching the time The black tea (Q2) sensor response at 40 °C

stability of the heater. Overshoot (inset in Fig. 5a) arise due 50 50
to a mismatch in the coefficient of PID controller which in
turn will lead to instability headspace. Oppositely, when the TR0 — R I TCE IR ——FoS0ZE et
damping occurs (without overshoot), it causes the longer > 40 ——TCS813 —— TG00 ——ToS20 — T 2020
. . E o
response time (> 700 s) of the heater to reach the set poin 5 %
value (inset in Fig. 5b). & F------- = 4035
(]
42 : : : 2% 5
o 3
c T
40 %20 g
o 2 30 £
—_ = (]
< % 9 N 3
S ey g 104 \$)
2| [ 5 &
@ o
=3 a . A_ANA_ACA_A_AAA_A_A
E 24 E 0 — 1 - 1 ' 1 + 1 - 1T T * T ° 1 20
= o 0 200 400 600 800 1000 1200 1400 1600
36 ; ; , Time (s)
32 300 400 500 600 700
# Time (s) Fig. 7 Sensor responses generated at the set poinfGf 40
30 = I I I
0 500 1000 1500 2000 As extracted from the feature of the sensor response, the
Time (s) typical pattern of three different quality levels of black tea

Fig. 5 A typical of the temperature controller performance when the set (Q1, Q2, and Q3) could be visualized by the radar plots (see

pant is 40°C. Inset is the time response a) less than 600 s, b) more thanFig. 8). From 12 sensors, only six sensors contribute to the
700 s
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pattern classification. It is also shown that the lower quality a room temperature). The data show a shift erratic of the
level, the higher sensor response. different quality level along the first principal component,
PC1, which explains 86.5% of the total variance with a value
of 92.0%. Here, Q1 and Q2 are separated, while the Q3 is
overlapped to Q1. So, without heating treatment, the system
is not appropriate for this classification purpose.

3
(a) ) . Q1
',—'C i s Q2
B e
2 : TQ1
Q2
21 <T@
@
w,
go j
a L) 3 n
I
_1_
TGS 2610 Y
Fig. 8 Radar plot of the extracted patterns for Q1, Q2, and Q3 at the set ] R
point of 40°C 50  -25 0.0 2.5 5.0 7.5
D. Principal Component Analysis (PCA) PC1 (86.5%)

Prior to classification, a feature selection must be
performed. It is the process of selecting relevant sensors that
significantly contribute to the sample classification.The
loading plot (see Fig. 9) representatives from all quality
levels of the black tea samples. It also shows the relationship
between the e-nose variables and how they influence the
system. Here, the MQ-7, TGS 813, TGS 2602, TGS 826,
TGS 2620 and TGS 825 sensors have the high influence in
the pattern file. This result is in accordance with Fig. 8.

Before feature extraction, manipulating the response of
the signal using the fractional method has been carried out
because of quite high differences on both signals in the
sensor responses. For example, the difference of the sensor
response curve (see

Fig. 7) of MQ7 (191.1 mV) and TGS 826 (2695.0 mV) is
very high, and it can be reduced using this method.

Loading Plot of MQ-7, ..., TGS 822

0.75
0.50
0.25-

0.00 &

PC2 (5.1%)
—
0]
V2]

MQ-7

-0.254
TGS 826

-0.50+

‘ TG§ 2602 ‘ ‘ ‘ ‘ ‘ ‘
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
PC1 (90.3%)
Fig. 9 Loading plot of the sensor array election in the e-nose system

Next, the feature extraction is then carried out by taking
the maximum value of the sensor response. The score plots
of PCA for three quality levels are shown in Fig. 10(a-c),
where TQx represents the test sample of Qx.

Fig. 10(a) shows the score plot for the black tea sample
without heating (treatment ). The samples were measured at
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4'(b) --------- . QL E. Linear Discriminant Analysis (LDA)
a = Q2 PCA is known as an unsupervised recognition system,
3 it : %1 while LDA is a supervised recognition system. Fig. 11(a)
5 b ¢ i . Q2 shows the LDA plot for the black tea sample without heating
Q) PN ) <« TQ3 (treatment 1). Q1 is separated from others while some
S 1 ‘.\é‘z‘f . samples from Q2 and Q3 are overlapped. As listed in Table
= ; . 2, only 88.9% of original grouped and 88.9% of cross-
Sol el P— - < validated grouped are correctly classified. On the other hand,
a e __1-4--“_‘; """"" Ty for the black tea sample with unstable heating (treatment II),
-1 e Ta ._-__4,-"; the performance of the e-nose is improved as indicated by
*,,-—“"14_ ___________ I Fig. 11(b). Most samples are separated where 95.7% of
""""""" 3 ] e T, |
21 4 {eey #t original groupgq and 92.5% of cross-validated grouped are
, Bt , , , , correctly classified. Finally, for the black tea sample with
-50 -25 0.0 2.5 5.0 75 10.0 stable heating (treatment 1lI), the performance of the e-nose
PC1 (70.3%) shows more improvement as indicated by Fig. 11(c). All
samples are separated where 97.8% of original grouped and
97.8% of cross-validated grouped are correctly classified.
(C) Q1 Q2 Q3 el 85 TABLE Il
0.5 e Lo re + Q3 CROSSVALIDATION OBTAINED BY LDA FORTHREEQUALITY LEVELS OF
[ a TQ1 DRIED BLACK TEA WITH STABILIZED HEATING TREATMENT AT 40°C
H . * . LA i ‘.‘ TQ2 USING PID HEATER CONTROLLER
~ { aase =0 Voo v TR . .
EDOO :; A “ § w Predicted Membership (%)
a ! e e < Treatment | Desired Q1 Q2] Q3| Total
~ | e AAA A I 3 Output
e iy i .’ i p i ) Q1 87.1 3.2 9.7 100.0
0.5 Lo VATRSRIRY Q2 32| 935 32 100.0
¥ Aoy T Q3 14.3 0.0l 857 100.p
----- VoL, (I Q1 96.8 32 00 100.0
"""""""" 4 Q2 3.2 87.1 9.7 100.0
-1.0- . Q3 0.0 6.5 935 100.0
4 5 6 7 8 9 10 an Q1 100.0 0.0 0.0 100.0
PC1 (90.3%) Q2 0.0/ 100.00 0. 100.p
Q3 0.0 6.5 935 100.0
Fig. 10 Score plot of PCA for three quality levels of dried black tea. (a)
without heating or treatment I, (b) with unstable heating or treatment Il, and
(c) with stable heating or treatment lll. TQx is the test sample of Qx @
On the other hand, by applying uncontrolled heating 3.5 "
treatment (Fig. 10), the capability of the e-nose to classify | o @
the quality levels is much worse compared to that of without 23 og?
heating treatment. In this case, the score plot reveals that = | Q1E. nn *
separation along PC1 accounted for only 70.3% of the o 1.5 Eg'm :.
variation in the sample set, whereas separation along PC2 = | @ o * *%. %
accounted for 17.9% of the variation in the sample set. g 0% e ,Qz.'
a o0 ox t 1
Error! Reference source not found.shows score plot of a ! I es *
PCA for three quality levels of dried black tea with 05 " ".‘,"
stabilized heating treatment at #C using PID heater 15 ”:
controller. Each quality level, one set of measurement was ' 03;?
repeated ten times using the same condition. One set of 25 i
measurement was repeated ten times using the same : ; : : . :
condition. The processed data show a regular shift of -50 -25 00 25 5.0

different quality levels along PC1, which explains 90.3% of
the total variance with value 95.6%. The PC2 explains 5.1%
of the variation and shows no particular trend with quality
levels. The three quality levels of black tea, including the
test data (TQ1, TQ2, and TQ3), were clearly distinguished
from each group. From Figs. 10(a-c), the stability of the
sample temperature is an important parameter to obtain high
classification rate.
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5% [6]

" (7]
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T T T T T [10]

LDA1 (93.9%)

(11]
Fig. 11 LDA plot for three quality levels of dried black tea. (a) without
heating or treatment |, (b) with unstable heating or treatment Il, and (c) with

stable heating or treatment IlI
[12]

(13]
IV. CONCLUSIONS

The e-nose with highly stable and controllable sample [14]
heater system was successfully developed by applying PID
controller. The sensor response exhibits significantly
dependent on the temperature of the sample. Without heating
treatment, the e-nose is not able to distinguish the three
quality levels of black tea correctly. By applying the
unstable heating treatment, the performance of the e-nosétdl
was improved significantly. When using the stable and
controllable sample heater, all samples are separated clearly,
where 97.8% of original grouped and 97.8% of cross-
validated grouped are correctly classified.
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