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Research on online correction algorithm with neural network
multi-environment factors for CO detection of motor vehicle exhaust
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Abstract: The influence of temperature, humidity and pressure on the measurement of exhaust gas CO concentra-
tion after pretreatment is analyzed. An on-line correction algorithm with multi-environment factors of neural net-
work for the vehicle exhaust CO detection has been proposed. First, the exhaust gas sample data has been trained
offline to build the BP neural network model, and then the real-time measured temperature, humidity, pressure and
decimal absorption value of the samples have been put into the model for its online correction. Then the corrected
CO concentration has been achieved, so the measurement error of the NDIR sensor caused by environmental chan-
ges has been solved. Through the prototype experiment, the simulation experiment and the comparison with
SEMTECH-EcoStar, the maximum relative deviation of the CO with the concentration from 0 to 0.2% is 4. 8%
when the temperature range is from 30 to 50°C, relative humidity is from 25 to 40% , the pressure is from 95 to
115 kPa. The experiments have been carried out in the vehicle field to get the correction factor between 0.8 and 1,
which verifies the necessity and reliability of the method and provided effective technical support for the detection of
the CO concentration of the high-temperature exhaust gas from motor vehicles.

Key words: CO exhaust detection, infrared absorption, multiple environmental factors,online correction, BP neu-
ral network
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data,any non-linear curve approximation with any accu-
Introduction racy can be achieved, so as to correct the influence of

Vehicle exhaust has become one of the major pollu-
tion sources. One of the most important pollutants of mo-
tor vehicle exhaust is carbon monoxide (CO). It is esti-
mated that the amount of CO emitted by motor vehicles
accounts for 76% of the emissions from large and medi-
um-sized cities'"*). CO will cause great harm to human
health and the environment. Therefore, the accurate and
rapid detection of motor vehicle exhaust CO is the focus
of the development of emission standards and environ-
mental protection.

Basing on Lambert-Beers law, Non-dispersive infra-
red (NDIR) gas sensors have advantages as selectivity,
simplicity and reliability, with the characteristic of CO
gas having a strong absorption peak at the wavelength of
4.64 pm. However, gas sensors which based on NDIR
are susceptible to the changes of environmental tempera-
ture, humidity, and pressure when measuring the CO
concentration of motor vehicle exhausts. The absorbance
signals can be detectedfor the gas-absorbed radiation by
NDIR detectors. In real systems, the output of the detec-
tor is affected by environmental temperature, humidity
and pressure, resulting in increased signal spurious and
interference*>'.  From the HITRAN database, it is
known that below 3000 nm and in the mid-infrared band
between 4500 and 8000 nm, there’s a strong absorption
of water, meanwhile, when the humidity becomes high-
er, more water vapor will gather on the surface of the op-
tical element, which affects the reflection effect and re-
sponse of the pyroelectric detector'®’. When the environ-
mental total pressure changes in a wide range or the CO
partial pressure increases, the error of NDIR sensor will
increase'’).

At present, there are many ways forNDIR environ-
mental factor correction at home and abroad. Park JS,
Woo-Jin H, et al. have proposed a compensation algo-
rithm for correcting NDIR temperature factors and impro-
ving the accuracy of the NDIR analyzer**. Skouboe A,
Stolberg-Rohr T et al. have used optical filtering to com-
pensate for humidity' """, Gaynullin B has compensated
for environment pressure by an experimental platform
combined with an accurate calculation algorithm'*'. And
there’ re also researcheson the resolution of the NDIR an-
alyzer by changing the optical path at different humidi-
ty' ). There are algorithms proposed to calibrate the off-
set of NDIR analyzer for the non-linearity of temperature
and humidity'"*'. The existing methods can improve the
accuracy of detection at a certain degree. However, they
are only correcting one or two environmental factors, and
there are not many researches on the correction of multi-
ple environmental factors. At the same time, the exhaust
gas temperature varies with the running time, the pres-
sure varies with the speed, and the water vapor concen-
tration is high. Tt is necessary to comprehensively consid-
er the influence of multiple factors such as the tempera-
ture, humidity and pressure on the CO concentration so
that the true value of the vehicle exhaust CO can be ob-
tained more accurately. BP neural network has a strong
nonlinear mapping ability. Theoretically, if suitable non-
linear parametersare selected according to the measured

multiple environmental parameters on the NDIR gas sen-
sor.

In order to solve this problem, an online correction
method based on BP neural network for multiple environ-
mental factors is proposed in this paper. The proposed
method is applied to NDIR CO gas sensors. And an ex-
perimental system is established. With it the simulation
experiments and field experiments are carried out. The
results show that this method can reduce the error of ve-
hicle exhaust CO measurement in the complex environ-
ment.

1 Theory and system

1.1 Infrared absorption theory
Gas absorption of infrared radiation follows the Lam-
bert-Beer law .

I = I, , (1)
where I is the incident light intensity, [ is the light col-
lected by the detector, k is the absorption coefficient at
the wavelength A, x is the gas concentration to be meas-
ured, and L is the length of the gas absorption.

Absorption coefficient £ is a very complex quantity,
which is not only relates to the type of gas, the wave-
length of light, but also affected by other factors such as
ambient temperature, humidity, and pressure. There-
fore, for the measurement environment of changed tem-
perature, humidity, pressure, k is a variable value,
which can affect the light intensity /. At the same time,
changes in temperature and pressure will change the gas
concentration to be measured.

Actually, the gas absorption of strong light follows
the formulat™’ .

[ IZA(A)d,\ = C + DlogW + Qlog(P +p)
, (2)

where C.D.(Q are determined by the experiment of the
constant, A(A) is the measured gas absorption at a cer-
tain wavelength, dA is light wavelength increment
(em), X =X, — A, is light wavelength range (cm), P
is the total environmental pressure (kPa) , p is the meas-
ured gas partial pressure (kPa), W= (pl/76) + [273/
(273 +t) ], t is the environment temperature (°C ), [ is
the measured gas thickness (cm).

The interference of water vapour is more complicat-
ed, assuming the influence of water vapour is f(H), so
the formula (2) becomes:

=1 SO N6
where [” is the output light intensity. According to Eqs.
2 and 3, it can be seen that the influence of tempera-
ture, humidity and pressure on the gas concentration to
be measured is complex and cannot be directly expressed
by a single expression. However, the BP neural network
has strong generalization ability. Therefore, in this paper
it’ s proposed to correct the influence of the three envi-
ronmental parameters on the gas concentration to be
measured and improve the measurement accuracy by es-
tablishing the BP neural network model.
1.2 System components
The sampling and detecting system for the high tem-
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perature exhaust of motor vehicle is mainly composed of
the sampling pretreatment device, the NDIR analysis
module, the temperature and humidity sensor module,
the data processing module and the upper computer. The
designed system structure is shown in Fig. 1.

Particulate filter Membrane dryer

Sample gas inlet_ .
Fluid collector

Double-head
diaphragm pump

Spiral cooling pipe
Drive circuit
CO channel

RE G
Sampling tube

Temperature ~ Humidity Pressure

e gas outle
Sample gas outlet ... processor

Motor vehicle

Fig.1 Exhaust gas sampling analysis system
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The vehicle exhaust is cooled, dewatered and de-
dustedbefore it enters the NDIR gas chamber to protect
the NDIR sensor and make for the long-term stable oper-
ation of the sensor. The vehicle exhaust is firstly cooled
down by a spiral cooling pipe and then sent to the liquid
absorber to remove most of the vapourand reach the sam-
pling gas inlet. In the NDIR analysis module, a double-
headed diaphragm pump is installed to extract the sample
gas from the sampling pretreatment module , which is fur-
ther dewatered by a membrane dryer anddedusted by the
particulate filter and then sentinto the measuring cell.
The sample chamber is of a parallel two-channel struc-
ture, and the inner walls are communicated with each
other. Sampling gas is discharged from the other end of
the gas chamber to the sample output port, and the outlet
is with the temperature, humidity and pressure sensor.
The infrared radiation signal (FA) detected by the ther-
mopile detector and the sample gas temperature (),
Humidity (H) , pressure (P) data obtained are sent to
the data processor to be processed, and then transmitted
to the host computer for the concentration inversion cor-
rection.

The NDIR analysis module consists of two measure-
ment channels: the CO measurement channel and the
reference channel. Tt converts the light intensity into
voltage signals. Then, the data processing module com-
pares the two voltage signals to obtain the fractional ab-
sorption value FA.

O A A P
L I Vi Vi
where I, .V, I, .V, representsthe output light intensity of
the CO measurement channel, the output voltage, the
output light intensity of the reference channel and the
output voltagerespectively, 1,5V, .1y V,, represents the
output light intensity of the CO measurement channel,
the output voltage, the output light intensity of the refer-
ence channel, and the output voltage when x =0 (with
pure nitrogen) respectively. It can be concluded that FA

increases with the increase of CO concentration, which is
a positive correlation. Combining equation (1), it is
easy to invert the CO concentration before correction.
The use of ratio method can effectively eliminate common
mode interference caused by circuit environment and op-

tical effects of the NDIR detector.

2 Multi-environment factor online correc-
tion algorithm

BP neural network is a multi-layer feedforward net-
work trained by error inverse propagation algorithm,
which hasthe characteristics of approximating any nonlin-
ear and strongly coupled data sample model ", Accord-
ing to the system shown in Fig. 1, the condition of the
vehicle exhaust is simulated after the pretreatment. Tak-
ing the sample gas temperature (30 ~55°C), humidity
(20-45% ) , pressure (90 ~ 120 kPa) and decimal ab-
sorption value FA as the input, the CO standard gas con-
centration (0 ~5% ) as the output, the BP neural net-
work model of four input and one output can be estab-
lished. The temperature, humidity and pressure in each
group correspond to 10 groups of different standard CO
gas concentrations.

The number of hidden layer nodes in the network
model can be chosen according to the following empirical

formula''”! .
n, = Jn+m+a , (5)

where n is the number of input nodes, m is the number
of output nodes, a is a constant between 1 and 10. The
model uses 1 200 sets of real-time measured data for
training, in which the hidden layer uses the tansig trans-
fer function and the output layer uses the purelin transfer
function. The training results are shown in Fig. 2.

Fig.2  The relationship between root mean square error of
BP network and key parameters
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It’ s shown in Fig. 2 the root-mean-square ( RMS)
error of the BP neural network with different hidden layer
neurons and training steps. The smallest error has been
obtained with 11 neurons, decreased with the number of
training steps increased. However, when the number of
training steps exceeds 3 500, the RMS error decreases
slowly. In actual training, 4500 training steps are used.
The final optimal parameters are as follows. The learning
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rate is 0. 2, the hidden layer has 11 neurons and the
training steps are 4500 steps. Finally the built three-lay-

er BP neural network are shown in Fig. 3.
a2 |Corrected
CO

Input layer middle layer Output layer

'Temperature]

Humidity
Pressure

FA

7 1T I
al=tansig(w1*U+bl) a2=purelin(w2*al+b2)

Fig.3 Three-layer BP neural network
3 =2 BP iM%

In Fig. 3, W1 and bl respectively denote the
weights and the thresholds of the hidden layers. W2 and
b2 respectively denote the weights and thresholds of the
output layer. U denotes the input matrix,al is the trans-
fer function of the hidden layer, a2 is the transfer func-
tion of the output layer, nl is the number of hidden layer
nodes, and n2 is the number of output layer nodes.
These are all known parameters for well-trained BP mod-
els.

Based on the established BP model, the method of
multi-environment factor on-line correction is designed
for the vehicle exhaust CO concentration detection. The
process is shown in Fig. 4.

Start the NDIR
sensor

v v

Measuring Temperature FA
Humidity. Pressure

I |
v

Multi-environment
factor correction

A 4

Corrected CO
concentration

Fig.4 Method of multi-environment factor online cor-
rection for CO concentration detection in vehicle exhaust
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With the measurement system operating, the deci-
mal absorption value FA, and the temperature, humidity
and pressure of the sample gas at the cell outlet are
measured by sensors as the 4 input parameters in Fig. 3.
Then, they are put into the established BP model in the
data processing system,so the corrected CO concentration
can beobtained.

3 Experimental verification

3.1 Prototype experiment
In order to verify the correctness of the algorithm,

we have sampled 4 x 10 experimental data with different
temperature , humidity and pressure conditions as the test
samples which are not used in the training network , then
we have carried out the prototype experiments. Four sets
of temperature,, humidity and pressure data have beenall
selected within the actual large span and to ensure a cer-
tain representation. Each set of temperature, humidity,
pressure data contains 10 different standard CO gas con-
centrations.

Then the data have been put into the model ( Fig.
3), and the results of the correction are shown in Fig. 5.
The corrected CO concentration has been calculated by
the data processor after obtaining the FA value.

c COIHpCllS‘dtiOl]
output after compensation

4 5 6
The sequence number of s

> COlllpL‘llSiltiUn
output after compensation

2 3 4 5 6 7 8 9 10
The sequence number of sample
(b)
standard gas output
output b > compensation
output after compensation

2 3 4 5 6 7 8 9 10

The sequence number of sample

standard gas output

output after compensation

3 4 5 6 7 8
The sequence number of sample

()]

Fig.5 Comparison of the experimental results before
and after correction (a) 30 C, 22% RH, 117 kPa, (b)
45 C, 27% RH, 100 kPa, (c) 32 C, 35% RH, 109
kPa, (d)53 °C, 45% RH, 92 kPa

BlS  ABIERTS MR SE S0 XS L (2) 30 C22% RH,
117 kPa, (b)45 C.27% RH,100 kPa, (c)32 C.35%
RH,109 kPa,(d)53C .45% RH.92 kPa
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Comparison of the experimental results before and
after correction is shown in Fig. 5. It can be seen after
the correction, the output absolute error of the NDIR
sensor is significantly reduced and the average absolute
error is 0. 013 vol% . At 53°C, 45% RH and 92 kPa,
the output absolute error of the NDIR sensor has dropped
to 0.03% from the original 1% . At the same time, the
maximum relative error has dropped from 22% t0 5.8%.
It can be proved that this algorithm can correct the non-
linear error caused by temperature, humidity and pres-
sure, which is an effective method.

3.2 Simulation comparison experiment

Gasoline engine is used to simulate high-temperature
automotive exhaust environment, the model is GX100-
HONDA, four-stroke air-cooled OHV. The sampling
tube is placed at end of the generator exhaust port, the
other portis placed in the sampling channel of sampling
system. The pre-treatment gas outlet of sampling system
is connected with the NDIR module, and experimental
platform as shown in Fig. 6. At the same time, with the
Sensors Company *° s SEMTECH-EcoStar Automotive
Measurement System for synchronous comparison experi-
ment.

Sampling Pretreatment Module

Gasonline Engine
Sampling Pipe

Sample gas inlet

CO Detection Module

Sample gas outlet

Fig.6 Experimental verification platform
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The experimental platform has been started with the
gasoline engine throttle being random adjusted, and then
the engine has been kept running for 20min. 10 sets of
data have been taken with the interval of 2min, and the
comparison of the test results are shown in Fig.7.

It’ s shown in Fig. 7 (a) the temperature of the
sample gas in the NDIR chamber, in the range of (32 ~
45)°C , which shows an increasing trend as the operating
time increases; (b) shows the sample gas relative hu-
midity, in the range of (22,35)% , which shows a
downward trend, mainly due to sample gas temperature
rise; (c) shows the sample gas pressure, in the range of
(102,112) kPa, fluctuations rang 10 kPa; (d) shows
the CO concentration contrast, CO concentration of NDIR
is about 15% different from SEMTECH-EcoStar before
correction. But, the maximum relative deviation dropped
to 4. 8% after correction, verifying the feasibility and ac-
curacy of the designed correction method.

3.3 Vehicular experiment

The sampling and detection system has been prehea-

ted for 15 minutes, after its zero and span calibration has

TC]’anl’ﬂ[UI‘C

Temperature/ C

8 10 12 14
Time/min
(a)

Humidity

8§ 10 12 14
Time/min
(b)

Pressure

Unc
EcoSta

CO Concentratio

Fig.7 Simulation comparison experiment (a) Sample
gas temperature, (b) sample gas humidity, (¢) sample
gas pressure, (d) CO concentration contrast
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been completed, it has been installed in the trunk of a
motor vehicle, and then the on-site testing has been car-
ried out on a road in Hefei, as shown in Fig. 8.

The environment temperature is 24°C and the air
humidity is 40% . The vehicle speed changes at (20 ~
60) km/h and the total travel distance is 25 km. The ex-
periment time is from 16:04:00 to 16:34.00, and the
total time is 30 minutes. It’ s shown in Fig.9 the contin-
uous detection results of the sampling and detection sys-
tem during the operation at the vehicle field (2017-10-
25). System’ s response frequency is 1Hz, and each
group of data contains 1800 parameters.

It’ s shown in Fig. 9 the vehicle field experiment da-
ta. Figure 9 (a) shows the automobile exhaust tempera-
ture after the pretreatment, the range of (36 ~44)%C,
which shows anupward trend. Figure 9 (b) shows the
relative humidity of the automobile exhaust after pretreat-
ment, the range of (26 ~33) % , which shows a down-
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atment Module

Fig.8 Vehicular sampling test
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Temperature

200 400 600 800 10001 20014001 6001 800
Time/s
(a)

Humidity

200 400 600 800 10001 20014001 6001 800
Time/s
(b)

Pressure

200 400 600 800 10001 2001 4001 6001 800
Time/s
(c)

Uncorrected”
Corrected

]
810 820 830 840 850 860 8

200 400 600 80010001 20014001 6001 800

Time/s
(d)

Fig.9 Vehicle field experiments (a) Sample gas
temperature, (b) sample gas humidity, (c¢) sample
gas pressure, (d) CO concentration contrast
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ward trend. Figure 9 (c¢) shows the automobile exhaust
pressure after the pretreatment, the range of (104 ~
115) kPa, fluctuates around 10 kPa. Figure 9 (d)
shows the comparison of the CO concentration before and
after on-line correction,and the whole trend is consistent
with the data from the enlarged 60 groups (810 to 870).
The corrected CO concentration was lower than before
correction, and the correction factor fluctuated between
(0.8, 1.0) with a mean value of about 0. 87. It verified

the necessity of the correction method.
4 Conclusion

There is obvious effect of the designed online cor-
rection method with multiple environmental factors of BP
neural network, and its accuracy and necessity are veri-
fied by the prototype experiment, simulation experiment
and vehicle experiment. Compared with the similar ad-
vanced instrument SEMTECH-EcoStar, the maximum
relative deviation is only 4.8%.

There are two main reasons for the deviation:

(1) The pretreatment system used in the experi-
mental system and SEMTECH-EcoStar are different, and
their NDIR sensors are different, so the inversion of the
gas chamber CO concentrations are also different.

(2) The factors of only temperature and humidity
have been considered in the SEMTECH-EcoStar correc-
tion for the gas chamber CO concentration, while the
temperature, humidity and pressure are considered in the
designed experimental system.

The online operation of the designed experimental
system is stable, with a certain engineering practicabili-
ty. The proposed method is also suitable for the detection
of gases such as CO,, HC and other gases with NDIR

sensors, providing effective technical support for the su-
pervision of motor vehicles and environmental governance
in our country, so there’s good application prospect.
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