
Citation: Wu, C.; Pei, Y.; Liu, C.;

Bai, X.; Jing, X.; Zhang, F.; Qin, J.

Insights into the Fusion Correction

Algorithm for On-Board NOx Sensor

Measurement Results from

Heavy-Duty Diesel Vehicles. Energies

2023, 16, 6082. https://doi.org/

10.3390/en16166082

Academic Editor: Jaroslaw

Krzywanski

Received: 30 June 2023

Revised: 29 July 2023

Accepted: 5 August 2023

Published: 21 August 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Insights into the Fusion Correction Algorithm for On-Board NOx
Sensor Measurement Results from Heavy-Duty Diesel Vehicles
Chunling Wu 1,2, Yiqiang Pei 1,*, Chuntao Liu 1, Xiaoxin Bai 2, Xiaojun Jing 2, Fan Zhang 1 and Jing Qin 1,3

1 State Key Laboratory of Engines, Tianjin University, Tianjin 300072, China
2 China Automotive Technology and Research Center Co., Ltd., Tianjin 300300, China
3 Internal Combustion Engine Research Institute, Tianjin University, Tianjin 300072, China
* Correspondence: peiyq@tju.edu.cn

Abstract: Over the last decade, Nitrogen Oxide (NOx) emissions have garnered significantly greater
attention due to the worldwide emphasis on sustainable development strategies. In response to
the issues of dynamic measurement delay and low measurement accuracy in the NOx sensors of
heavy-duty diesel vehicles, a novel Multilayer Perceptron (MLP)–Random Forest Regression (RFR)
fusion algorithm was proposed and explored in this research. The algorithm could help perform post-
correction processing on the measurement results of diesel vehicle NOx sensors, thereby improving
the reliability of the measurement results. The results show that the measurement errors of the
On-board Nitrogen oxide Sensors (OBNS) were reduced significantly after the MLP-RFR fusion
algorithm was corrected. Within the concentration range of 0–90 ppm, the absolute measurement
error of the sensor was reduced to ±4 ppm, representing a decrease of 73.3%. Within the 91–1000 ppm
concentration range, the relative measurement error was optimised from 35% to 17%, providing a
reliable solution to improve the accuracy of the OBNS. The findings of this research make a substantial
contribution towards enhancing the efficacy of the remote monitoring of emissions from heavy-duty
diesel vehicles.

Keywords: heavy-duty diesel vehicles; on-board nitrogen oxide sensors (OBNS); fusion correction
algorithm; multilayer perceptron (MLP)–random forest regression (RFR); machine learning

1. Introduction

In the past decade, nitrogen oxide (NOx) emissions have attracted more attention as
the strategy of sustainable development has become a global focus. In China, all China VI
diesel vehicles are equipped with selective catalytic reduction (SCR) technology, which has
resulted in an average reduction of 84% in NOx emissions from the tailpipe [1]. Since over
80% of road transport NOx emissions come from diesel vehicles, it is increasingly important
to strengthen regulations on emissions from these vehicles during actual operation [2]. In
order to evaluate the NOx emission level during the actual operation of diesel vehicles,
a compliance test method was proposed in the China VI emission standard based on a
portable emission measurement system (PEMS) [3].

The PEMS test has been widely recognised to provide vehicles with a more realistic
emission characteristic during real-world driving conditions [4–7]. However, due to the
high cost of the equipment and relatively low test efficiency, there remain challenges for
the PEMS method to meet the monitoring requirements of large-scale, long-term, and
dynamically changing test environments [8,9]. Hence, it is very urgent to develop a low-
cost and efficient monitoring technology for heavy-duty vehicle emissions that covers the
entire vehicle lifecycle. A remote monitoring approach to test emissions from heavy-duty
vehicles based on terminal data has become more necessary. According to the China VI
emission standards, heavy-duty diesel vehicles must be equipped with remote emission
monitoring relevant on-board terminals [10].
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On-board nitrogen oxide sensors (OBNS) are one of the most important data sources
for the remote monitoring of actual driving emissions in heavy-duty diesel vehicles. The
most common reaction in NOx sensors is the oxidation–reduction reaction, which converts
the NOx concentration into an electrical signal. The accuracy of the measurement results
from on-board NOx sensors directly affects the results of vehicle emission assessments.
Compared to PEMS with nondispersive ultraviolet (NDUV) or chemiluminescence detec-
tion (CLD) techniques, there are some advantages to OBNS, such as the lower cost, smaller
size, and easier integration, which make the OBNS more suitable for large-scale emissions
monitoring for diesel vehicles.

However, it is challenging to achieve a high accuracy of OBNS measurements.
The important research findings in NOx sensor correction are summarised in Table 1.
Hofmann et al. [11] compared the discrepancies in measurements between the OBNS
and standard CLD emission analysers on a heavy-duty diesel engine test bench. It
was found that there was an uncertain delay in the measurement signals of the OBNS
compared to the CLD analysers. Moreover, the cross-sensitivity of the OBNS to NH3 led
to a poor consistency between the OBNS and the CLD analyser, especially in measuring a
low range of NOx concentration. To address the issue of NH3 cross-sensitivity in OBNS,
Giampà et al. [12] developed a fusion algorithm to correct the measurement values of the
OBNS. By using Fourier transform infrared spectrometry, this algorithm estimated the
cross-sensitivity of the actual sensor, thereby correcting the NOx sensor measurements.

In addition, OBNS measurements are more sensitive to the actual working environ-
ment due to their electrochemical reaction characteristics [13,14]. Fischer et al. [13] and
Just et al. [14] demonstrated that the measurement accuracy of the OBNS was strongly af-
fected by the temperature and humidity of the working conditions. The traditional method
for sensor measurement compensation is hardware compensation, which requires a high
detection performance by a complex and costly design of a sensor control circuit [15,16].
Meantime, software compensation has become a prevalent and accurate method with the
advantages of various optimization algorithms. Using long short-term memory (LSTM)
networks, Huang et al. [17] trained a temperature and humidity compensation method for
OBNS based on sensor measurements, actual NOx concentrations, and the tested gases’
temperature and relative humidity. This method exhibited a suitable temperature and
humidity compensation performance and effectively improved the accuracy of the OBNS.
Li et al. [18] proposed corresponding correction equations to enhance the measurement
accuracy of the OBNS after investigating the influence of actual operating environmental
factors, such as temperature and humidity.

In summary, the studies mentioned above mainly focused on examining and correct-
ing the impacts of temperature, humidity, and NH3 on the OBNS measurements. However,
few studies focused on the characteristics of the OBNS during the actual driving process
of diesel vehicles. Furthermore, no investigation was reported on utilising fusion cor-
rection algorithms of machine learning to enhance the OBNS measurement accuracy for
heavy-duty diesel vehicles. Machine learning techniques have demonstrated powerful
capabilities in correcting measurement data errors, particularly in complex and large-scale
datasets [19–22]. Regarding measurement data, machine learning techniques can assist
in error correction due to the following advantages: the identification and correction of
common error types, the development of highly accurate models, handling large volumes
of data, and adaptive correction.

Therefore, this research analysed the measurement characteristics of the OBNS during
the actual driving process of heavy-duty vehicles using machine learning techniques and
provided insights into the multilayer perceptron (MLP)–random forest regression (RFR)
fusion correction algorithm for OBNS measurement results. For this research paper, the
main contributions are as follows: (1) The proposal and exploration of a novel MLP-RFR fu-
sion algorithm to address the issues of dynamic measurement delay and low measurement
accuracy in NOx sensors of heavy-duty diesel vehicles. (2) The application of the MLP-RFR
fusion algorithm for post-correction processing on the measurement results of diesel vehicle
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NOx sensors, resulting in improved reliability of the OBNS measurement results. (3) The
findings of this research also have the potential to contribute substantially to developing
approaches for improving the measurement accuracy of the OBNS and facilitating the
highly effective remote monitoring of NOx emissions from heavy-duty diesel vehicles. The
rest of the paper is organised as follows: Section 2 introduces the research method. Section 3
presents the results and discussion of this research. Section 4 presents the conclusions and
future work.

Table 1. Important research findings in NOx sensor correction.

Publication Year Key Advances Main Authors

2004
The measurement delay and cross
sensitivity of NOx sensors
were investigated.

Hofmann et al. [11]

2009

A data fusion algorithm was
developed to account for the
temperature and NH3 slip effects on
NOx measurement.

Giampà et al. [12]

2010

A measurement method using
zirconia-based potentiometric lambda
sensors was presented to distinguish
exhaust gas components accurately.

Fischer et al. [13]

2015

A mixed-potential electrochemical
gas sensor with a three-dimensional
three-phase boundary was
investigated to detect NO2 at
elevated temperatures.

Liu et al. [15]

2016

An adaptive-network-based fuzzy
inference system was used to develop
an algorithm that corrected the NOx
sensor readings.

Wang et al. [14]

2020

A method based on an LSTM
network for temperature and
humidity compensation of the
on-board NOx sensors was proposed.

Huang et al. [17]

2021

A formula for on-board NOx
correction to ambient humidity and
temperature was fitted using a big
data approach.

Li et al. [18]

2. Research Method

Figure 1 presents a flowchart to illustrate the research methodology clearly. First,
multiple real-world driving tests were conducted on a heavy-duty diesel vehicle. NOx
emission data were synchronously collected in real-time using a PEMS and an OBNS,
which were utilised for subsequent model training and validation. Second, the acquired
experimental data underwent preprocessing to ensure data quality and consistency, pro-
viding reliable input for machine learning training. The preprocessed data were divided
into a development set and a test set, which were used for model training and validation,
respectively. Third, a classification algorithm was employed to construct an OBNS measure-
ment delay correction model, aiming at identifying the measurement delay of the OBNS
compared to the PEMS and conducting subsequent delay correction. Fourth, based on the
data corrected for measurement delay in the previous step, a regression algorithm was
utilised to build an OBNS measurement concentration deviation correction model, which
was intended to correct the measurement bias of OBNS. Finally, a fusion algorithm was
employed for training using the development set data, and different classification and
regression algorithms were explored to optimise the models and assess their performance.
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Figure 1. Flowchart of the research approach.

2.1. Experimental Facilities

In order to investigate the measurement characteristics of an OBNS during the ac-
tual driving process, this research conducted 13 road tests using a China VI heavy-duty
diesel vehicle. The experiments were mainly conducted in the Dongli District, Tianjin,
China. During the experiments, the altitude ranged from 0 to 200 m above sea level. The
measurement points for the OBNS and PEMS can be seen in Figure 2. The experimental
operating conditions encompassed typical road scenarios, including urban, rural, and
highway driving, and some typical vehicle manoeuvres, such as acceleration, deceleration,
and steady-state driving.
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The PEMS device used in this research was a gas analyser (M.O.V.E, AVL, Graz, Aus-
tria), which adopts the NDUV analysis method to measure the volumetric concentrations
of NO and NOx in the exhaust. The PEMS On-Board Diagnostics (OBD) data collector was
connected to the vehicle to acquire vehicle information, including the engine torque, engine
speed, and vehicle speed. In addition, the PEMS was equipped with a Global Positioning
System (GPS) to calculate the instantaneous vehicle speed.
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The tested vehicle was equipped with a current-type NOx sensor (EGS-NX2, BOSCH,
Stuttgart, Germany), which utilises the Nernst equation and the limiting current princi-
ple to indirectly calculate the NOx content in the exhaust gas by measuring the oxygen
concentration generated through the decomposition of NOx. Moreover, Table 2 provides
key information about the OBNS and the PEMS system used in the experiments under
laboratory conditions.

Table 2. Key specifications of the NOx sensor and PEMS.

Facility Manufacturer
and Model Measurement Range Precision (Steady State)

OBNS BOSCH EGS-NX2
0–90 ppm: ±10 ppm

0–2750 ppm 91–1500 ppm: ±8% rel.
1501–2750 ppm: ±12% rel.

PEMS AVL M.O.V.E.
0–5000 ppm (NO) 0–5000 ppm: ±2% rel. (NO)
0–2500 ppm (NO2) 0–2500 ppm: ±2% rel. (NO2)

2.2. Data Processing and Segmentation

During the experiments, data items, such as vehicle speed and OBNS, were collected
from the vehicle’s Controller Area Network (CAN) bus, while the PEMS was used to collect
the reference data consisting of the NOx concentration and other key information. After the
completion of the experiments, the collected data underwent the following preprocessing
steps: (1) elimination of invalid OBNS measurements, such as data obtained before the
NOx sensor dew point release; (2) alignment of the CAN bus and PEMS data based on the
vehicle speed.

To minimise the experimental workload while ensuring model accuracy, as few data
points as possible for model training were utilised in this research. The first 90% of the
experimental data were selected as the model training and optimisation development set.
The remaining 10% of the data served as the testing set solely for evaluating the model’s
generalisation performance.

2.3. MLP-RFR Fusion Correction Model

Due to the dynamic delay of the OBNS during the actual measurements, it is quite
challenging to achieve satisfactory correction results via a single regression algorithm.
Therefore, this research initially proposes the MLP-RFR fusion correction model for correct-
ing the OBNS, as illustrated in Figure 2. The relevant items’ meanings in Figure 3 can be
found in Table 3.

First, the dynamic measurement delay of the OBNS was identified and corrected using
machine learning classification algorithms. Then, based on this, a regression algorithm
was employed to establish the mapping relationship between the OBNS and PEMS tests,
enabling accurate correction of the sensor concentration measurements.

2.3.1. Delay Correction Model for the OBNS Measurement (Time Alignment)

The basis for correcting measurement data is identifying the delay between the OBNS
and PEMS tests. Figure 4 shows that the response of the OBNS lagged behind the PEMS
system, and the lag time varied at different instances.
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Table 3. The relevant items’ meanings in Figure 3.

Symbol Variable Symbolic Meaning Model Affiliation

MA30 Moving average of 30 s window of raw measurements from OBNS
Classification ModelSTD30 Standard deviation of 30 s window of raw measurements from OBNS

Lag_t Actual delay of in-vehicle NOx sensor

Lag_OBNS Measurement delay correction data for OBNS

Regression Model

MA5 Moving average of Lag_OBNS over a 5 s window
MA10 Moving average of Lag_OBNS over a 10 s window
STD5 Standard deviation of Lag_OBNS over a 5 s window
STD10 Standard deviation of Lag_OBNS over a 10 s window
PEMS PEMS measurement value
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Hence, the five data processing steps were performed as follows:
(1) The OBNS measurement data was shifted forward by t (s) to construct different

measurement delay-corrected datasets, denoted as data_t.
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(2) Since the data collection frequency was 1 Hz, and the OBNS measurement delay
was within 4 s, t (s) was set to be 0, 1, 2, 3, and 4, respectively.

(3) We extracted window data from the processed data of the five different shifted
time series and the PEMS test data using the sliding window method. The sliding window
size was 30 s, and the sliding step was 5 s. The measurement delay of each window dataset
was calculated using Equation (1) to represent the time delay differences of the OBNS.

The sum of the squared errors was utilised to characterise the measurement delay of
the OBNS relative to the PEMS within each sliding window. The calculation process for
the measurement delay of each sliding window was as follows: (a) Sequentially calculate
the sum of the squared errors (set,1) between the first sliding window dataset of the OBNS
with time-delay adjustment t and the first sliding window dataset of PEMS (where t ranged
from 0 s to 4 s); (b) Select the time delay t corresponding to the minimum set,1 as the
actual measurement delay of the OBNS within the first sliding window; (c) calculate the
measurement delay (set,m) of the OBNS for the remaining sliding windows using the same
process as (a) and (b).

set,m = ∑n
i=1

(
yp,i − yo,i

)2, (1)

where yp,i denotes the ith data sample within the sliding window of PEMS; yo,i denotes
the ith data sample within the sliding window of the OBNS after different time-shifting
processes; n denotes the sliding window size.

(4) The measurement delay identification model for the OBNS was constructed by
utilising the average value (MA30) and standard deviation (STD30) of the measurements
in 30 s sliding windows as learning features. Moreover, different classification algorithms
were employed to construct the measurement delay identification models by using the
calculated measurement delay Lag_t for each sliding window as the learning label.

(5) The measurement delay of the OBNS was predicted for different sliding windows
using the measurement delay identification model. Then, based on the prediction results,
the delay-corrected data for the measurement delay (Lag_OBNS) were reconstructed by
selecting the corresponding sliding window data.

2.3.2. Correction Model of Concentration Deviation for OBNS Measurement

Based on the sensor’s measurement delay correction and different regression algo-
rithms to correct the concentration deviation, the mapping relationship between the delay-
corrected data of the OBNS and the PEMS test were established as the training and predic-
tion features in this research. Those datasets had a five-dimensional feature: Lag_OBNS,
MA5, MA10, STD5, and STD10.

2.4. Optimisation and Performance Evaluation of the Machine Learning Models

Machine learning is a method to study algorithms and select one by comparing
the performances of the algorithms. Table 4 summarises the commonly used machine
learning algorithms.

Table 4. The commonly used machine learning algorithms.

Algorithms For Problem Types

Decision tree Regression, classification
Support vector machine (SVM) Regression, classification
Naive Bayes Classification
MLP network Regression, classification
Random forest (RF) Regression, classification

Decision trees, support vector machines (SVM), eXtreme Gradient Boosting (XGBoost),
Naive Bayes, MLP, and random forest (RF) are popular algorithms in machine learning [23–25].
These all belong to the supervised learning category, where models are trained using labelled
training sets to make predictions on unlabelled data.
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RF is an ensemble learning algorithm based on decision trees, known for its stability
and predictive performance [26]. The basic structure of the RF algorithm is illustrated in
Figure 5. Multiple decision trees can be utilised in an RF to perform prediction and classifi-
cation tasks, and then the final decision can be obtained by combining the results of these
trees. The primary advantage of the RF is effectively reducing overfitting and improving
individual decision trees’ generalisation ability. For regression problems, random forest
utilises the variance or the mean square error (MSE) as the criteria for feature selection.

Energies 2023, 16, x FOR PEER REVIEW 8 of 19 
 

 

2.3.2. Correction Model of Concentration Deviation for OBNS Measurement 
Based on the sensor’s measurement delay correction and different regression algo-

rithms to correct the concentration deviation, the mapping relationship between the de-
lay-corrected data of the OBNS and the PEMS test were established as the training and 
prediction features in this research. Those datasets had a five-dimensional feature: 
Lag_OBNS, MA5, MA10, STD5, and STD10. 

2.4. Optimisation and Performance Evaluation of the Machine Learning Models 
Machine learning is a method to study algorithms and select one by comparing the 

performances of the algorithms. Table 4 summarises the commonly used machine learning 
algorithms. 

Table 4. The commonly used machine learning algorithms. 

Algorithms For problem Types 
Decision tree Regression, classification 
Support vector machine (SVM) Regression, classification 
Naive Bayes Classification 
MLP network  Regression, classification 
Random forest (RF) Regression, classification 

Decision trees, support vector machines (SVM), eXtreme Gradient Boosting 
(XGBoost), Naive Bayes, MLP, and random forest (RF) are popular algorithms in machine 
learning [23–25]. These all belong to the supervised learning category, where models are 
trained using labelled training sets to make predictions on unlabelled data. 

RF is an ensemble learning algorithm based on decision trees, known for its stability 
and predictive performance [26]. The basic structure of the RF algorithm is illustrated in 
Figure 5. Multiple decision trees can be utilised in an RF to perform prediction and classi-
fication tasks, and then the final decision can be obtained by combining the results of these 
trees. The primary advantage of the RF is effectively reducing overfitting and improving 
individual decision trees’ generalisation ability. For regression problems, random forest 
utilises the variance or the mean square error (MSE) as the criteria for feature selection. 

 
Figure 5. Structure of the RF algorithm. Figure 5. Structure of the RF algorithm.

MLP is a feedforward artificial neural network commonly used for classification
and regression problems [27]. Meanwhile, MLP has become a valuable tool in machine
learning with the advantages of modelling nonlinear relationships, automatically extracting
meaningful features, analysing feature weights, and reducing data dimensions [24,25].
Figure 6 depicts the basic structure of an MLP, which consists of at least three layers: input,
hidden, and output. The core idea of the MLP is to construct a multilayer neural network,
where each layer consists of nodes with weighted connections. The input layer receives
data and passes it through the network, the hidden layers perform weighted processing
of the signals using activation functions, and the output layer generates results. Then,
the backpropagation algorithm of an MLP is used to train the model, which propagates
the error from the output layer back to the hidden layers and input layer. This process is
iterated for a certain number of iterations until the error reaches an acceptable level.

The core of machine learning lies in achieving accurate predictions on unknown
samples based on known information. During the training process, as errors are inevitable,
reasonable calibration and evaluation should be conducted to address these errors and
prepare for utilisation. To fully utilise the information in the dataset and mitigate the risk
of overfitting due to insufficient data, this work employed the tenfold cross-validation
method to evaluate the performance of the machine learning models. In cross validation,
the input development dataset is divided into 10 equally sized and mutually exclusive
subsets. Nine subsets are used as training sets, while the remaining subset is used as a
validation set. With 10 iterations of training and validation, the average of all test results is
taken as the final model’s predictive performance. This approach provides a more objective
assessment of the model’s ability to perform on new data and avoids potential bias from
relying solely on a single training set and validation set [28].
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Furthermore, to prevent overfitting, different algorithms adjust specific parameters.
For instance, in decision tree and random forest algorithms, the maximum depth of the
tree and the minimum number of samples in leaf nodes are limited. In the MLP algorithm,
dropout layers are introduced to randomly discard a portion of neuron outputs, reducing
the complexity of the neural network [29].

In this study, grid search was employed to optimize the hyperparameters of different
algorithms. For instance, in the random forest algorithm, parameters such as the number of
decision trees (n_estimators), the maximum number of features to consider (max_features),
and the minimum samples required to split a node (min_samples_split) were tuned. In the
MLP algorithm, parameters like the size of hidden layers (hidden_layer_sizes), activation
function type (activation), and dropout layer parameters are optimized using grid search.
Grid search is one of the most widely used parameter optimisation algorithms in machine
learning [30]. This algorithm first divides the entire parameter space into a grid of all
possible parameter combinations. Then, it iteratively traverses each intersection point on
the grid, applies cross validation to calculate the error for each parameter set, and finally
identifies the parameter set with the minimum error as the global optimum. The algorithm
can obtain the best solution from various parameters through grid search.

In the measurement delay correction model of the OBNS, accuracy is used as the
evaluation metric for the model’s prediction accuracy. A higher score indicates better
classification performance. The calculation formula is as follows:

accuracy =
tp

tp + fp
, (2)

where tp represents the number of samples in which the actual measurement delay of
the OBNS is the same as the predicted delay by the model, and fp represents the number
of samples in which the actual measurement delay of the OBNS is different from the
predicted delay.

In the concentration deviation correction model of the OBNS, the MSE and coefficient
of determination (R2) are used to characterize the model’s prediction accuracy. The MSE
represents the average of the squared differences between the predicted values and the
actual values, and a smaller value indicates a better prediction performance. R2 represents
the model’s goodness of fit and has a range of 0 to 1. If R2 is close to 1, it indicates that the
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model has good explanatory power for the actual data. The calculation formulas for the
MSE and R2 are as follows:

MSE =
1
n∑n

i=1(yi − ŷi)
2, (3)

R2 = 1 − ∑n
i=1(yi − ŷi)

2

∑n
i=1(yi − y)2 , (4)

where n denotes the number of samples, yi and ŷi denote the measured values and predicted
values of the PEMS at the ith second, repetitively. y denotes the average value of all
measured values of the PEMS.

3. Results and Discussion
3.1. Analysis of the OBNS Measurement Characteristics

Figure 7 compares the transient measurement results of the OBNS and the PEMS in
a test process. Figure 8 shows the cumulative relative error of the NOx mass emission
calculated based on the OBNS and PEMS test data in 13 consecutive road tests. The
calculation method for the cumulative relative error of NOx mass emission in a single test
is as follows:

εM =

∣∣∑n
i=1 yo,i ∗ −∑n

i=1 yp,i
∣∣

∑n
i=1 yp,i

∗ 100 (5)

where εM represents the cumulative relative error of the NOx mass emission, yo,i represents
the measured value of the OBNS at the ith second, yp,i represents the PEMS test value at the
ith second, and n represents the number of the test data.
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Figure 7 shows that compared to the PEMS emission analyser, the OBNS exhibited
the following characteristics in practical operation. First, the average OBNS measurement
deviation for the range of 0–50 ppm, 50–100 ppm, and 100 ppm was 12 ppm, 26 ppm, and
70 ppm, respectively. Second, the OBNS exhibited a response delay with an inconsistent
time due to the complex and variable nature of actual exhaust environments. Figure 8
indicates that during 13 actual road driving tests, the cumulative relative error of the NOx
mass emissions calculated through the OBNS compared to the PEMS tests exceeded 24%.
Therefore, it is evident that the original OBNS measurement values are inadequate for
accurately representing the actual NOx emissions.
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3.2. Delay Correction for the OBNS Measurement

Table 5 demonstrates the predictive performance of five classification algorithms on
the measurement delay of the OBNS. It can be observed that the MLP algorithm exhibited
significantly better performance in predicting the OBNS measurement delay compared to
other classification algorithms. Although the decision tree and Naive Bayes algorithms had
faster training processes, the classification accuracy was unsatisfactory. Compared to the SVC
and XGBoost algorithms, a higher accuracy of 43.4% was achieved by the MLP algorithm,
which also had the advantage of a shorter training time. Therefore, there is great practical
value in predicting the OBNS measurement using the MLP classification algorithm.

Table 5. Predictive performance of five classification algorithms.

Classification Algorithms Average Cross-Validation Accuracy (%) Training Time (s)

Decision tree 32.8 0.3
Naive Bayes 23.9 0.05
SVC 40.8 51.0
XGBoost 37.8 24.3
MLP 43.4 9.1

Figure 9 presents the delay correction results of the OBNS measurement based on
the MLP algorithm for the testing set. It can be observed that the measurement delay
correction model based on the MLP algorithm exhibited superior correction effectiveness.
The window proportion with a 0 s measurement delay increased from 11.8% to 45.6%,
while the proportions of 2 s and 4 s decreased significantly. Consequently, the MLP
algorithm was adopted to construct the measurement delay correction for the OBNS in
the following research.
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3.3. Correction of the Concentration Deviation for the OBNS Measurement

Table 6 presents the computed results of the OBNS measurement deviation correction
models based on different regression algorithms. The results show that all MLP, decision
tree regression, XGBoost regression, and RFR exhibited good fitting effects, with an R2

higher than 0.91. Among them, the RFR algorithm had the lowest MSE and the highest R2.
Moreover, in terms of the computation time, decision tree regression and RFR had relatively
shorter computation times. Therefore, the RFR algorithm was selected to construct the
OBNS measurement deviation correction model in this research.

Table 6. OBNS measurement deviation correction based on different regression algorithms.

Regression Algorithms MSE R2 Training Time (s)

MLP 108.53 0.919 17.7
Decision tree 103.90 0.922 4.5
XGBoost 105.37 0.921 25.3
RFR 102.91 0.923 7.7

3.4. Evaluation of the MLP-RFR Fusion Algorithm Performance

Figure 10 compares the OBNS’s original measurement values, the PEMS test values,
and the corrected OBNS concentration data based on the MLP-RFR fusion algorithm. Due
to the extended duration of the experiment, the data curves were dense. Hence, the entire
test process was divided into four parts according to the time sequence to facilitate the
analysis of the fusion algorithm’s correction effectiveness. It can be seen that under most
steady-state operating conditions, the deviation between the fusion algorithm’s corrected
values and the PEMS test values was quite small. The correction effectiveness of the fusion
algorithm was slightly worse only for a few peak operating points with significant emission
variations. This can be attributed to poorer model fitting by insufficient data for such
operating conditions in the training set. Firstly, when selecting the training dataset for the
model, it was impossible to cover all the operating points of the diesel engine, negatively
impacting the prediction accuracy. Secondly, there were subjective factors in the parameter
selection and data processing. Third, there may have been some outliers in the experimental
data, leading to prediction errors. In general, excellent correction performance for the OBNS
measurement values can be seen in the MLP-RFR fusion algorithm.
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OBNS (MLP-RFR).

Figures 11 and 12 present the comparative results of the R2 and MSE between the
OBNS’s original measurement values, the corrected values using only MLP model, the
corrected values using only the RFR model, the corrected values using the MLP-RFR fusion
algorithm, and the PEMS test values. It can be seen that the MLP-RFR fusion algorithm
exhibited a high goodness of fit for the OBNS signal. The R2 moved from 0.56 to 0.92,
while the MSE decreased from 586.72 to 109.42, obtaining a reduction of 81.3%. The
results indicate that the MLP-RFR fusion algorithm can significantly improve the sensor’s
measurement accuracy. It should also be noted that the RF algorithm without the MLP
correction did not achieve satisfactory correction effectiveness for the OBNS measurement
values. This demonstrates that the measurement delay correction forms the basis for
correcting the measurement values of the OBNS.

Table 7 presents the measurement error performance of the OBNS and the fusion
model on the test set. It can be seen that after incorporating the MLP-RFR fusion algorithm
correction, the measurement error was significantly reduced, particularly in the low NOx
concentration range (<90 ppm). The relevant error decreased from ±15 ppm to ±4 ppm,
obtaining a reduction of 73.3%. In the high NOx concentration range (91–1000 ppm),
the relative measurement error decreased from 35% to 17%, which was not strong as the
low NOx concentration range. This is mainly due to the relatively limited high NOx
concentration data in the training set, which hindered the fusion model from achieving
outstanding learning effects.
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Table 7. Measurement error performance of the OBNS and the fusion mode.

Type Measurement Error

Corrected values using the MLP-RFR fusion algorithm

0–50 ppm: ±4.1 ppm (abs)

50–100 ppm: ±6.1 ppm (abs)
50–100 ppm: ±9.3% (rel.)

100–150 ppm: ±27.2 ppm (abs)
100–150 ppm: ±22.4% (rel.)

150–200 ppm: ±30.6 ppm (abs)
150–200 ppm: ±18.1% (rel.)

200–300 ppm: ±41.1 ppm (abs)
200–300 ppm: ±17.5% (rel.)

>300 ppm: ±72.0 ppm (abs)
>300 ppm: ±15.9% (rel.)

OBNS original measurement values

0–50 ppm: ±12.1 ppm (abs)

50–100 ppm: ±25.6 ppm (abs)
50–100 ppm: ±41.5% (rel.)

100–150 ppm: ±42.8 ppm (abs)
100–150 ppm: ±34.9% (rel.)

150–200 ppm: ±63.6 ppm (abs)
150–200 ppm: ±37.0% (rel.)

200–300 ppm: ±89.0 ppm (abs)
200–300 ppm: ±37.4% (rel.)

>300 ppm: ±214.4 ppm (abs)
>300 ppm: ±45.5% (rel.)

4. Conclusions and Future Work

To address the issue of the low measurement accuracy of the OBNS, this research
constructed a machine learning model based on the MLP-RFR fusion of classification
and regression algorithms for the real-time signal correction of the OBNS. The findings
of this research could significantly help to achieve the effective remote monitoring of
emissions from heavy-duty diesel vehicles. The main conclusions of this research can be
drawn as follows:
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(1) Delay identification models for the OBNS measurement and deviation correction
models for concentration were constructed based on different classification and regression
algorithms, respectively. The computation results demonstrate that the delay identification
model based on the multilayer perceptron algorithm achieved the highest prediction
accuracy, while the deviation correction model based on the random forest regression
algorithm performed the best.

(2) The measurement accuracy of the OBNS was significantly improved by the MLP-
RFR fusion model. In the concentration range of 0–90 ppm, the absolute measurement
error of the sensor decreased from ±15 ppm to ±4 ppm, resulting in a 73.3% reduction in
measurement error. In the concentration range of 91–1000 ppm, the relative measurement
error of the sensor decreased from 35% to 17%.

In this study, measurement errors of the vehicle-mounted NOx sensors were success-
fully corrected using machine learning algorithms, and promising results were achieved.
However, certain limitations that offer valuable insights for further development and im-
provement of the model must be acknowledged. For instance, the training data primarily
originated from the low concentration range of NOx data (<90 ppm) when the emission
state of the test vehicle was relatively favourable. As a consequence, good performance
in correcting low-concentration NOx data was demonstrated by the model. Nevertheless,
when higher concentrations of NOx data were confronted, the correction effectiveness of
the model decreased due to inadequate representation in the training data. This limitation
can potentially impact the accuracy and stability of high-concentration NOx data correction
in real-world applications, thereby necessitating further research and refinement.

Furthermore, consideration should also be given to the possibility that other factors,
such as sensor ageing and variations in the environmental temperature, may influence the
corrected measurement data in practical applications. Hence, future research efforts could
address these issues and comprehensively consider various interfering factors and alternative
algorithm choices to achieve a more precise and reliable NOx data correction method.

Author Contributions: C.W.: Conceptualization, Methodology, Formal analysis, Investigation,
Writing—original draft. Y.P.: Methodology, Supervision. C.L.: Formal analysis, Investigation. X.B.:
Methodology, Formal analysis, Writing—review and editing. X.J.: Formal analysis. F.Z.: Methodology.
J.Q.: Conceptualization. All authors have read and agreed to the published version of the manuscript.

Funding: This work was financially supported by the National Key Research and Development
Program of China (2022YFC3703600).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

Abbreviations

CAN Controller Area Network
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LSTM Long Short-Term Memory
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NOx Nitrogen Oxide
OBD On-Board Diagnostics
OBNS On-board Nitrogen Oxide Sensors
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R2 Coefficient of Determination
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RFR Random Forest Regression
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