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Abstract: Developing high-precision vehicle longitudinal control technology guided by ecological
driving represents a highly promising yet challenging endeavor. It necessitates the fulfillment of the
driver’s operational intentions, precise speed control, and reduced fuel consumption. In light of this
challenge, this study presents a novel vehicle longitudinal control model that integrates real-time
driving style analysis and road slope prediction. First, it utilizes spectral clustering based on Bi-LSTM
automatic encoders to identify driver driving styles. Next, it examines the driving environment and
predicts the current slope of the vehicle. Additionally, a fuzzy controller is designed to optimize
control performance, adapt to various driving styles and slopes, and achieve better fuel efficiency.
The research results indicate that the DS-MPC control model developed in this paper can effectively
distinguish various driving modes and has high speed control accuracy while saving 3.27% of fuel.

Keywords: ecological driving; slope behavior; vehicle longitudinal control; heavy-duty; model
predictive control; fuel-saving

1. Introduction

The transportation system is an intricate ecosystem consisting of the interactions and
limitations among people, vehicles, roads, and the environment. As the most cost-effective
transportation method, road transportation involves substantial consumption of fossil
fuels by heavy-duty vehicles, resulting in a growing contribution of greenhouse gases
and other pollutants to global pollution sources year after year [1]. The transportation
sector is responsible for generating the highest amount of greenhouse gases [2], with an
estimated 30% of anthropogenic emissions attributed to it. Furthermore, the transportation
sector accounts for approximately 20-25% of total energy consumption, with 65-75% of
this energy being utilized for road transportation [3-5]. In recent years, many measures
have been taken to optimize fuel consumption and reduce pollutants and greenhouse
gas emissions in the transportation sector, including engine optimization, transmission
optimization, and electric vehicle development. However, these advances are limited by
technology, manufacturing conditions, and costs, making it difficult to achieve significant
breakthroughs in the short term.

Vehicle technology and road environmental conditions are fundamental requirements
for attaining energy-saving driving [6,7]. Speed control is a crucial component of vehicle
technology development, ensuring safety while driving and reducing fuel consumption.
The vehicle longitudinal control algorithm is a controller designed for speed regulation,
utilizing reference and actual speeds as inputs, and throttle angle and brake position as
outputs [8,9]. Several methods are available for achieving stable longitudinal control of
autonomous vehicles. Simorgh [10], for instance, devised an adaptable PID controller
founded on model reference, and implemented resilient update law and slope correction
control in order to enhance the model’s control efficiency. As technology continues to
advance, numerous studies have demonstrated that modern data-based control methods

Appl. Sci. 2023,13,11968. https:/ /doi.org/10.3390/app132111968 https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app132111968
https://doi.org/10.3390/app132111968
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://doi.org/10.3390/app132111968
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app132111968?type=check_update&version=1

Appl. Sci. 2023,13, 11968

2 of 24

can more precisely regulate vehicle speed, thereby enhancing the safety of driving. Az-
iziaghdam [11] devised a longitudinal controller consisting of two parts. The external
controller determines the target speed, whereas the internal controller is responsible for
determining the throttle and brake. Ji et al. [12] introduced a highly effective system lin-
earization scheme that integrates a novel real-time point updating method with traditional
linearization techniques. This integration leads to a reduction in steady-state errors and
overshoot, ultimately improving the control performance of MPC controllers. Yang et al.
proposed a new integral robust format for the asymptotic tracking of mismatched uncertain
nonlinear systems [13] and a neural adaptive learning algorithm for constrained nonlinear
systems with interference suppression [14], achieving the stability and accuracy of the
control systems under multi-source disturbances. Li et al. [15] suggested an integrated
braking and steering MPC controller that can execute accurate path tracking while retain-
ing high computational efficiency, thereby enhancing the precision of speed control and
vehicle safety.

Meanwhile, ecological driving technology [16,17], which is often overlooked, has
the potential to significantly improve vehicle fuel consumption. According to research,
ecological driving can decrease fuel consumption by 15% to 25% and reduce greenhouse
gas emissions by at least 30% [18]. In contrast, engines and vehicles utilizing the latest
technology are estimated to save approximately 10% to 12% in total fuel costs [19]. Ecologi-
cal driving encompasses various factors, such as driving speed, acceleration, deceleration,
route selection, and idle speed [20-22]. The variations in these factors have resulted in
diverse driving styles. Deml et al. introduced a driving style classification system [23]
which utilizes lateral and longitudinal acceleration behavior. Biral et al. [24] developed an
objective function for risk measurement during driving, which integrates driving style and
relevant safety factors into ADAS through optimal control. The concept of safe operation
was integrated into the optimal control problem in the form of a penalty function. To
obtain the optimal reference operation strategy, certain parameters in the driving style were
utilized to optimize the control parameters.

With its robustness and easy-to-understand characteristics, fuzzy logic (FL) improves the
efficiency of driving style recognition and is frequently utilized in such applications [25-27].
An FL algorithm was proposed by Syed et al. [28] to assess the ideal pedal operation of
hybrid vehicles. This algorithm continuously monitors the accelerator and brake pedal
operations, performs necessary corrections, and provides tactile feedback to the driver. The
findings indicate that fuel consumption is cut by at least 3.5% without any impact on the
vehicle’s performance. Given that the initial design of fuzzy rules typically necessitates
continuous experimental verification, modification, and optimization, which is both time-
consuming and inefficient, machine learning methods have been widely adopted and
advanced in the research of driving style recognition. By combining feature selection,
machine learning models can effectively select the most representative features of the
driving style from a vast array of behavioral data, resulting in a more precise identification
of the driver’s style. To determine the features that significantly affect fuel consumption,
Jakov et al. [29] suggested a linear regression model that takes into account ten features
that directly reflect fuel consumption, aiming to identify variations in driving behavior.
Tao et al. [30] investigated the features of driving cycles by employing genetic algorithms,
wherein they selected six out of twelve features under sampling windows of 146 s and 80 s.
Yang et al. [31] employed a Gaussian mixture model to determine the feature distribution
that influences driving style and employed Bayesian information to evaluate and analyze
the correlation of the selected features.

It is necessary to take into account the road slope for eco-friendly driving while on
the road. When compared to the traditional adaptive cruise control (ACC) system, the
ecological driving technology that incorporates road slope information in advance has been
found to enhance fuel economy by 4.5%. Consequently, the integration of road slope factors
into the longitudinal control methods of automobiles has garnered significant research
interest. Sun et al. [32] introduced a hybrid model predictive control (HMPC) theory
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and employed a mixed logic dynamic (MLD) framework, a specialized hybrid system
modeling technique, for the development of the upper controller. The proposed control
method’s effectiveness was verified through the use of speed tracking at various slopes and
NEDC loops for speed tracking. Andreas et al. [33] proposed an energy-optimal adaptive
cruise control method that takes into account factors such as speed limits, road slope, and
travel time during the optimization process, resulting in the planning of an optimal speed
trajectory. Zhai et al. [34] proposed a distributed model predictive control method for
vehicles driving on highways with various slopes. When compared to benchmark testing,
the proposed strategy can result in saving more than 21% of fuel for the entire vehicle.

This article aims to improve the speed control accuracy of heavy-duty truck driving
assistance systems and simultaneously reduce fuel consumption by constructing a high-
precision vehicle longitudinal control model guided by ecological driving. The structure
of this article is as follows. In Section 2, the process of establishing an MPC speed control
model that integrates driving style recognition methods and road slope is discussed in
detail. In Section 3, the data sources are examined and the efficacy of the model is confirmed.
Subsequently, the model built in this article was simulated and validated by setting different
road slope conditions. Simultaneously, in Section 4, an accurate analysis is conducted on
the effectiveness of the DS-MPC control method under real driving conditions. Finally, the
main findings are summarized and future work is discussed in Section 5.

2. The Design of the Control System
2.1. Calculation of the Slope

In this paper, the slope of the actual road is calculated based on the vehicle speed
and GPS elevation information collected by the CAN bus, and the calculation is shown in

Equation (1).
tan(f) wsin(lg) @D

At low slope angles,
where, H is the GPS elevation, S is the actual distance travelled by the vehicle, and L is
the straight-line distance between GPS elevations. Then the slope i can be expressed as
Equation (2).

, . (H Hy — Hy

= arcsm(s) = m X2x3.6 2)
where At is the time taken to travel from H; to Hy. v; and vy are the speed at H; and
H,, respectively.

As can be seen from Equation (2), GPS elevation and vehicle speed are important
indicators for determining slope and in the actual data collection process, there may be
cases of missing or abnormal data. In the case of missing or abnormal elevation data, the
process shown in Figure 1 is used for elevation correction. For vehicle speed, when the
vehicle is in the parking state (v = 0), its GPS elevation should remain unchanged, so
its slope remains unchanged, and the slope of the current position is filled with a similar
reasonable value. In the abnormal state of vehicle speed data, linear interpolation is used
for the correction.

2.2. Feature Selection

A feature selection method based on a sigmoid function-based whale optimization
algorithm is used according to the requirement for the feature selection of natural driving
data. The features most relevant to driving style expression are selected by limiting the
range of output values in the location update phase in order to reduce the size of the dataset
used for driving style recognition while retaining relevant information. In this paper, the k-
means method is used to construct the initial features for driving style feature recognition.
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Figure 1. GPS altitude correction process.

To complete the feature selection associated with driving style, the continuous WOA
must be converted to its corresponding binary space [0, 1]. The use of a sigmoid transfer
function can force the search agent to move through the binary space [35,36], thus improving
the whale optimization algorithm for driving style feature selection. The equation is defined

as shown in Equation (3).
1
S(AX:) = 11 e 8% @)
where, AX; denotes the step vector of the search space at. Thereafter the current search

agent uses Equation (4) to complete the position update.

. 1 if rand < S(AXi4q)
Xiq(t+1) = {0 if rand > S(AXt41) @

where, rand denotes a random number in (0, 1).

The objective of feature selection is to find the minimum number of features to select
and to obtain the maximum classification accuracy. Based on this objective, both objectives
are aggregated and transformed into a single objective problem as in Equation (5), and the
minimum fitness value is defined as the sum of the small classification error rate and the
minimum number of selected features.

Fitness = A X E, + 17||15:1|| 5)
1

where, E, denotes the classification error rate and S; , F; are the length of the selected feature
subset and the number of all features, respectively. A, 1 are the degree of importance of
classification accuracy and feature subset length, and A + # = 1. In this paper, we take
A = 0.99. The fitness value of each solution is continuously calculated during the iterative
process and the subset with the smallest fitness value is treated as the optimal solution,
based on which the classification accuracy is calculated as in Equation (6).

Accuracy =1 —E, (6)

To avoid over-fitting in subsequent calculations, highly correlated features need to
be removed. In this paper, the Pearson correlation, a measure of linear correlation be-
tween two variables, is used to identify and remove highly correlated features from the
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dataset, allowing the model to focus on the most informative features, thereby improving
generalization and performance. It is calculated as in Equation (7).
(X =-X)Yi-Y
Xy = COTT’(X, Y) — CO’Z’(}E’ Y) — l:1( l_ )( ! ) — (7)
X0V (X = R)2 T (% - T

where, cov(X,Y) are the covariances of the variables X and Y. oy, oy are the standard
deviations of the variables X and Y. X, Y are the arithmetic mean of the samples X; and
Y;. The value ranges from [—1, 1], where the closer it is to 1 or —1, the stronger the linear
relationship between the features, and the closer it is to 0, the weaker or no relationship
between the features.

2.3. Driving Style Recognition

The spectral clustering algorithm, derived from graph theory [37], is a method that
utilizes the spectral properties of data to simultaneously perform dimensionality reduction
and clustering. The basic idea behind spectral clustering is to convert the data into a graph
representation and use the eigenvectors of the graph Laplacian to project the data into a low-
dimensional space where clustering can be performed more efficiently. Spectral clustering
is flexible and can handle complex and nonlinear data structures, so it is commonly used
with driving style recognition. Spectral clustering is highly scalable, can handle large
datasets, is computationally efficient, and is well suited to handle large amounts of driving
data. In addition, spectral clustering is robust to noise and outliers, which makes it accurate
in recognizing driving styles even when natural driving data is noisy.

The combination of Bi-LSTM and a self-encoder is shown in Figure 2. The self-encoder
compresses the data to low dimensions and later uses the compressed data as input, and
the trained Bi-LSTM network learns the temporal dependencies between the sequence data
points. In the training phase, the auto-encoder and Bi-LSTM networks are jointly trained,
and this joint training process helps the model to learn a more informative and compact
representation of the input data, which improves the performance of the driving style
recognition task.

RepeatVector

Figure 2. Schematic diagram of Bi-LSTM combined with autoencoder.

Currently, the use of machine learning for driving style recognition is inefficient, costly,
and weak in practical applications under large data conditions. Natural driving data is a
continuous time series, and the state of the data at the current moment is related to the state
of the moments before and after. Therefore, a spectral clustering driving style recognition
method based on a Bi-LSTM autoencoder is proposed, which firstly determines the original
labels from the cleaned data using k-means, and then uses a whale optimization algorithm
combined with a sigmoid function to compress the size of the data set and use it for The
selected features are fed into an auto-encoder with Bi-LSTM to learn the feature values
and feature vectors required for spectral embedding, and spectral clustering is used to
determine the driving style, as shown in Figures 3 and 4. The red and green lines in Figure 4
represent the flow of data at different layers.
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Figure 4. Model of driving style recognition.

In order to enable real-time feedback control of the vehicle based on the driver’s
driving style and road slope, this chapter proposes a model predictive control method with
adaptive weights for the longitudinal control of the vehicle based on the driver’s driving
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style and changes in road slope, thus achieving real-time feedback on changes in driving
operation requirements based on optimization control.

2.4. Fuzzy Logic

Traditional control methods require the establishment of a mathematical model of
the control system, but for some control objects with complex structures and unknown
mechanisms, traditional control methods cannot be controlled. Fuzzy control is a control
technique that uses fuzzy logic to deal with uncertainties and inaccuracies in control
systems. Fuzzy logic reasoning is a method based on empirical summaries whose rules can
be expressed in natural language without the need to know the mathematical model of the
control object. Therefore, fuzzy logic reasoning is particularly suitable for control objects
where it is difficult to obtain mathematical models and dynamic characteristics and has the
advantages of robustness and adaptability. In MPC, the use of fuzzy logic reasoning can
improve the accuracy of the models used for prediction and control. A driver’s driving
style can be thought of as a set of preferences and rules that govern the way the driver
operates the vehicle. Incorporating these preferences and rules into the control system
through fuzzy control allows the control system to adapt to the driver’s style, improving
driving comfort and safety.

The basic idea of fuzzy logic reasoning in MPC is to improve the accuracy of the
predictive model by adjusting the subordination function used in fuzzy logic to deal with
the relationship between the various variables in the control system, and thus predict
and control the actions more accurately. Traditional predictive control models with fixed
parameters do not respond quickly enough to the driver’s actions, which can affect the
smoothness of the driving operation. In addition, road slope conditions affect driver
performance and fuzzy logic reasoning can improve the adaptability of the model predictive
control model to the environment. Therefore, this paper uses a fuzzy control approach to
adaptively adjust the weighting factors with changing operating conditions and uses the
Fuzzy Logic Designer tool in MATLAB to complete the construction of the model.

2.4.1. Fuzzy Logic Reasoning Framework Design

In MPC, the model parameters mainly include the prediction time domain Ny, the
control time domain N, the error weight matrix Q, and the control weight matrix R in the
objective function equation. The selection of the parameters directly affects the effectiveness
of the MPC. To this end, weights that reflect the system’s ability to follow the reference
trajectory are controlled in the objective function to be optimized to reflect the influence
of driving style and road environment. The driving style and road slope have a certain
stability in the secular data, and to assist in reflecting the influence of driver behavior
and road environment, the actual vehicle speed and acceleration rate of change are added
as errors along with the input to the fuzzy logic. Therefore, a four-dimensional fuzzy
controller was designed based on driving style, current road slope, current vehicle speed,
and acceleration rate of change, as shown in Figure 5.

Driving style n
(DS) Rulebase
Slope (SL)
—-[ Fuzzification HExecution of the rules]—-[ Defuzzification ]—[ MPC ]
JERK
Vehicle
Speed(V)

Figure 5. Schematic diagram of fuzzy logic reasoning.

The driving style is based on the above recognition results, the slope can be calculated
in real time based on the vehicle speed and GPS information, while the acceleration rate of
change and the vehicle speed can be obtained based on the vehicle’s motion state, and then
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the error weighting factor Q/ can be obtained after fuzzy inference, and the corresponding
weighting factor Q can be obtained after defuzzification. Therefore, the adjustment of the
error weight factor is carried out adaptively in real time and the results are fed into the
model predictive control model in real time.

2.4.2. Fuzzification

Fuzzification is the process of converting explicit inputs into fuzzy variables or fuzzy
sets. In fuzzy control, the aim of fuzzification is to map explicit inputs into linguistic
variables that can be used for fuzzy rule bases and inference.

Combined with the input fuzzy control in this paper, DS represents driving style
whose discrete domain is [-1, 0, 1], SL represents slope whose continuous domain is
[—8, 8], Jerk represents rate of change in acceleration whose continuous domain is [0, 10],
Vel represents vehicle speed whose continuous domain is [0, 100] and the continuous
domain of the output variable is [10, 20].

Based on the changes in the input and output variables, the corresponding fuzzy lin-
guistic variables are defined so that the corresponding knowledge base can be constructed,
as in Equation (8).

DS = {NB, Z, PB}

SL = {NB,NS, Z, PS, PB}
Jerk = {NB, Z, PB}
Vel = {NB, Z, PB}
Q = {NB,NS, Z,PS, PB} ®)

where, NB is negative big, NS is negative small, Z is positive medium, PS is positive small,
and PB is positive big.

The affiliation function selected for driving style is a triangular distribution, while
the remaining input and output variables use a combination of triangular and trapezoidal
distributions. The affiliation function for each input and the affiliation function for the
output are shown in Figure 6.

2.4.3. Fuzzy Rule Design

The rate of change in acceleration is most pronounced when the driver has an aggres-
sive driving style and is more similar for different slope conditions. The driver’s output
increases from 0 (Z) to positive (PB) in the acceleration rate of change domain when driving
uphill or downhill, depending on their speed change, where a more conservative output
is favorable if the slope is gentle. The effect of speed variation is more pronounced when
the driver is a normal type of driving style. Drivers in this category usually have limited
acceleration variation, i.e., they do not accelerate or decelerate as often, and are considered
to be operating more steadily up and down hills, so their output is maximized only at
high slopes, high speeds, and high rates of changes in acceleration. When the driver has
a conservative driving style, in order to show the difference from a normal driver, it is
assumed that he or she will adopt the most conservative operating strategy in the uphill
and downhill conditions and will usually adopt a low speed and low change in acceleration
strategy to pass, so the output usually varies from negative big (NB) to positive small (PS).
Similar to the moderate driver, the maximum is only reached at high slope, high speeds,
and high rates of changes in acceleration. Based on the above design of the fuzzy rules, a
total of 135 fuzzy rules were designed and Figure 7 shows the design surface corresponding
to the fuzzy rules.
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Figure 7. Design surface diagrams of fuzzy rules.

According to different driving styles, slope changes, speed, and rates of changes in
acceleration, the value of the error weight Q is adjusted in real time and the optimiza-
tion problem can be solved through quadratic planning, so that the design of the model
prediction control model based on driving style is completed.

2.5. Model Predictive Control Considering Driving Style and Slope

Model predictive control is a feedback control algorithm that solves a multi-objective
optimization problem in the predictive time domain in real time online based on a dynamic
mathematical model of the system, and then calculates the most appropriate control action
and achieves control of the system through continuous iterative operations. The algorithm
has the advantages of generalization, immunity to disturbances, robustness, and excellent
dynamic performance, without the need for an exact model. Therefore, model predictive
control can be a good solution to the problems of model mismatch, time lag, and non-
linearity caused by the complex environment of the vehicle.

The basic principle of model predictive control is to predict the future output of the
system based on the existing model, the current state of the system, and the future control
quantities, and to achieve the control purpose by solving the constrained optimization prob-
lem on a rolling basis, with three basic properties: predictive model, feedback correction,
and rolling optimization.

Due to the time lag in the braking system, the engine system, and the acquisition
and processing of sensor signals, there is a delay between the actual acceleration and the
desired acceleration during the longitudinal motion of the car. In order to track the desired
acceleration more accurately, the tracking of the car’s acceleration can be considered
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as a first-order inertial link and incorporated into the control system, whose transfer
characteristics can be expressed as Equation (9).

_ K
T oT.s+1

G(s) )
where, K is the link gain. In model predictive control based on driving style, the influence
of driving style constraints on the state and control quantities of the system needs to be
considered. In this study, the driving style constraints are mainly manifested as the effects
of acceleration and acceleration rate of change, with different constraints for the acceleration
and deceleration conditions, respectively.

For an aggressive driving style, drivers will use greater throttle opening, faster accelera-
tion, and a higher rate of change in acceleration when accelerating, higher deceleration, and
a wider opening of the brake pedal when decelerating, while normal and calm drivers will
be more cautious, so the constraints on acceleration and the rate of change in acceleration
are shown in Equations (10)—(12).

umingu(k+i)Summ(/i:()/”-/ NC_1 (10)
D‘A”min,ac < Auge (k + i) < aAumgxae, i =0,...,N. — 1 (11)
DUy ge < Dige(k+1) < AUy ge, i =0,...,Ne — 1 (12)

In the above equations, U is the acceleration constraint and the lower two rows
are the acceleration change constraint on acceleration and the acceleration constraint on
deceleration, respectively. For the effect of driving style, & = 1.2 for aggressive drivers, a = 1
for moderate drivers and a = 0.8 for calm drivers, as below. Equations (13) and (14) were
used to make decisions about their rate of change in acceleration.

Auml” S Au(k+l) S AUmax,i = O,..., Nc_l (13)
Au _ AUy ac ifags(k—1)>0 (14)
max Min (At gy go, €AUmax,ac — Ages(k — 1)) if ages(k—1) <0

In this section, according to the aforementioned adaptive model predictive control
with driving style recognition and fuzzy rule construction, an adaptive model predictive
control model considering driving style and slope was constructed using Carsim 2019.1
and MATLAB/Simulink 2018a. The model built in this paper was validated by setting
different road conditions of slope and real driving conditions.

An adaptive model predictive control model considering driving style as shown in
Figure 8 was constructed by means of Carsim, MATLAB/Simulink.

The joint simulation platform is divided into four main parts, including the upper
model predictive control part, the lower speed controller part, the vehicle model part, and
the fuzzy inference part. The upper controller, lower speed controller and fuzzy inference
sections were implemented in the main runtime environment of MATLAB/Simulink, and
the vehicle model section was built in the Carsim 2019.1 simulation software. The vehicle
model is used to transmit the vehicle configuration and parameter states to the upper model
predictive control and fuzzy inference logic in real time during simulation time. The upper
controller transmits the desired acceleration decision to the lower control strategy based
on the results of the fuzzy inference, the desired speed sequence, and the actual vehicle
longitudinal speed. The lower-level speed controller obtains the corresponding brake
cylinder pressure or throttle opening according to the desired acceleration and inputs it to
the vehicle model, which determines the braking or driving state of the vehicle according
to the input signal, forming closed loop control.



Appl. Sci. 2023,13, 11968

12 of 24

Throttle i

Position thr !
Pressure of brake| E
cylinder brk | !

Driving Style recognition based

on spectral clustering with Bi-
LSTM based autoeneoder

Elevation of vehicle

,,,,,,,,,,,,,, i | z
L Fuzzy logic H Slope SL | Longitudinal displacement

Desired vehicle
Speed sequence Desired
acceleration adgea

Model Predictive Controller of
Control(MPC) vehicle speed

Adaptive
Fuzzy weights

| Driving Style DS |} «——

X

i Acceleration of vehicle Carsim
| . ——T
|| Vehicle Speed Vel | Vehicle speed

: v vs_sf

Figure 8. Diagram of the adaptive model prediction control simulation platform considering driving
style and slope.

This section takes the fuzzy inference module and uses driving style, slope, rate of
change in acceleration, and speed as inputs to the fuzzy controller and thus obtains the
control quantity weights Q for the model predictive control, which in turn expresses the
effect of driving style on vehicle control. In this condition, the vehicle is simulated for
uphill and downhill conditions at 0% and 5% slopes.

3. Simulation and Verification
3.1. Verification of the Driving Style Recognition Model

In this paper, five semi-trailers were used for the study. To reduce the influence of
vehicle performance and driving sections on driving operation, the batch of vehicles had
the same engine parameters and were driven on the same test section of the Guangkun
Expressway G80. All vehicles were driven by experienced drivers and the drivers were
not informed in any way during the experiment to avoid the influence of the driver’s
psychological state on the experiment. On board diagnostics (OBD) was installed on the
experimental vehicles from which the relevant data fields were extracted at the end of
the journey on the experimental section and the data was uploaded via the CAN bus to
complete the acquisition.

Considering the instability of the sensors, some of the raw data were lost or abnormal,
so the box plot method was used for data cleaning and interpolation was used to fill in
the data. In addition, considering that continuous prolonged parking is not beneficial for
driving style segmentation, it was removed together with the data cleaning process.

A box-and-whisker plot [38] is a graphical representation of a dataset that displays, in
a compact and standardized manner, information about the location, dispersion, degree of
dispersion, and crosstabulation of anomalous observations. Typically, a box plot as shown
in Figure 9 consists of four parts: the median, the box, the tentacles extending from the
box, and the outliers. The process of processing anomalous data using the box plot method
is shown in Figure 10. Considering the continuity of the second data and their changing
characteristics during the data acquisition process, it is highly reliable to use the linear
interpolation method for data correction based on the elimination of outliers.

Taking the vehicle driven by driver number 47 as an example, this paper uses the
k-means method to initialize the markers of the original data. The definition of driving style
varies from scholar to scholar and is usually classified into 2—4 categories. Considering the
practical significance of driving style, the clustering results are divided into three categories
in this paper.
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Figure 9. Schematic diagram of the box plot method.
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Figure 10. Abnormal data processing process.

The data with initial labels obtained from K-means were imported into the whale opti-
mization algorithm for feature selection, and after several tests and parameter adjustments,
the number of search agents and the number of iterations were set to 16 and 70, respectively.
97.34% of the features were selected accurately according to the fitness function used in
this paper. In order to verify the relevance of the selected features, Pearson’s correlation
coefficient method was used to determine the relevance of the features, and it was found
that the correlation coefficient between throttle opening and cyclic fuel injection amount
reached 0.97. Taking into account the correlation between the features, the feature of throttle
opening was excluded. The correlation results for the remaining features are shown in
Figure 7, indicating that the selected features are relatively independent and can be used to
analyze the influence on driving style.

To avoid overfitting problems caused by too many layers in the self-encoder, two Bi-LSTM
layers with 32 cells are used as an encoder and decoder in the self-encoder. The selected
features were also applied to the self-encoder as input. Based on several tests of the model,
the models with 80 epochs and 32 batches were trained using TensorFlow, respectively,
to improve the training efficiency of the model while maintaining accuracy. Finally, the
weight matrix obtained through training is applied to the eigenvalues and eigenvectors of
the spectral embedding to calculate the driving style recognition results.

Table 1 shows the rates of change in the above variables, and it can be seen that the
rates of change in torque, intake pressure, and recirculating fuel injection have some simi-
larity within the corresponding driving style intervals, and the corresponding aggressive,
moderate, and calm driving characteristics are defined according to the magnitude of their
values. According to the feature selection, even though torque and intake pressure are
not included in the selected features, the feature selection and driving style identification
results reflect the variation pattern of both.
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Table 1. The average rate of change for each driving style corresponding to the selected characteristics.

Torque Inlet Pressure  Injected Fuel Quantity Throttle Position

Aggressive 301.92 111.84 29.15 10.86
Moderate 186.30 72.38 19.31 5.89
calm 44,12 61.39 3.98 1.42

Three typical segments of the vehicle belonging to driver number 47 were selected
with 140 consecutive sampling points to explore the differences between the driving styles.
Considering the transfer characteristics of the data in the self-encoder-based Bi-LSTM,
the driving style segmentation could not be continuously consistent, so the three selected
typical segments were divided into aggressive, moderate, and calm driving styles, as shown
in Figure 11.
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Figure 11. Cont.
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Figure 11. Sampling points of vehicle No. 47.



Appl. Sci. 2023,13, 11968

16 of 24

Opverall, as the driver changed gear and throttle operation, the vehicle’s corresponding
speed, torque, intake pressure, and cyclic fuel injection produced corresponding rapid
changes. Combined with Table 1, even though the values of the indicators were larger for
the moderate driving style, the rate of change is low, indicating that the driver maintained
a relatively stable driving condition during the driving process. In the case of the calm
driving style, the driver did not operate the throttle or gears, but the vehicle still kept
moving forward, so it could be assumed that the vehicle was going downhill and there
were no obvious sudden changes in the vehicle’s state. The driving style recognition model
proposed in this paper is effective.

3.2. Effectiveness Analysis of DS-MPC Method under 5% Slope

Under this operating condition, the vehicle was driven on flat ground at 0-5 s, uphill
at 5% after 5 s, with no slope at 25-35 s, downhill at 5% at 35-55 s, and ended on flat
ground at 55-60 s. Figure 12 shows the tracking of the vehicle speed under this operating
condition. Overall, the vehicle speed was slightly below the reference value when driving
in the calm driving style, while the moderate and aggressive styles were slightly above
the reference value, in line with the previous description of driving styles. At the same
time, the aggressive and moderate styles were more responsive than the calm style when
reaching maximum speed, and they shifted earlier when shifting downhill. On a steeper
slope, the aggressive driving style control response was faster, but it also increased the
instability of the system.

30

= Referance Value

m— Aggressive
== = Moderate
= Calm

Vehicle Speed(m/s)
"

0 10 20 30 40 50 60
Time(s)

Figure 12. Speed tracking curve for drivers with different driving styles.

Figure 13 reflects the fuel consumption at a 5% slope. Overall, more fuel was consumed
accelerating uphill than decelerating downhill, which is in line with reality. In the uphill
phase, the aggressive driving style consumed more fuel more quickly as it needed to
maintain a higher speed variation, whereas the calm driving style consumed less fuel as the
speed on the uphill was closer to the desired speed and the speed variation was smoother.

= Aggressive

== = Moderate

60 1 === Calm

Accumulated fuel consumption(g)

0 10 20 30 40 50 60
Time(s)

Figure 13. Fuel consumption change curve of drivers with different driving styles.
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The brake cylinder pressure change curve for drivers with different driving styles is
shown in Figure 14. In the downhill phase, the calm driving style produced higher fuel
consumption due to frequent driver braking, resulting in frequent speed changes, while
the aggressive and moderate driving styles consumed similar fuel and were comparable to
their descriptions.
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Figure 14. Brake cylinder pressure change curve for drivers with different driving styles.

3.3. Effectiveness Comparison of the DS-MPC Method under 0% and 5% Slopes

Considering both driving style and slope in the predictive control of the model can
further reflect the interaction between the driver and the driving environment. In different
driving environments, drivers will adjust their driving behavior in real time according to
the changing environment and the influence of driving style will make some difference.
Figure 15 shows the speed tracking of different driving styles on different slopes. It can be
seen that during acceleration, acceleration was faster on flat ground (0% slope) and slower
on longitudinal slopes. Similarly, during deceleration, the deceleration was smoother on
flat ground. When a smooth speed was reached, the change in speed was smoother on
the flat ground than on a 5% slope, with no jumps occurring. The distribution of driving
styles is more similar on the flat ground, while on a 5% slope there is a clearer distinction,
indicating that the influence of the driving environment on the driver’s handling of the
vehicle should not be ignored.

—— 5%Aggressive
25 4 —— 5%Moderate
—— 5%Calm
E 20 - --= 0%Aggressive
= -== 0%Moderate
8 === 0%Calm
o 15 100 105 M.
w2
2
:::.3 10 1
g 267545 250 253
5 -
0
T T T T T T T
0 10 20 30 40 50 60

Time(s)

Figure 15. Variation of speed tracking for drivers with different slopes and different driving styles.
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Figures 16 and 17 show the variation curves of throttle opening and brake cylinder
pressure corresponding to different slope and different driving styles. Combined with the
graphs, it can be seen that the same speed control strategy can be achieved with a smaller
throttle opening on flat ground, with less variation between driving styles. Similarly, for
braking, the behavior of the different driving styles on flat ground tends to be similar and
smoother with a 5% slope, and there was no jump in the braking process. In the case of a
single driving environment, the influence of driving style on driving behavior is weaker,
and the main influence comes from the change in speed.
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Figure 16. Different slope, different driving style vehicle throttle opening change curve.
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Figure 17. Different slope, different driving style vehicle brake cylinder pressure changes.

Table 2 shows the simulated fuel consumption for different driving styles under
0% and 5% slope conditions. From the table, it can be seen that there was a significant
difference in fuel consumption under different slope conditions, but the difference in fuel
consumption was relatively small under different driving styles. This is because the control
method used in this article has a high accuracy in identifying driving style and controlling
speed, allowing the required speed to be achieved at a low throttle opening. Therefore,
the cumulative fuel consumption standard deviation is 0.010, which is less than 0.089 on
a 5% slope, and the difference is not significant. In addition, the control method used in
this article incorporates the rate of change in acceleration and speed indicators in the fuzzy
inference of control weights to measure the changes in driving behavior and environment
between the current driving state and the next moment. Its control weights are also related
to real-time change indicators, resulting in small differences in fuel consumption between
different driving styles. At the same time, it also indicates that the control method proposed
in this article has universality, causing the fuel consumption under the different driving
styles to tend to be similar to ecological driving.
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Table 2. Fuel consumption for different slopes and driving styles.
Slope (%) 0 5
Driving style Calm Moderate  Aggressive Calm Moderate ~ Aggressive

Fuel consumption (g) 54.83505 54.81837 54.84242 69.29926 69.09475 69.13313

4. On-Road Test Results

To verify the effectiveness of the control strategy proposed in this article, vehicles
located in an actual driving dataset of a continuous 9000 m on National Highway 236 were
selected as the basis for simulation, as Figure 18 shows. The labels for the driving styles of
the vehicles on this section were acquired by classifying the driving styles in the preceding
section, and the simulation platform incorporated the actual speed and road conditions.
The approach put forth in this paper (DS-MPC) should be contrasted with that of PID
control in a system for fixed speed cruise control.

distance 9 kilometers

route National Highway 236

&

Figure 18. National Highway 236 test route.

Figures 19 and 20 display the speed tracking and corresponding error curves under
real operating conditions. The results indicate that the control method proposed in this
paper effectively tracks the speed changes of heavy trucks, maintaining a low deviation in
speed. The average error is 0.03147 m/s, indicating an improvement of 80.56% over the
accuracy of PID control. Furthermore, the standard deviation is 0.03210 m/s, indicating an
improvement of 65.81% over the speed maintenance performance of PID control. Conse-
quently, the proposed control method significantly enhances the power performance and
road safety of the intelligent driving assistance system for heavy-duty trucks.
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Figure 19. DS-MPC and PID speed tracking curve under actual working conditions.
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Figure 20. DS-MPC and PID speed tracking error curve under actual working conditions.

Figure 21 shows the fuel consumption comparison results of vehicles using DS-MPC
control and PID control on this road section. As shown in the figure, during continuous
changes in road slope, the total fuel consumption of vehicles using DS-MPC control method
was 319.111g, while the fuel consumption of vehicles using the traditional control method
was 329.881, with an average fuel saving rate of 3.27%, which constitutes a good fuel saving
effect. In addition, the fuel consumption using the DS-MPC control method varied slightly
under different driving styles, which is consistent with the fuel consumption results of the
simulation results. But the fuel saving effects varied under different driving styles, with
aggressive driving styles having a more significant reduction in fuel consumption. This
is because after the DS-MPC control method accurately identifies the driving style, the
changes in throttle opening and brake pressure of the aggressive driving style are smoother
than those of the PID control method, thus achieving higher fuel efficiency. In summary,
heavy-duty vehicles using the DS-MPC control method have high fuel efficiency and will
effectively reduce emissions.
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Figure 21. DS-MPC and PID fuel consumption under actual working conditions.

The elevation changes of the vehicle under actual operating conditions are depicted
in Figure 22. To further illustrate the correlation between elevation changes and vehicle
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speed, Figure 23 presents typical slope sections along with their corresponding changes
in vehicle speed. The proposed method outlined in this paper exhibits superior speed
tracking performance on typical slope sections within the same road section. DS-MPC can
enhance the precision of speed tracking during the deceleration process, thereby ensuring
a uniform speed change. During the deceleration process, the vehicle has the ability to
reach its predetermined target ahead of schedule and then enhance its acceleration. In
comparison to PID control, it can achieve the desired vehicle speed in a shorter time.
Furthermore, the DS-MPC algorithm is capable of effectively tracking the target speed
during the deceleration phase, with a minimal overshoot and error, thereby achieving
rapid tracking. It maintains good stability during the phase of increasing speed and further
enhances the safety of road driving.
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Figure 22. Vehicle elevation changes under actual working conditions.
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Figure 23. Typical slope section speed tracking under actual working conditions.

5. Conclusions and Prospects

Changes in driving style and the road environment are significant factors that in-
fluence eco-driving. This study newly integrates the elements of driving style and road
gradient changes into the vehicle longitudinal control model, enabling the control system
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to adaptively recognize various driving styles and road conditions for improved control
outcomes. Compared to traditional cruise control systems, the accuracies of speed control
and fuel consumption have been enhanced. The development of an eco-driving oriented
vehicle longitudinal control model can reduce development costs and enhance develop-
ment efficiency simultaneously. This approach serves as a practical method to achieve
energy-saving driving and enhance road safety. The conclusions are as follows:

(1) The proposed spectral clustering driving style recognition method based on a Bi-
LSTM autoencoder successfully distinguishes different types of driving styles under
ecological driving behavior.

(2) A fuzzy inference logic was devised to adaptively modify the control weights of the
objective function taking into account factors such as driving style, slope, acceleration
change rate, and vehicle speed.

(8) The proposed DS-MPC control method is more accurate and economical than tradi-
tional control methods under real working conditions.

(4) The proposed DS-MPC control method is highly versatile and yields significant and
consistent optimization effects on fuel consumption, regardless of the slope and
driving style, resulting in a fuel savings of 3% to 4% on average.

This research is a study aimed to improve the speed control accuracy of heavy-duty
truck driving assistance systems and simultaneously reduce fuel consumption. However,
the DS-MPC control method proposed in this paper does not categorize and identify the
driving styles of heavy vehicles under different road conditions (e.g., urban and rural
areas). Therefore, there is a need to identify driving styles under different road conditions
by exploring more accurate methods to initialize the raw labels of the data in future research.
In addition, the control strategy proposed in this paper can be deeply optimized to improve
control accuracy by combining asymptotic tracking and neural adaptive learning algorithms
with anti-perturbation.
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