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Abstract
Purpose – This study aims to develop an automatic lane-change mechanism on highways for self-driving articulated trucks to improve traffic safety.
Design/methodology/approach – The authors proposed a novel safety lane-change path planning and tracking control method for articulated vehicles.
A double-Gaussian distribution was introduced to deduce the lane-change trajectories of tractor and trailer coupling characteristics of intelligent vehicles
and roads. With different steering and braking maneuvers, minimum safe distances were modeled and calculated. Considering safety and ergonomics, the
authors invested multilevel self-driving modes that serve as the basis of decision-making for vehicle lane-change. Furthermore, a combined controller was
designed by feedback linearization and single-point preview optimization to ensure the path tracking and robust stability. Specialized hardware in the loop
simulation platform was built to verify the effectiveness of the designed method.
Findings – The numerical simulation results demonstrated the path-planning model feasibility and controller-combined decision mechanism
effectiveness to self-driving trucks. The proposed trajectory model could provide safety lane-change path planning, and the designed controller could
ensure good tracking and robust stability for the closed-loop nonlinear system.
Originality/value – This is a fundamental research of intelligent local path planning and automatic control for articulated vehicles. There are two
main contributions: the first is a more quantifiable trajectory model for self-driving articulated vehicles, which provides the opportunity to adapt
vehicle and scene changes. The second involves designing a feedback linearization controller, combined with a multi-objective decision-making
mode, to improve the comprehensive performance of intelligent vehicles. This study provides a valuable reference to develop advanced driving
assistant system and intelligent control systems for self-driving articulated vehicles.

Keywords Feedback linearization, Combined controller, Double Gaussian distribution, Lane-change path planning, Preview optimization,
Self-driving articulated truck

Paper type Research paper

1. Introduction

Reliable research has shown that drivers’ faults are
accountable for more than 70% of traffic incidents, so that
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most traffic accidents could be avoided (Jonathan et al.,
2018). Thus, countries have formulated strict laws and
regulations to manage drivers. For example, China’s public
security administrative departments have implemented
special management for drunk driving and continuously
increased punishment since 2009. However, driver-related
traffic accidents are still serious these years because aspects
such as driver fatigue and inattention are challenging to
regulate. Because of the fatigue and distraction of drivers,
truck drivers have more enormous challenges for high-load
and continuous driving and fatal traffic accidents
frequently occur. Data from China’s Highway Traffic
Safety Administration show that the number of traffic
accidents and deaths caused by commercial trucks has
increased by 5.8% and 6.6% (PSTMD, 2017). Advanced
driving assistant systems (ADAS) and self-driving vehicles
could decrease traffic accidents. Thus, these vehicles are
programmed to mimic human drivers to perform simple
driving tasks on the road. Low-level self-driving trucks that
use onboard sensors, signal processing, driving control and
actuators have already been used in some closed areas, such
as ports and mines. They have also been tested on highways
by Waymo, Daimler, Hyundai, TuSimple and so on
(Litman, 2015). Compared with the following behavior,
the lane-change behavior considers more factors and the
decision-making process is more complex and challenging
to maneuver, so it is prone to traffic accidents while lane
changing. Thus, path planning for lane-change and
tracking controller for self-driving articulated trucks on
highways needs to developed.
A feasible local path planning must be carried out and

trajectories from a host lane to a goal lane in time are
generated to ensure safe lane-change for a self-driving
vehicle. The determined tracking trajectory by an
intelligent decision must satisfy driving stability, anti-
collision with surrounding vehicles and even ride comfort.
Many researchers have focused on these issues by heuristic,
virtual electric field and geometric approaches. For the
heuristic approach, artificial intelligence is one of the most
popular ways, involving random sampling, machine
learning and search-based methods. In general, based on
rapidly exploring random tree, an algorithm with real-time
planning is applied to operate a self-driving vehicle
(Qureshi and Ayaz, 2015; Devin and Hung, 2018). Lim et
al. (2018) divided the vehicle’s surroundings by discrete
spatiotemporal lattices and searched for an optical
collision-free path along the lattice by using search
methods. Some researchers also developed learning
methods. Trang et al. (2017) applied neural network to
predict the vehicle’s future lane-change trajectory. Kumar
et al. (2012) proposed a novel inference system with multi-
input multi-output by adaptive neuro-fuzzy to simulate and
predict the future behavior of an integrated driver-vehicle
for lane change with various time delays. Heuristic
methods reduce the problem complexity by simplifying
environment model and it has fast search speed. However,
most methods generate paths rather than trajectories,
which focus more on spatial location than on time-related
velocity and acceleration. Using virtual electric equations,
Nurbaiti et al. (2017) used minimum electric field potential

to describe a collision-free trajectory. Although it is proved
to be effective, the methods are so complex to compute
virtual electric functions that it is difficult to achieve real-
time controls. In comparison, geometric methods have
attracted considerable attention because of their simplified
and real-time characteristics. Using parametric geometry
curves, the methods generate trajectories by circular arcs,
clothoids or splines, involving sines (Ni and Park, 2017),
trapezoids (Ma et al., 2015) and B spline (Francis et al.,
2016). You et al. (2015) introduced control of tracking
trajectories by polynomial model of lane-change
maneuvers. Bézier curves are adopted to generate a local
lane-change path that enables the anti-collision behavior of
a vehicle (Simba et al., 2016; Choe et al., 2016). The
geometric algorithms could easily calculate the parameters
of curves according to side constraints (e.g. start and end
values of the trajectory, velocity and acceleration), but not
process constraints. Thus, it is possible to propose a clear
link between driving and vehicle characteristics and not
only trajectory parameterization.
Furthermore, a controller that tracks the predefined

trajectories accurately and guarantees stability according to
the vehicles and traffic states should be developed to ensure
improved lane-changing performance. Many related
studies have been conducted in the authors’ country and
abroad (Zhang et al., 2017; Sun et al., 2018). Preview
methods were previously used to minimize lateral
trajectory tracking errors for traditional vehicles, including
single-point and multi-point previews (Macadam, 1980).
For self-driving vehicles, Emirler et al. (2014) designed a
double integral action controller by PID to eliminate the
lateral offset on the curvature (Peng et al., 2017). Its simple
structure was easily implemented and demonstrated its
acceptable tracking performance. However, the controller
adjusted by experience was not satisfactory for applications
that require high tracking accuracy. To adapt a vehicle to
state-time variants and multi-constraint sets during lane
changes, Benjamin et al. (2016) and Fitri et al. (2016)
proposed a linear model by predictive control (MPC)
algorithm for steering and tracking control. Nevertheless,
most referred control algorithms based on linear systems
were inadequate to describe actual vehicles. Therefore,
considering the complexity of vehicle-driving scenarios and
states, Cao et al. (2019) presented MPC with a nonlinear
model for lane change, offering a better dynamics
prediction and trajectory tracking. Based on a nonlinear
MPC model of self-driving automotive vehicle, Attia et al.
(2012, 2014) proposed a cruise-speed generation method.
They designed a coupled controller with longitudinal and
lateral strategy to optimize the adaptive cruise control. Cai
et al. (2019) proposed a layered controller with a high-level
MPC and a low-level energy-efficient to enhance lane-
change feasibility and reduce energy expenditure (Xiong
et al., 2018). Zhang et al. (2020) focused on the
interference on rainy slippery road and proposed a robust
controller as well as designed a dynamic simulation analysis
system for articulated vehicles. The reference controllers
were capable of dealing with parameter uncertainties with
its prediction and optimization ability. However, the real-
time and adjustability were limited. More importantly, the
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optimality with the finite-time-domain does not represent
the stability of closed-loop systems.
In view of the abovementioned studies, there are many

fruitful achievements in the safe lane-change for a single
vehicle (Peng et al., 2019). However, some work still needs
to be made a profound study to develop the intelligent
methodology for self-driving articulated trucks further.
First, the articulated truck is a complex coupled system, the
lane-change path planning for the host vehicle and
surrounding vehicles should consider not only the tractor’s
but also the coupled trailer’s characteristics. Second,
because of uncertainty parameters of articulated trucks, an
excellent control strategy for eliminating the influence and
maintaining the robust stability of the closed-loop coupled
system warrants further study. Moreover, there is a lack of
specialized hardware in the loop (HIL) platform to verify
the control effects of self-driving articulated trucks, which
should develop. Thus, this paper proposes a safe path
planning and control method in lane change for self-driving
articulated trucks in scenarios of the longitudinal forced
lane change, such as anti-collision with obstacles ahead on
a highway. The proposed safe lane-change path planning
with a novel trajectory model combines the characteristics
of self-driving articulated trucks and roads. And based on
feedback linearization, a combined controller with feasible
decision modes is designed to ensure tracking and stability.
Furthermore, a specialized HIL platform is built, to
simulate and verify the proposed methods. The proposed
methods could effectively solve the problem of intelligent
lane-change path planning and tracking control for
articulated trucks.
Based on previous studies, applying double-Gaussian

distribution and feedback linearization control (FLC)
algorithm, we developed a lane-change path-planning
model and regionalized anti-collision control strategy for
self-driving articulated trucks under low traffic on
highways. This study could provide a valuable reference for
developing articulated vehicle driving safety assistants and
intelligent vehicle control systems for decreasing major
traffic accidents and improving the efficiency of
commercial vehicles on highways. The structure of the
paper is as follows. Section 2 provides an introduction of
the safe lane-change path-planning model for articulated
trucks. Section 3 deals with a control investigation for lane
change. Section 4 shows the simulation tests by software

and the HIL platform for control verification in typical
scenarios. Conclusions are provided in Section 5 to
indicate future studies for research.

2. Safe lane-change path planning

2.1 Lane-change trajectorymodel
Defining ground coordinate system XOY, Figure 1
illustrates plane motion diagrams of an articulated truck
involving a tractor and a semitrailer in coordinate systems
xtotyt and xsoszs. Using a double-car-like model for lateral
dynamic, this work concerns the path planning and
tracking control problems with a nonholonomic constraint
that restricts vehicle planar motion without roll. The
dynamics of the tractor and the semitrailer are denoted by
the vector V = [Xt, Yt, w t, Xs, Ys, w s] in XOY, where (Xt,
Yt) and (Xs, Ys) are the locations of the centroids of the
vehicles and w t and w s are the angles between the x-axis and
xt-axis and xs-axis, respectively.
Figure 1 illustrates the difference from single vehicle,

such as a passenger car. There are two interrelated
trajectories coupled by the articulation angle. Therefore,
the errors between the actual and reference parameters
could be depicted by the coupled vehicles’ positions and
orientations, as follows:

xte
yte
f te
u e

2
664

3
775 ¼

cosw t sinw t 0 0
�sinw t cosw t 0 0

0 0 1 0
0 0 0 1

2
664

3
775

Xt �Xtr

Yt � Ytr

w t � w tr
u � u r

2
664

3
775 (1)

where (xte, yte, w te, u e) are the errors of the tractor
longitudinal displacement, lateral displacement, yaw angle
and articulated angle in vehicles’ coordinate systems. (Xtr,
Ytr, w tr, u r) indicates the reference parameters in XOY.
Obviously, the object of self-driving control is the less (xte,
yte, w te, u e), the better tracking. The vehicle motion
parameters referred to in this paper are defined as ground
coordinate systems XOY, except for particular
explanation.
Based on actual tests of an articulated vehicle, the time-

domain curves of the lateral velocities during the lane-
change maneuver are shown in Figure 2. Figure 2 clearly
shows the time phase and value differences between the
two curves and approximate symmetry at some point on the
time axis. Thus, double-Gaussian distribution functions

Figure 1 Illustration of articulated truck plane motion and trajectory
reference

Figure 2 Vehicle lateral velocity test curves
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are introduced to fit the lateral velocities of the articulated
vehicle as follows:

VYt tið Þ ¼ dffiffiffiffiffiffiffi
2p

p
s yt

exp
� ti � m yð Þ2

2s2
yt

 !

VYs tið Þ ¼ dffiffiffiffiffiffiffi
2p

p
s ys

exp
� ti � m y � Dti
� �2

2s2
ys

 !

8>>>>>><
>>>>>>:

(2)

where VYt and VYs are, respectively, the lateral velocities of the
tractor and the semitrailer, ti is the vehicle-driven time and i= 1,
2, 3, . . . n, Dti is the time-phase difference between the tractor
and the semitrailer and d, my, s yt and sys are the fitting
coefficients.
Generally, the tractor and semitrailer could not complete

lane change during a whole sinusoidal cycle. Thus, here we
introduce probability coefficients to describe the complete
degree of lane change associated with s yt and s ys. Related
parameters in equation (2) could be obtained by:

d ¼ B

m y ¼ t0 1 1= 2fð Þ1 td

Pt ¼ P m y � ls yt < t < m y 1ls yt
� � ¼ U l tð Þ

s yt ¼ 1=f 12tdð Þ=l t

Ps ¼ P m y 1Dt � l ss ys < t < m y 1Dt1 l ss ys
� � ¼ U l sð Þ

s ys ¼ 1=f 12td 1 2Dtð Þ=l s

8>>>>>>>>>>><
>>>>>>>>>>>:

(3)

where B is the width of each lane, f is the steering frequency, t0
is the decision time of the intelligent system, td is the lateral
velocity response delay time closely related to vehicle
characteristics and Dt is the average delay time. Pt, Ps, l t and l s

are the probability coefficients; and l t and l s are set to 4–6
according to actual vehicle dynamics and scenarios.
l t and l s are key coefficients to determine the maximum

values of vehicles’ lateral velocities and accelerations. Figure 3
shows the tractor lateral velocity-changing trend with different
l t. In general, larger l t means the higher peak of the value.
Thus, vehicle states in lane change could be defined by
selecting l t appropriately, still, the correlation between l t and
l s should be reasonably determined according to the actual
articulated vehicle dynamics.
By equations (2) and (3), trajectories of the tractor–

semitrailer during lane change could be quantifiably described,
involving reaction and response times, manipulated inputs and

dynamic outputs. The parameters in themodel can bematched
reasonably according to the actual vehicle and road conditions.

2.2 Safe lane-change constraint
Safe lane-change constraint is the key to ensure the coupling
vehicles’ tracking and stability, which needs to satisfy kinematics
and dynamics. The principles ensuring that an articulated truck
achieves safe lane-change can be described as follows;
� A host vehicle involving a tractor and a semitrailer should

perform anti-collision with an obstacle ahead.
� The host vehicle should steer return timely and the overall

lateral displacement should satisfy the distance from
object lanes.

� The host vehicle is guaranteed tracking and robust
stability and comfort in the lane change.

For the kinematic constraints, Figure 4 describes a critical
relative position between a vehicle ahead and an articulated
truck while lane changing. The relative critical attitude of the
vehicles is determined by both geometric sizes and dynamic
parameters, such as vehicle width, centroid location, road
width and yaw angles. It also shows that different from single
vehicles. The articulated truck should ensure stability and
safety. Therefore, the critical states for safe lane-change lie in
not only the semitrailer’s attitude but also the relationship
between the tractor and the semitrailer.
Vehicle dynamics constraints can be expressed by the most

basic indexes, lateral accelerations of the tractor and
semitrailer. In addition to the proposed principles and the
critical geometry relationship shown in Figure 4, the constraint
conditions of safe lane-change for a self-driving articulated
truck are defined by the geometric sizes and dynamic
parameters as follows:

Ys tið Þ � B0

2
1 bs 1 b

0
s

� �
sinw s tið Þ1 Bs

2
cosw s tið Þ

� �
Ytmax � B;Ysmax � B

jaYt tið Þmaxj � aYmax; jaYs tið Þmaxj � aYmax

8>>>><
>>>>:

(4)

and

w s tið Þ ¼ VYs ti 1Dtnð Þ=VXs ti 1Dtnð Þ (5)

where Ys is the lateral displacement of the semitrailer. B0 is the
width of the obstacle ahead; Bt and Bs are, respectively, the
widths of the tractor and the semitrailer; bs is the distance from
the semitrailer’s centroid os to the rear axle; and b’s is the rear-
overhang length of the semitrailer. w s is the yaw angle of the
semitrailer. aYmax is the permitted maximum of the lateral
acceleration determined by the road and the tire characteristics.

Figure 3 Tractor lateral velocity variation with l t

Figure 4 Critical position of safe lane-change
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Dtn is the time-phase difference between the lateral velocity and
the yaw angle.

2.3Minimum safe distancemodel
The minimum safe distance is defined as the minimum clearance
where the articulated truck can safely change lane and perform
anti-collision with vehicles or obstacles ahead. The scenarios
involved in this study are longitudinal forced lane changes; the
influences of side interferences are notmentioned here.
In equation (4), the vehicle structure sizes, bs>Bs/2 and the

vehicles’ yaw angles w t and w s are relatively small and generally
less than 10° (Peng et al., 2012). In this case, the safe lateral
displacement for collision avoidance is positively correlated
with the yaw angle of the semitrailer. Therefore, the
conservative value of the safe lateral displacement is obtained
based on the maximum values of the yaw angle and the angle
could be approximately calculated by the ratio of lateral velocity
to longitudinal velocity as follows:

Ys tpð Þ ¼ B0

2
1 bs 1 b

0
s

� �
sinw s tð Þmax 1

Bs

2
cosw s tð Þmax

� �

f s tð Þmax ¼ VYs tið Þ=VXs tið Þ	 

max

8>><
>>:

(6)

where tp is the critical time for anti-collision and tj is the
corresponding time when the lateral velocity reaches the
maximum value.

If the Ys(tp) is calculated by equation (4), the tp could be
obtained according to the Ys�t curve of the semitrailer, then,
the minimum safe distance in the longitudinal direction can be
calculated, according to the longitudinal movement of the
vehicle. Two cases are considered here: constant velocity and
uniform deceleration, which are, respectively, described as:

Lm ¼
ðtp
0
DVXdt1 ls (7)

where Lm is the minimum of the safe distance, ls is the
conservative safety clearance and set as 10m here and DVX is
the relative longitudinal velocity between the host vehicle and
the obstacle ahead.

2.4Model validation
The model validation is carried out on a physical simulation
platform, Trucksim, which provides advanced and
professional development tools for tractor-semitrailer
dynamics. Here, lateral velocities and yaw angles of the
tractor and the semitrailer are concerned and contrasted by
the double-Gaussian model, Trucksim and polynomial
model. With 20m/s initial longitudinal velocity and 0.2Hz
steering frequency, the contrasts are conducted in constant
and 2m/s2 deceleration without operation delays,
respectively. Details are shown in Figures 5 and 6.
Figures 5 and 6 clearly show the trends of typical

parameters, including vehicle trajectories, lateral velocities

Figure 5 Contrasts in constant longitudinal velocity maneuver
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and yaw angles obtained by the double-Gaussian model,
Trucksim and polynomial model. In the constant
longitudinal velocity maneuver, the trajectories have better
consistency with Trucksim, and in addition to the lateral
velocities and yaw angles of tractor and semitrailer, the
overall error is less than 5%, much better than the
polynomial model whose error is more than 10%. Moreover,
in the longitudinal deceleration maneuver, the errors of
relative parameters are relatively larger than the polynomial
model, especially the yaw angle of the semitrailer, the
maximum error is close to 20%; however, it has little effect
on the minimum of the safe distance Lm and the fitting
degree of each stage and the whole is better than the
polynomial model. More comparisons are conducted
between Gaussian model and Trucksim, to verify the
reliability, as listed in Table 1.
As shown in Table 1, some key parameters obtained via the

path-planning model, have better consistency with
the Trucksim. Most of the errors are less than 10% and the
minimum of the safe distances Lm are less than 7%.
Furthermore, the Lm obtained by the proposed model is
generally larger than that obtained by Trucksim, which
indicates the estimations are relatively conservative and safe.
Thus, from the perspective of track and lateral motion, the
proposed path-planning model can approximately reflect the
actual lane-changing state of vehicles.

3. Safe lane-change controller

3.1 Safe lane-change decisionmode
Decision mode is an important part for safe lane-change
path planning. As an intermediate link between perception
and control, the proposed safe lane-change decision mode
for anti-collision should ensure not only longitudinal safety
space but also lateral stability, passenger comfort and
driving simplicity.
The authors take a set of vehicle and road data as an

example, as shown in Table 2. With an initial velocity of 20m/s
and appropriate steering frequencies, the minimum vehicle safe
distances with two types of maneuvers (constant velocity and
2m/s2 deceleration) could be calculated by the proposed path-
planningmodel, as listed in Table 2.
As shown in Table 2, with the steering frequency increasing

from 0.2Hz to 0.5Hz, the minimum safe distance diminishes
by nearly 36% from 84.40m to 53.85m in a constant speed
and by nearly 28% from 72.37m to 52.15m in braking
maneuver. Moreover, the vehicle lateral acceleration increases
from 0.84m/s2 to 4.69m/s2 and 1.03m/s2 to 4.48m/s2, nearly
5.6 and 4.5 times, respectively.
Moreover, under the same condition (with or without braking),

higher steering frequency causes smaller safe distance and critical
time point, but greater lateral deceleration. Furthermore,
compared with constant speed maneuver, braking could make

Figure 6 Contrasts in longitudinal deceleration maneuver
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shorter safe distance but possibly more lateral acceleration, such as
in 0.2Hz, the length decreases by nearly 14% and the lateral
acceleration increases by almost 23%. Therefore, it can be
included that the steering frequency is a crucial factor in not only
enhancing longitudinal safety but also deteriorating lateral stability.
Meanwhile, braking is also an effectiveway to enlarge anti-collision
safety space but may increase lateral acceleration, as well. The
coupled longitudinal and lateral motions may require higher road
adhesion to ensure safety.
Based on the calculated minimum safe distances in different

maneuvers from one to nine in Table 2 and considering simplicity
driving and comfort riding, the authors propose four-level self-
driving modes of lane change for anti-collision under specific
conditions, as listed in Table 3. It indicates the applicable
conditions of four-level self-driving modes, which are used as the
intelligent decision mechanism. Data in Table 3 show the
acceptable initial relative distances between the vehicles DL and
self-drivingmodes, which could be defined according to the actual
dynamics of the vehicles. The authors define the obstacleV’X0 is in
the region [0, 20]m/s with the interval of 10m/s and the
deceleration of the obstacle a0 is in [�8, 0]m/s2 and �2m/s2

interval. The vehicle acceptable safe distances in four-level modes
are calculated and shown inFigure 7.

3.2 Vehicle model for controller
As shown in Figure 1, while steering, there is a longitudinal and
lateral coupling movement of the vehicle, as well as a yaw

motion caused by the rotational moment because of lateral
forces around the mass center. Therefore, an eight-degree-of-
freedom (DOF) vehicle model, including vehicle longitudinal,
lateral and yaw motions and front/rear wheels’ rolling motions
is established as follows:

_X ¼ f Xð Þ1 g Xð Þu
X ¼ x1; x2; x3; x4; x5; x6; x7; x8; x9; x10; x11½ �T

¼ VXt;VYt; _w t; w t; _u ; u ;v tf ;v tr;v s; _d f ; d f

h iT
8>><
>>:

(8)

Setting the control output variables, including the tractor’s
longitudinal VXt, lateral velocities VYt, yaw angle w t, front
wheel steering angle d f and articulated angle u and applying the
typical control strategies of active front steering (AFS) and
direct yaw control (DYC), the vehicle control model is
expressed as:

_X ¼ f Xð Þ1 g Xð Þu
h Xð Þ ¼ VXt VYt w t u d f

	 
T
8<
: (9)

g Xð Þ ¼ g1;g2;g3;g4;g5½ � (10)

u ¼ u1 u2 u3 u4 u5
	 
T

¼ Fxfc Fxrc Fxsc Mc d swc
	 
T (11)

Relevant descriptions are listed in Appendix 2.

Table 3 Four-level lane changing modes for anti-collision

Mode

Steering
frequency

/Hz

Host vehicle initial
velocity
/m/s

Decision
time
/s

Uniform
deceleration

/m/s2

Braking response
time
/s tp/s Applicable condition

1 0.1 20 0.5 0 0 6.38 DL1 V0
X0tp 1

1
2
a0t2p

� �
1 lsafe � 138

2 0.2 0 0 3.7285 � DL1 V0
X0tp 1

1
2
a0t2p

� �
1 lsafe < 138

3 0.3 0 0 2.84 67 � DL1 V0
X0tp 1

1
2
a0t2p

� �
1 lsafe < 85

4 0.4 2 0.2 2.47 57 � DL1 V0
X0tp 1

1
2
a0t2p

� �
1 lsafe < 67

Table 2 Vehicle safe distances in different modes

No. Steering frequency /Hz
Relative velocity

/(m/s)
Decision time

/s
Braking deceleration

/(m/s2) Braking response time/s aYmax /(m/s2) tp/s Lm/m

1 0.1 20 0.5 0 0 0.22 6.38 137.61
2 0.2 0.84 3.72 84.40
3 0.3 1.80 2.84 66.81
4 0.4 3.12 2.40 58.02
5 0.5 4.69 2.19 53.85
6 0.2 2 0.2 1.03 3.61 72.37
7 0.3 1.86 3.05 65.50
8 0.4 3.99 2.47 56.22
9 0.5 4.48 2.22 52.15
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3.3 Combined controller design
Because of the influence of the vehicle parameter uncertainty, a
controller is to guarantee the tracking and robust stability of the
closed-loop coupled system. Thus, the controller is designed
based on FLC theory combined with single point preview
optimization (Hitay, 2019).
According to FLC theory, an input–output linearization is

deduced and the control model is defined as:

y ið Þ
n ¼

@ Li�1
f h


 �
@x

f Xð Þ1 g Xð Þu
	 


¼ Li
f h Xð Þ1LgLi�1

f h Xð Þu
(12)

if h(X) satisfies:

LgLi�1
f h Xð Þ ¼ 0; i ¼ 1; 2; � � � ; r � 1;LgL

r�1
f h Xð Þ 6¼ 0

(13)

then,

y
rð Þ
n ¼ Lr

f h Xð Þ1LgL
r�1
f h Xð Þu ¼ v (14)

According to the feedback linearization derivation principle, it
indicates that the relative degree of the vehicle system is 8 less
than 11, which satisfies partial feedback linearization.

Figure 8 Structure of the safe lane-change control system

Figure 7 Vehicle safe distances in four-level lane changing modes

Figure 9 Model comparative study for the combined controller
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Coordinate transformation is necessary for the model, as
detailed further:

Z ¼ TX (15)

where T is a nonsingular 11�11 matrix. Then, the control
model by partial feedback linearization could be expressed as:

_n ¼ Acn1Bcg Xð Þ u� a Xð Þ½ �
_g ¼ q0 g; nð Þ
y ¼ Ccn

8>><
>>: (16)

where n ¼ z1; z2; z3; z4; z5; z6; z7; z8½ �T and g ¼ z9; z10; z11½ �.
The control inputs v can be expressed as:

v ¼ g Xð Þ u� a Xð Þ½ � (17)

Then, the initial nonlinear system could be linearized as
_n ¼ Acn1Bcv.

Figure 8 shows a designed safe lane-change control system.
Feasible path planning is carried out and safe trajectories
satisfying constraint conditions are generated by detecting the
information of the vehicles and environment by sensors’
perception, involving velocity, distance and road adhesion.
Then, an optimized trajectory is determined by the intelligent
decision mode, which considers safety combined with comfort
and traffic efficiency.
By exponent and proportional gain, convergence rules are

established through the state variable errors as follows:
v ¼ ke1 _yr (18)

where e is the tracking error between the vehicle’s actual
motions and the objects, which can be transformed as:

_e1 ke ¼ 0 (19)

Moreover, the steering angle input v5 is controlled by single
point preview, which is defined as:

Figure 10 Control effects in different modes for anti-collision on a straight road
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v5 ¼ K Yr t1Tpð Þ � Y tð Þ � TVY tð Þ	 

1L2

f h5 xð Þ (20)

where v5 is a set based on optimal algorithm. Tp is the preview
time. The closed-loop gainK could guarantee the path tracking
and robust stability of the vehicle system.

The combined controller concern on the nonlinear
characteristics of high-speed vehicles, and could improve
the tracking accuracy and robustness even in case of
interference.

4. Control effects verification

4.1 Algorithm verification
To verify the effects of the proposed control algorithm
associated with the path planning and the decision mode,
the authors compare it with the other controller (based on

Figure 11 Control effects of specific modes for anti-collision on a curved road

Figure 12 HIL simulation platform Table 4 Defining values in HIL

B/m m as/m bs/m b’s/m bt/m Bs/m B0/m ls/m l t l s

3.75 0.8 5.05 2.9 2.03 2.07 2.6 2.4 10 4.7 4.7
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an 8DOF vehicle model, without path planning) and a
self-driving mode in Trucksim (based on the Macadam
model).
The simulations are conducted in a typical lane-change

maneuver in 20m/s with 0.3 Hz steering frequency.
Contrasts of the tractor’s motions in different lane-change
control methods are shown in Figure 9, including
trajectory, lateral tracking error, lateral velocity and yaw
angle. The lateral tracking error could be limited in
0.02 m, which is better than that of Trucksim. Besides, the
yaw angle is very close to the reference, even though
without path planning. Importantly, no low-frequency
oscillation similar to that controlled by Trucksim [about
0.5 Hz shown in Figure 9(d)] is observed. Moreover, the
lateral velocity is precisely controlled and more stable
without any redundant oscillation than that with other
methods [Figure 9(e) and (f)]. Thus, the proposed 8DOF
model with path planning obtains the least tracking errors
with the desired values. The yaw angle controlled by the
8DOF model without path planning also has good effects.
However, there are still prominent defects, such as the
slower tracking speed and the larger errors than those of
other methods, indicating the importance of preview.
Furthermore, low frequency oscillation occurs during
steering return. These results indicate that the proposed

combined controller has better effects for tracking and
robust stability in self-driving modes.

4.2Multi-mode on a straight road
The scenario is simulated as complex traffic with multiple
overtaking conducted in different modes to escape with
obstacle vehicles ahead, which is designed to test the tracking
quality with multi-mode on a straight road. Based on this idea,
the presented path planning and control results based on the
scenario are displayed in Figure 10.
Figure 10(a) shows a good consistence of trajectory

tracking. When one of the applicable conditions of a lane
change is satisfied (Table 2), the host vehicle would be
driven in the corresponding self-driving mode. The host
vehicle escapes the obstacles by lane change at about 6.44,
10.22, 13.12 and 15.51 s. The tracking errors in Figure 10
(b) show that the tracking errors in the whole process are
less than 0.02m. The details show that the constant
velocity modes (nos. 1, 2 and 3) lead to better tracking
compared with the uniform deceleration mode (no. 4).
Thus, higher steering frequency corresponds to stronger
coupling of longitudinal and lateral motions and larger
errors. Besides, Figure 10(c) and 10(d) indicates that the
longitudinal and lateral velocities have good consistency
with the references through braking and driving modes.

Figure 13 Tractor motions in lane change obtained by HIL simulation platform

Table 5 Effect verification of HIL

Constant speed
Initial speed

/m/s Probability coefficient l Steering frequency /Hz
VYc(t)max

/m/s
aYc(t)max

/m/s2
aYc(t)min

/m/s2
w c(t)max

/rad
Yc(tp)min

/m tp /s Lm /m

Reference 20 0.3 2.01 1.82 �1.69 0.09 2.90 2.39 47.8
HIL simulation platform 5 1.99 1.61 �1.61 0.10 2.97 2.40 48
Error (%) 1 11.5 4.7 11.1 2.4 0.4 0.42
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The tractor yaw angle and articulated angle showed in
Figure 10(e) and 10(f) are also well controlled,
respectively, which demonstrate that the controller has
good decouple effects. As shown in Figure 10(g) and 10(h),
the control inputs of steering, DYC and longitudinal forces
of axles are smooth. The steering angle and forces increase
obviously in braking and driving maneuvers, and the
maximum longitudinal forces of the tractor and semitrailer
axles are, respectively, about 14,490, 21,400 and
11,550N, which are far from the limit of the tires
(respectively, 40,384, 37,282 and 35,222N estimated
based on the load distribution of each axle). Thus, the
vehicle is safe and has good tracking in different modes.

4.3 Typical modes on the continuous curved road
To verify the performance of overtaking maneuvers for anti-
collision, we designed a typical scenario on the continuous
curved road, to test the control effects of the presented self-
drivingmodes. The curved road is composed of three parts with
radii of 600, 800 and 1,000m circular arcs. Two obstacles are
ahead in the different lanes of the road. The host vehicle is
retained with a constant speed of 20m/s and then emergency
steering has a constant frequency of 0.3Hz when the distance
gap to obstacles ahead is 75m, which satisfies the condition of
Mode 3.
The control results, while overtaking, are shown in

Figure 11. Figure 11(a) and 11(b) displayed the global
trajectory and the tracking error of the host vehicle, which
shows that the absolute error is less than 0.03m. It
demonstrates a good tracking effect with the desired reference.
In addition, as shown in Figure 11(c) and 11(d), the curve
combined lane change causes the lateral velocity continuous
large-scale variety. Besides, longitudinal and lateral velocities
are well decoupled and controlled despite small-amplitude
longitudinal fluctuations. Figure 11(e) and 11(f) indicates that
the tractor yawrate and articulated angle also have good
consistency with the desired references and the absolute values
are less than 0.15 rad/s and 0.01 rad, respectively, indicating
that the vehicle is stable.
Furthermore, Figure 11(g) and 11(h) shows that the control

inputs are continuous and the changing trend of the steering
input is consistent with tractor yawrate, larger steering while
lane changing than simple cornering, as well as the inputs of
direct yaw torque and longitudinal force. The axles’ absolute
longitudinal forces of the tractor and semitrailer are less than
6,000N, which are considerably far from reaching the limit of
the tire. This result indicates that the vehicle is controlled in an
absolute stability in the whole lane-change on the curved road.
Therefore, the proposed controller also deals with obstacle
avoidance on curved roads.

4.4 Control model verification by hardware in the loop
Path-planning model and controller verifications are
conducted by a specialized HIL simulation platform. As
shown in Figure 12, the HIL platform is built based on the
physical system involving steering and braking and
software system of virtual test drive, which could provide
advanced and professional development tools for ADAS
and self-driving vehicles. Figure 12 shows a typical lane-
change scenario on a highway involving two-way six lanes,

a host-articulated truck, an obstacle vehicle ahead and so
on. A self-driving mode and control strategy are embedded
in the HIL system to simulate anti-collision by lane change.
The vehicle speed and lane change time are set to 20m/s
and 3.3 s, respectively. The defining values of the road and
vehicle are listed in Table 3 (Table 4).
Figure 13(a), 13(b), 13(c) and 13(d) indicates the trends

of the semitrailer trajectory and lateral dynamics obtained
by the HIL simulation platform with the desired reference.
The trajectory of the proposed model is consistent with
that of the HIL platform and the lateral velocity as well as
acceleration, and the lateral displacement error is less than
0.12m. Moreover, the root means square errors of the
trajectories, lateral velocities and accelerations are about
0.0665, 0.0725 and 0.1569, respectively. Thus, from both
tendencies and values, the proposed models have good
control effects and it can provide a feasible reference for
self-driving vehicles.
Table 5 shows the contrasts of related parameters,

including the maximum of the semitrailer lateral velocity,
in addition to the acceleration and critical values for anti-
collision, minimum safe distance and errors with HIL. The
errors of the vehicle’s lateral acceleration and yaw angle are
more than 10%, still, the key parameters that can
characterize vehicle anti-collision, such as critical time and
minimum safe distance, are relatively small (i.e. less than
5%). Thus, the proposed path planning and control model
is sufficiently accurate to analyze vehicle safety lane-change
for anti-collision.

5. Conclusion

In consideration of the handling difficulties and high
degree of danger for self-driving articulated truck making
lane-change maneuvers, a novel safe lane-change path
planning and control method is proposed, which provides a
valuable reference for the quantitative analysis and
evaluation of lane-change safety of path planning, decision-
making and tracking control for the intelligent articulated
vehicles. Points of discussion and conclusions can be
summarized as follows;
� A double-Gaussian distribution is deduced to describe the

lane-change trajectories of a tractor and a semitrailer. The
model has successfully converted the two vehicles’ lane-
changing motions into simple double probability issues
and specific parameters are accurately obtained by the
self-driving, vehicle dynamics and road characteristics.
The results show that the model has the advantage of
continuous curvature and simplicity. More importantly, it
could clearly depict the intelligent dynamics of the
articulated vehicles, especially coupling performance.

� Safe lane-change constraint and minimum distance model
are proposed according to the vehicle dynamic and road
static allowable conditions. Self-driving decision modes of
the articulated vehicle are abstracted and safe lane-change
is defined between the host and obstacle. The detailed
analysis results provide a principle of designing safe lane-
change path planning.

� A combined controller is designed using feedback
linearization and preview optimization. In addition,
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vehicle lane changing in typical scenarios is
comprehensively tested. And the path-planning model
and controller validation are conducted by a specialized
HIL simulation platform. The relative results indicate that
the combined controller can ensure good tracking and
robust stability for the closed-loop nonlinear system.

With the development of intelligent networking technology, smart
vehicles and smart roads are areas worthy of further study. From the
perspective of the cooperative vehicle-infrastructure system, the
following could be considered in the future;
� Path planning is a primary issue for safety and efficient lane

changing. Diversified styles of trajectory planning should be
defined to improve the self-driving vehicle’s adaptability, such
as dynamic driving, eco-friendly or neutral. The driving habits
and preferences of human drivers, especially for commercial
trucks, should be considered.

� Based on advanced theory and big data analysis, decision
mechanism and risk assessment should be further studied
to achieve good adaptation for complex scenarios, such as
multiple vehicles and bad weather.

� Vehicle robustness problem caused by uncertainty of
the model and external disturbance should be
improved by integrating trajectory tracking into robust
algorithm.

� Based on multi-source information fusion, intelligent V2V
and V2X, further systematic studies of cooperative optical
control and multi-body intelligence for vehicle platoon are
urgently needed.
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Appendix 1

Lane-change trajectory model

According to equation (2), the lateral accelerations of the
vehicles could be obtained by derivation, represented as:

aYt tið Þ ¼ �dffiffiffiffiffiffiffi
2p

p
s3

yt

exp
� ti � m yð Þ2

2s2
yt

 !
ti � m yð Þ

aYs tið Þ ¼ �dffiffiffiffiffiffiffi
2p

p
s3

ys

exp
� ti � m y � Dt
� �2

2s2
yt

 !
ti � m y � Dti
� �

8>>>>><
>>>>>:

(A1-1)

where aYt and aYs are, respectively, the lateral accelerations of
the tractor and the semitrailer.
The displacements of the vehicles could be deduced by

integration, as follows:

Yt ¼
ðTt

0

dffiffiffiffiffiffiffi
2p

p
s yt

exp
� ti � m yð Þ2

2s2
yt

 !
dt

Ys ¼
ðTs

0

dffiffiffiffiffiffiffi
2p

p
s ys

exp
� ti � m y � Dti
� �2

2s2
ys

 !
dt

8>>>>><
>>>>>:

(A1-2)

where Yt and Tt are the lateral displacement and lane-change
time of the tractor, respectively. Ys and Ts are the parameters
of the semitrailer. Tt and Ts could be treated as the sinusoidal
steering cycles.
Then, the maximum values of the vehicles’ lateral dynamic

parameters could be obtained as follows:

VYt tið Þmax ¼ VYt m yð Þ ¼
dffiffiffiffiffiffiffi

2p
p

s yt
; ti ¼ m y

VYs tið Þmax ¼ VYs m y 1Dti
� � ¼ dffiffiffiffiffiffiffi

2p
p

s ys
; ti ¼ m y 1Dti

8>>>><
>>>>:

(A1-3)

jaYt tið Þmaxj ¼
dffiffiffiffiffiffiffi

2p
p

s2
yt

exp � 1
2

� �
; ti ¼ 6s yt 1 m y

jaYs tið Þmaxj ¼
dffiffiffiffiffiffiffi

2p
p

s2
ys

exp �1
2

� �
; ti ¼ 6s yt 1 m y 1Dti

8>>>>><
>>>>>:

(A1-4)

Moreover, given that the lateral displacement is constant
with none lateral velocity while lane-change finishing, the
maximum values of lateral displacements in lane change are
equal to d, as follows:

Ytmax ¼ d
1ffiffiffiffiffiffiffi

2p
p

s yt

ð11

-1
exp

� ti � m yð Þ2
2s2

yt

 !
dt

¼ d

Ysmax ¼ d
1ffiffiffiffiffiffiffi

2p
p

s ys

ð11

-1
exp

� ti � m y � Dti
� �2

2s2
ys

 !
dt

¼ d

8>>>>>>>>>>>><
>>>>>>>>>>>>:

(A1-5)
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Appendix 2

Relevant symbols and parameters of the vehicle
model

According to Newton’s second law and force moment
balance, the 8DOF vehicle mechanical equilibrium is
represented as:

f Xð Þ ¼

a11Fyf 1 a12Fyr 1 a13Fys

a21Fyf 1 a22Fyr 1 a23Fys

a31Fyf 1 a32Fyr 1 a33Fys

x3
a51Fyf 1 a52Fyr 1 a53Fys

x5
a71Fyf

a81Fyr

a91Fys

�Cwx7
Iw

�Kwx8
Iw

� «Fyf

Iwx11

8>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>:

(A2-1)

g Xð Þ ¼ g1;g2;g3; g4;g5½ � (A2-2)

u ¼ u1 u2 u3 u4 u5
	 
T

¼ Fxfc Fxrc Fxsc Mc d swc
	 
T (A2-3)

where

a11 ¼ a12 ¼ a13 ¼ �1= mt 1msð Þ

a21 ¼ a2smt � Izs
� �

Iztms 1 c1 atð ÞcIzsmtms
	 


= mtSð Þ

a22 ¼ a2s Izt 1 c2Izs
� �

ms 1 Izt � btcmsð ÞIzs
	 


=S

a23 ¼ �Izt asbsms � Izsð Þ=S

a31 ¼ atmt 1 atms 1 cmsð ÞIzs 1 ata2smtms
	 


=S

a32 ¼ cmsIzs � bt mt 1msð ÞIzs � bta2smtms
	 


=S

a33 ¼ ascbsmtms � cmsIztð Þ=S

a51 ¼ asIzt mt 1msð Þ1ms cIzs 1 asIztð Þ	 

=S

a52 ¼ cIzs � asIztð Þms � btIzs mt 1msð Þ	 

=S

a53 ¼ as 1 cð Þcbsmtms 1 as 1 bsð ÞIztmt
	 


=S

a71 ¼ a81 ¼ a91 ¼ �rw=Jw

S ¼ a2s Izt 1 c2Izs
� �

mtms 1 mt 1msð ÞIztIzs

g1 ¼ �a11cos x4 1 x11ð Þ �a12cosx4 0 0 �a13cos x4 � x6ð Þ
	 


g1¼

�a11cos x4 1 x11ð Þ
a21sin x4 1 x11ð Þ
a31sin x4 1 x11ð Þ

0
a51sin x4 1 x11ð Þ

0rw
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0
0
0
0

2
666666666666666664

3
777777777777777775
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0
0

2
666666666666666664

3
777777777777777775

;

g3 ¼

�a13cos x4 � x6ð Þ
a23sin x4 � x6ð Þ
a33sin x4 � x6ð Þ

0
a53sin x4 � x6ð Þ

0
0
0rw
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cos x4 � x6ð Þ

0
0

2
666666666666666664

3
777777777777777775
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0
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as as 1 cð Þmtms 1 mt 1msð ÞIzs½ �=S
0
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In addition, to support the vehicle steering dynamics, the
tires provide the longitudinal and lateral forces necessary
to change the speed and direction of the vehicle.
According to equation (A2-4), Pacejka model is
introduced to calculate the tires’ longitudinal and lateral
forces based on the slip parameters, such as slip ratio and
angle, respectively.

Fx ¼ Dxsin Cxarctan Bxk � Ex Bxk � arctan Bxkð Þ½ �� �� �
Fy ¼ Dysin Cyarctan Bya� Ey Bya� arctan Byað Þ½ �� �� �

8><
>:

(A2-4)

where r is the wheel slip radio, a is the wheel slip angle
and there are related fitting coefficients forces Bx, Cx, Dx,
Ex and By, Cy, Dy, Ey, which are usually obtained by
test data. The wheels’ slip parameters are defined as:

k f ¼ uwf � rwvwf

uwf
� 100%

k r ¼ uwr � rwvwr

uwr
� 100%

k s ¼ uws � rwvws

uws
� 100%

af ¼
_Yt
_Xt

1
atf t
_Xt

� w t � d f

ar ¼
_Yt
_Xt

� btf t
_Xt

� w t

as ¼
_Ys
_Xs

� bsf s
_Xs

� w s

8>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>:

(A2-5)

where uwf, uwr and uws are the velocities of the wheels’ center.
rf, rr and rs are the wheels’ slip radios and af, ar, and as are the
wheels’ slip angles of the tractor and the semitrailer.
Relevant vehicle parameters and symbols are listed in

Table A1.
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Table A1 Vehicle model parameters and symbols

Symbol Parameter name Value Unit

mt Tractor mass 8,500 kg
ms Semitrailer mass 7,600 kg
at Distance from tractor’s centriod to front axle 1.8 m
bt Distance from tractor’s centriod to rear axle 2.1 m
c Distance from tractor’s centriod to articulated point 1.8 m
as Distance from semitrailer’s centriod to articulated point 5.05 m
bs Distance from semitrailer’s centriod to rear axle 2.9 m
Izt Tractor’s yaw moment of inertia 35,100 kgm2

Izs Semitrailer’s yaw moment of inertia 107,800 kgm2

Jw Wheel moment of inertia 0.4 kgm2

rw Wheel radius 0.505 m
Iw Moment of inertia of steering wheel around spin 10 kgm2

Cw Damping coefficient of steering wheel around spin 60 —

Kw Steering system stiffness 2,000 kgm2

e Tractor front tire pneumatic trail 0.01 m
df Front wheel steering angle of tractor — rad
ut Tractor yaw angle — rad/s
us Semitrailer yaw angle — rad/s
h Articulated angle — rad
xwf(r) Front (rear) wheels’ rolling angular velocity of tractor — rad/s
xs Wheels’ rolling angular velocity of semitrailer — rad/s
uwf(r) Tractor’s velocities of front and rear wheels’ centers — m/s
uws Semitrailer’s velocities of wheels’ centers — m/s
Fyf(r) Front (rear) wheels’ lateral force of tractor — N
Fys Wheels’ lateral force of semitrailer — N
Fxfc Tractor’s front axle longitudinal driving force by controller — N
Fxrc Tractor’s rear axle longitudinal driving force by controller — N
Fxsc Semitrailer’s axle longitudinal driving force by controller — N
Mc Yaw moment by controller — Nm
dswc Steering wheel angle by controller — rad
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