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Abstract: The study proposes an active trailer steering control method for tractor semitrailers to
promote the path tracking effect of the trailer portion as well as lateral stability during lane changing.
Firstly, a simplified model of a tractor semitrailer is constructed, and the MAP map is formed based
on the genetic algorithm for the identification of the key parameters, which improves the model’s
accuracy. Then the tractor and trailer’s yaw rate and sideslip angle at CG are tracked as the control
objective and the trailer angle distribution strategy is given. Then the LQR-based corner controller
is designed to control the steering actuators of each axle of the trailer. Finally, the effectiveness of
the designed control strategy is verified based on the Trucksim/Simulink joint simulation platform
and the semi-physical HiL test platform. The simulation results show that the designed controller
can effectively improve the path tracking effect of the tractor and the trailer, and at the same time,
the lateral stability parameters of the tractor and the trailer are also significantly improved, which
improves the driving stability of the tractor semitrailer.

Keywords: tractor semitrailer; active trailer steering control; parameter identification; lateral stability

1. Introduction

With the rise of the courier industry and the high-speed development of the highway,
the modern logistics and transport industry has entered the fast lane of vigorous develop-
ment, and is slowly moving towards large-scale, heavy-duty and professional transport,
in which the tractor semitrailer plays a very important role and is the mainstay of road
transport [1]. The tractor semitrailer offers advantages such as a large load capacity, low
transport costs, easy maintenance, and high transport efficiency [2]. Therefore, it is widely
used in the road freight and logistics industry. Meanwhile, in recent years, the demand for
coal, steel, and other raw materials has remained strong, further driving the growth of the
tractor semitrailer industry [3].

However, there are also many problems with the tractor semitrailer; due to the exis-
tence of the connecting device, the structure of the tractor semitrailer is relatively complex,
which also brings about the phenomenon of the amplification of the rear end of the tractor
semitrailer. This is unique, specifically, as when the is tractor steering, the rear of the trailer
will produce a kind of centrifugal force, which makes the rear of the trailer deviate from the
original driving trajectory, and makes it prone to collisions between the rear of the trailer
and the surrounding obstacles or other vehicles [4]. Meanwhile, since the manipulation
of the driver of the tractor semitrailer is mainly based on the state of the tractor and it is
difficult to perceive the state of the trailer [5], if the driver does not operate properly or
the road conditions are poor, it is easy to cause accidents, such as the common rollover
accidents and folding accidents. In addition to this, the tractor semitrailer also has problems
such as a high centre of cargo mass and high load capacity [6].
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In order to improve these problems, more and more scholars have studied the active
trailer steering control strategy; by applying control to the steering actuators of each axle
of the trailer, the trailer path tracking effect and lateral stability of the tractor semitrailer
can be improved. Wang [7] et al. elaborated the effect of rear-end amplification on the
stability of tractor semitrailers, and used it as a control target to improve the stability of
tractor semitrailers at medium and high speeds by using an active trailer steering system.
Jujnovich [8] et al. used an active trailer steering system and targeted the rear end of the
trailer to follow the trajectory of the articulation point, and applied the linear quadratic reg-
ulator (LQR) control algorithm in the control strategy to improve the lateral stability of the
tractor semitrailer and trailer tracking effect. Nie Zhigen [9] et al. identified the parameters
of the three-degree-of-freedom (DOF) yaw model and the five-DOF yaw-roll model, and
controlled the active trailer steering system by using proportional integral derivative (PID)
and LOR algorithms for the low-speed and high-speed scenarios, respectively, and the
simulation experiments and the verification of the hardware-in-the-loop platform under
different test conditions showed the effectiveness of the control strategy. Kural K [10]
et al. designed an active trailer steering control system which is regulated by a single PID
controller over all speed ranges and the gain scheduling method was used to obtain the
best results to improve the low-speed manoeuvrability as well as the high-speed stability
of the tractor semitrailer. Kim K [11] et al. established a simplified three-DOF model of a
tractor semitrailer, identified the key parameters of the model under the specified speed
and corners by an annealed particle swarm optimization algorithm, and then designed an
active trailer steering controller based on the LQR algorithm, which tracked the desired
yaw rate so as to improve the tracking effect and stability. Ding X [12] et al. used fuzzy
control and the LQR algorithm to study the active trailer steering system; the study showed
that both methods can improve the tracking effect and stability of the tractor semitrailer,
and the LQR algorithm is better than the fuzzy control algorithm.

The trailer part of tractor semitrailer usually has three axles and is located in the rear
of the vehicle; the above studies are the equivalent of the trailer part as an axle for the
study, the output of the controller is the equivalent axle angle of the trailer, and there is no
detailed control of each axle angle of the trailer. In addition, when the tractor semitrailer
undertakes the task of logistics and freight transport, the mass of the loaded cargo often
changes [13], and the changing mass of the cargo will lead to changes in the key parameters
required in the controller, such as the cornering stiffness of each axle [14], thus affecting
the effectiveness of the controller, and the above studies have not been carried out in
this regard.

Therefore, the innovations of this paper are mainly in two aspects: firstly, for the
uncertainty of the vehicle’s key parameter of the cornering stiffness of each axle, a parameter
identification strategy is designed, which improves the accuracy of the model by getting
the parameter mean arterial pressure (MAP) diagram and obtaining the real-time accurate
value of the parameter by looking up the table. Secondly, considering that the current
research on active trailer steering control usually combines three axles of the trailer section
into one for research, this paper provides more detailed control of the trailer’s cornering
angle of each axle based on the allocation strategy, which helps to further improve the
stability of the vehicle.

Based on the above analysis, an active trailer steering control strategy will be proposed
in this paper, and the main research contents are as follows: Firstly, the three-DOF simplified
model is derived based on the force analysis. Then, the parameter identification strategy
based on a genetic algorithm is designed to identify the key parameter, i.e., the cornering
stiffness of each axle under different cargo mass and lateral acceleration, and form the
MAP diagram of the key parameter. Next, the trailer angle allocation strategy for each axle
is designed and the active trailer steering controller is built based on the LOR algorithm.
Finally, we verify the effectiveness of the control strategy under a double lane change
condition using the Trucksim/Simulink joint simulation platform and the semi-physical
hardware-in-loop (HiL) test platform.
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2. Model Establishment for Tractor Semitrailers

The tractor semitrailer studied in this paper consists of two parts, namely, the tractor
and the trailer, which are connected by a coupling device. The tractor is a two-axle vehicle;
the front axle is responsible for steering and the rear axle is responsible for driving, while
the trailer is a three-axle vehicle, with all three axles located at the rear of the vehicle.

2.1. Differential Equations of Motion

In this paper, mainly the yaw motion of the tractor semitrailer is investigated, so a
simplified model can be used to meet the needs of this study. In order to facilitate the
analysis, the structural dimensions of the tractor semitrailer are given and the required
dimensions are marked, as shown in Figure 1.

i
i

Figure 1. Structural dimensions of a tractor semitrailer.

In this paper, the simplified three-DOF yaw model of tractor semitrailers will be used,
and the yaw model of tractor semitrailers is shown in Figure 2. Meanwhile, the differential
equations of tractor and trailer dynamics can be obtained according to Newton’s laws of
motion [15].
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Figure 2. Yaw model of tractor semitrailer.

The tractor dynamics equations are as follows:
miuq (ﬁl +1,l71> =HF C085f+F2+F4 (1)

Ilzzl;bl = Facoséy — Kb — Fyc (2)

The trailer dynamics equations are as follows:
main (,52 + IPZ) = F3cosd, + F4 cos 7y (3)

Izzzipz = —F3d cos 6, — Fye cos vy 4)
The constraint equation at the articulation point of the tractor and trailer is as follows:

ﬁ1*52*i¢1*§4’2+¢1*¢2:0 )
1 2

u
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In order to facilitate the description of the object, the tractor-related parameters are
denoted by the subscript 1, and the trailer-related parameters are denoted by the subscript
2, and the symbolic meaning of each parameter is shown in Table 1.

Table 1. Symbolic meaning of each parameter.

Parameter Symbolic Meaning Parameter Symbolic Meaning
my tractor weight 4 articulated angle
my trailer weight U tractor longitudinal speed
distance from the centre of gravity (CG) of tractor to the . oo
a front axle of tractor up trailer longitudinal speed
b distance from the CG of tractor to the rear axle of tractor B1 tractor sideslip angle at CG
c distance from the CG of tractor to the connecting device B2 trailer sideslip angle at CG
d distance from the CG of trailer to trailer axle " X tractor yaw rate
e distance from the CG of trailer to the connecting device 1];1 trailer yaw rate
k1 cornering stiffness of tractor front axle Izz tractor’s moment of inertia around the Z-axis
k> cornering stiffness of tractor rear axle Iz, trailer’s moment of inertia about the Z-axis
ks cornering stiffness of trailer equivalent axle Fq lateral force on the front axle of tractor
6 tractor front wheel angle F> lateral force on the rear axle of tractor
z)jr trailer equivalent axle wheel angle F3 lateral force on the equivalent axle of trailer
g gravitational acceleration Fy force on trailer at connecting device

2.2. Tyre Model

The tyre model used in this paper is a linear tyre model, and in the case of a tyre
sideslip angle less than 5°, the relationship between the sideslip angle and the lateral force
is linear, so the lateral force of each axle is equal to the product of the tyre cornering stiffness
and the sideslip angle of each axle, as shown below:

Fi = kioq, Fr = koo, F3 = kaox (6)
ay = <ﬁ1+a:il— f> (7)
a3 = <ﬁ2 - ‘ZP;) )

Among them, a1, ®2, and «3 are the front axle sideslip angle of the tractor, rear axle
sideslip angle of the tractor, and equivalent axle sideslip angle of the trailer, and k1, k2, and
k3 are the front axle cornering stiffness of the tractor, rear axle cornering stiffness of the
tractor, and equivalent axle cornering stiffness of the trailer, respectively.

2.3. Equation of State
The state space of the three-DOF tractor semitrailer can be obtained by taking (31,

P71 and By, U, as state variables, and combining Equations (1) and (9) to eliminate the
interaction force at the connecting device. The expression is as follows:

X = AX+ BU (10)

In this equation
. .qT
X = {.Bl ¥ B2 P,
u =
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miuqC Ilzz 0 0
| Mg 0 mouy 0
M= 0 0 moune 71222
-1 i 1 ;2
ki(a+c)+ky(c—b) ”(a;c)kl — b(cglb)kz — myuic 0 0
k1 + ko %—%—mlul ks —%—H’Zzuz
0 0 k3(€+d) —% — mauge
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B=M'[—(c+a) kI —k10 0]"

3. Parameter Identification for the Tractor Semitrailer Model

In Trucksim software, we can read some basic parameters of the vehicle, such as
dimensional parameters, suspension stiffness and damping, vehicle moment of inertia,
etc., but there are still a lot of key parameters that cannot be read directly, such as tyre
cornering stiffness, etc. In order to provide accurate parameters for the model in Matlab,
the parameter identification of the tractor semitrailer model will be investigated in this
section, and the main focus is on the identification of the tyre cornering stiffness of each
axle. In order to provide accurate parameters for the model in Matlab, this section will
investigate the identification of the model parameters of the tractor semitrailer, mainly
focusing on the identification of the cornering stiffness of each axle tyre.

3.1. Parameter Acquisition Based on the Genetic Algorithm

The genetic algorithm is an optimisation algorithm based on natural selection and a
genetic mechanism, which is widely used in optimisation and search problems of complex
systems. Genetic algorithms search for optimal solutions in the solution space by simulating
the operations of selection, crossover, and mutation in the natural evolutionary process [16].

The genetic algorithm used in this paper adopts binary coding, roulette selection for
the selection method, uniform crossover for the crossover method, basic bit mutation for
the mutation method, and the search space limitation method for constraint processing.
For the simplified three-DOF yaw model of the tractor semitrailer, the sideslip angle at the
CG of the tractor and trailer as well as the yaw rate data are used to identify the cornering
stiffness of the front axle of the tractor, the rear axle of the tractor, and the equivalent axle
of the trailer, and the fitness function is shown in Equation (11).

N (Brali) — B . N [P =93]

fitness =}, ; +. s
i=1 HBlt( )|max] 1:.1 [ 1/J1t(l) maﬁj (11)
R [Ba() B | N [92:() — ¥ (9)
i=1 [|BZt(i)|max] i=1 [ ¢2t(i) }

where 315(i), 1i)15(i) and Pys(i), 1i)25 (i) are the sideslip angle at the CG and yaw rate for the
tractor and trailer in the simplified model, respectively. 31; (i), tblt(i) and Py(i), ﬂ)zt(i) are
the sideslip angle at the CG and the yaw rate of the tractor and trailer output from the
Trucksim model, respectively.

By selecting a set of step conditions with no load 0.3 g lateral acceleration for testing,
the front axle cornering stiffness of the tractor was identified as —274543 N/rad, the rear
axle cornering stiffness of the tractor was identified as —413562 N/rad, and the equivalent
axle cornering stiffness of the trailer was identified as —245674 N /rad.
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Step case

3-DOF vehicle

However, in the actual operation of the tractor semitrailer, the mass of the loaded
cargo often changes, and then the cornering stiffness of each axle tyre will also change
accordingly. Therefore, genetic algorithms are used to identify the cornering stiffness of
each axle for different masses of cargo and form the MAP map of cornering stiffness to
obtain an accurate value for each axle’s cornering stiffness under different test conditions,
which can improve the accuracy of the model, and the identification process is shown in
Figure 3.

T
model B Bocs Pren 9o Parameter
EE——) MAP )
Parameter diagram Time-
identification varying
(Genetic parameter
algorithms) of
Biv Par @1 O simplified
4 model
./ .

vehicle status(ay. t)

Figure 3. Parameter identification flowchart.

The simplified three-DOF yaw model of the tractor semitrailer was firstly established,
and then the offline identification of the cornering stiffness of each axle of the tractor
semitrailer was carried out by the genetic algorithm; these axles were the front axle of the
tractor, the rear axle of the tractor, and the equivalent axle of the trailer, respectively. After
identifying the parameters under different test conditions, the parameter MAP diagrams
can be obtained, in which the independent variables are lateral acceleration and cargo mass,
and finally, the time-varying parameter values can be obtained by using the look-up table
method according to the real-time state of the vehicle, which can significantly improve the
accuracy of the simplified model.

In this study, step conditions were used to identify the parameters of the simplified
three-DOF model, covering different conditions from small lateral acceleration to large
lateral acceleration, and from unloaded to fully loaded (the load is taken at every 1/8 times
of the fully loaded mass), and the MAP diagrams were obtained after identifying the points
of the conditions, as shown in Figures 4-6, and the values of cornering stiffness in the
diagrams are the absolute values for the sake of the convenience of presentation.

2
Lateral acceleration/(m*s‘z) 15 .
4, Weight/(kg)

Figure 4. MAP diagram of the cornering stiffness of the tractor front axle.
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- 0.5
Lateral acceleration/(m's'z) -4 0 Weight/(kg)

Figure 5. MAP diagram of the cornering stiffness of the tractor rear axle.

- 0.5
Lateral acceleration/(m’s‘z) 4 0 Weight/(kg)

Figure 6. MAP diagram of the cornering stiffness of the trailer axle.

From Figure 4, it can be seen that, for the same cargo mass, the tractor front axle
cornering stiffness decreases with the increase in lateral acceleration, and the change is
obvious when the cargo mass is large, while the change is small when the cargo mass
is small. Under the same lateral acceleration, the tractor front axle cornering stiffness
decreases with the increase in cargo mass, and the change is obvious when the lateral
acceleration is large, while the change is small when the lateral acceleration is small. The
variation in the tractor front axle cornering stiffness is in accordance with the knowledge of
automobile theory, that is, with the increase in lateral acceleration, the load transfer rate
will increase accordingly, which leads to the decrease in the cornering stiffness [17].

Figures 5 and 6 have the same trend, in the case of the same cargo mass, and the tractor
rear axle cornering stiffness and the trailer equivalent axle side deflection stiffness have the
tendency of decreasing slowly with the increase in lateral acceleration. In the case of the
same lateral acceleration, the tractor rear axle cornering stiffness and the trailer equivalent
axle side deflection stiffness have a more obvious tendency to increase with the increase in
cargo mass.

Combined with Figures 4-6, it can be concluded that the values of the cornering
stiffness of the three axles of the tractor semitrailer under different test conditions are
relatively obvious, so it is necessary to carry out the research of parameter identification,
which can significantly improve the accuracy of the model under different test conditions.

3.2. Validation of Simplified Models

In order to verify the accuracy of the model after parameter identification, the double
lane change test condition is chosen to compare the simplified model and Trucksim model,
where the double lane change condition refers to the test condition with an initial speed of
50 km/h and a road adhesion coefficient of 0.85, and the mass of the cargo loaded in the
test condition is 5000 kg, which can be a better comparison for the accuracy of the model
after parameter identification. The results are shown in the figure below. The validation
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results are shown in the following figures, in which Figure 7 shows the steering wheel
angle, and Figure 8 shows the comparison of the responses of the tractor and trailer under
the simplified model and Trucksim model.

80 T T

60

Steering angle (°)
A ) )
o o o o

&
1<)

-80 L L

0 5 10

Figure 7. Steering angle.

Yaw rate of tractor (°/s)

L I L

10 15 20 25 30 35
Time (s)

Sideslip angle of tractor (°/s)

10 15 20 25 30 35
Time (s)

(c)

.
15 20 25 30 35
Time (s)

4 T T

Model data
3t Trucksim data

Yaw rate of trailer (°/s)

15 20
Time (s)

(b)

25 30 35

Sideslip angle of trailer (°/s)

15 20
Time (s)

(d)

25 30 35

Figure 8. Response comparison under the double lane condition of the simplified model and Trucksim
model. (a) Yaw rate of the tractor; (b) yaw rate of the trailer; (c) sideslip angle at the CG of the tractor;
and (d) sideslip angle at the CG of the trailer.

Figure 8 shows that the vehicle characteristics of the simplified model are in good
agreement with those of Trucksim, i.e., the simplified three-DOF model with parameter
identification can respond well to the dynamics of the tractor semitrailer, and the mean
square errors of the response comparison curves of the state quantities are shown in Table 2.
The meaning of the mean square error shows that the simplified three-DOF model after
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parameter identification has a better response, so the model meets the requirements of this
study and can be used in the stability control study.

Table 2. Mean square error of the response comparison curve of each state quantity.

State Quantity Mean Square Error State Quantity Mean Square Error
tractor yaw rate 0.0998 trailer yaw rate 0.2356
tractor sideslip angle trailer sideslip angle
at the CG 0.1702 at the CG 0-2297

4. Active Trailer Steering Control Strategy

In this section, the active trailer steering control strategy under medium- and high-
speed conditions is investigated, and the main purpose is to solve the path-following and
lateral stability problems of trailers. Firstly, we discuss the corner allocation strategy under
medium- and high-speed conditions and establish the active trailer steering controller
based on the linear quadratic regulator (LQR) to control the steering actuator of trailer, then
the effectiveness of the controller is verified and analysed based on the Trucksim/Simulink
joint simulation platform, and finally, the effectiveness of the proposed control strategy is
verified when running on a real controller based on the semi-physical HiL test platform.

4.1. Active Trailer Steering Corner Allocation Strategy

When the tractor semitrailer is travelling at medium and high speeds, the yaw motion
of the tractor semitrailer after increasing the active trailer steering system is shown in
Figure 9.

Figure 9. Diagram of yaw motion for the tractor semitrailer with ATS.

When the active trailer steering system is added, the force on the trailer during steering
is not the same as that of passive steering, the difference lies in the change of lateral force
on the tyres during steering, which leads to the change in the sideslip angle of each of the
trailer’s axles. The cornering angles of each of the trailer’s axles are named as 8¢ 6>, and
d2r, and the sideslip angles of each axle of the tyres are oy, Xonm, and ayy, respectively, and
the calculation method is shown in Equation (12).

L,

tpf = o — 52 = Oof
i

W = P2 — %2 — O (12)
L

aerﬁz—%—@r

where I1, I, and I3 are the distances from the first, second, and third axles of the trailer to
the centre of mass, respectively, as shown in Figure 9.
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Due to the inclusion of the trailer corner, the state space equations of the simplified
three-DOF yaw model of the tractor semitrailer in the previous section need to be slightly
changed and written in the following form:

X = AX + Bd; + BoU (13)

In this equation
Bo=M'0—k3—(e+d)0]"

U =y

The rest of the parameters are the same as those in the state space equations in the
previous chapters. The three axles of the trailer are equivalent to one axle in the above
equations, and the equation represents the response of the state of the tractor semitrailer at
the time of steering the wheels on the front axle of the tractor and the equivalent axle of
the trailer.

In order to further improve the control effect, it is necessary to allocate the three
cornering angles of the trailer axle. The first thing to consider is the stability of the trailer
when allocating the cornering angle of the tractor semitrailer in the state of medium- and
high-speed driving. Therefore, in order to prevent a large gap between the lateral forces of
each axle, which will have a negative effect on the lateral stability of the trailer, the axle
cornering angles are allocated on the principle of equal lateral forces in each axle. Since the
tyres used in each axle are of the same type, the condition of equal lateral force in each axle
can be obtained by meeting the equal sideslip angle of each axle, i.e., as in the following:

Npf = Moy = Moy (14)

In the simplified model of the tractor semitrailer, the three axles of the trailer part
are simplified to one axle, and the equivalent axle is the middle axle of the trailer, so the
cornering angle of the middle axle of the trailer is used as the reference to calculate the
cornering angles of the front and rear axles of the trailer, as follows:

{ % = it o 5)
Oy = _#lez + dom

where I, is the wheelbase between the axles of the trailer.

4.2. Design of LQR-Based Cornering Controller

In this paper, the yaw rate and sideslip angle at the CG of the tractor and trailer
are used as the indicators in the control strategy, and the yaw rate and sideslip angle
at the CG have a very important influence on the path tracking effect and stability of
the vehicles, so most of the previous studies chose them as the main control quantities.
By incorporating both the tractor and trailer indicators into the control volume, more
accurate tractor semitrailer vehicle status information can be provided than using only
the two indicators of the tractor. The control strategy is to make the actual yaw rate reach
the theoretical yaw rate, while minimising the difference in the sideslip angle at the CG.
Usually the reference value is obtained from the theoretical vehicle model according to the
steering wheel angle, and the specific strategy is shown in Figure 10. The tractor cornering
angle can be obtained from the pre-scan control and used as an input to the system, the
trailer cornering angle is then manipulated by the designed LOR controller, and enables the
yaw rate and sideslip angle at the CG of the tractor and trailer to track the desired values.
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Figure 10. Block diagram of control strategy.

The active trailer steering controller is designed based on a Linear Quadratic Regulator
(LQR), according to the state equation described in the previous section as follows:

X = AX + Bé; + BoU (16)
Thus, the desired state vector can be expressed as follows:
X4 = AXy+ Bdys (17)

Assuming that the system behaves consistently with the desired state, in that case Xy
=0, and thus, the desired state can be obtained as follows:

. . T
Xq = ( Vi P Yoy Poa ) = —A"'Bdyy (18)

The error vector can be obtained by combining the above equations as follows:
e = Ae+ Byu (19)

where e = X — Xg, u = 0om.

The tractor and trailer yaw rate and sideslip angle at the CG are taken as the control
objectives in the case of high-speed driving, and the following optimisation objective
function is constructed:

= /Ooo [w1 (1,'1]1)2 +Wa(B1)? + Ws (¢2)2 + Wi(B2)? + Ws(8am)? | dt (20)

In the formula, 1)1, 31, Py, By are the yaw rate and sideslip angle at the CG of the
tractor and trailer, respectively; 8.y, is the control input for the middle axle cornering angle
of the trailer; and Wy, Wy, W3, Wy, and W5 are the weighting factors corresponding to
these metrics, respectively.

The above controller design was implemented in Matlab /Simulink, where the required
optimal gain vector K was calculated by calling the function 1qr in Matlab, so that the
expression for the middle axle cornering angle of the trailer was obtained as follows:

o = —Ke (21)
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where K is the optimal gain matrix, which is obtained from the Riccati equation, and the
objective function can be written in the following form:

]:/ (eTQe+uTRu)dt (22)
0
where Q = diag(Wl, Wz, W3, W4), R= W5

4.3. Construction of Joint Simulation Platform

In order to verify the designed control strategy and controller effect, it is necessary to
build a joint Trucksim/Simulink simulation platform for the active trailer steering control
of a tractor semitrailer, so that the corner controllers designed in Simulink can be applied
to a five-axle tractor semitrailer in the Trucksim platform, and thus further simulation
verification can be carried out.

Firstly, the 2A Cab-over/3A Trailer five-axle tractor semitrailer model constructed
in Trucksim was imported into Simulink to generate the Trucksim S-Function file, which
completes the output of the vehicle model required in the controller, including vehicle
speed, vehicle location information, road information, and vehicle status parameters. These
outputs are then processed and connected with the controller model to obtain the trailer axle
cornering angles according to the designed control strategy. Finally, the obtained cornering
angles of each axle of the trailer are inputted into the Trucksim vehicle model to complete
the joint simulation study of the active trailer steering control of tractor semitrailer.

4.4. Simulation Results and Analysis

In order to verify the effectiveness of the proposed active trailer steering control
strategy based on LQR, this was tested under a double lane change condition and compared
with the traditional tractor semitrailer without active trailer steering control, where the
test conditions of the traditional tractor semitrailer without active trailer steering control
are called the baseline case, shown by dashed lines, and the test conditions of the tractor
semitrailer with active trailer steering are called the ATS case, shown by solid lines. The
double lane change condition refers to the condition with an initial speed of 60 km/h, a
lateral offset of 3.5 m, and a pavement adhesion coefficient of 0.85.

The simulation results are shown in Figures 11-18, and the specific parameter compar-
isons are shown in Tables 3 and 4.
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Figure 11. The trajectories of the tractor and trailer in the baseline case.
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Figure 12. The trajectories of the tractor and trailer in the ATS case.
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Table 3. Comparison of trailer trajectory deviation.
Trailer Deviation (m) Baseline Case ATS Case Improved Results (%)
maximum deviation 1 0.10736 0.04993 53.49
maximum deviation 2 0.19855 0.05649 71.55
Table 4. Comparison of simulation result.

Parameter Baseline Case ATS Case Improved Results (%)
maximum tractor yaw rate (°/s) 21.93 15.56 29.05
maximum trailer yaw rate (°/s) 9.87 6.51 34.04

maximum tractor sideslip angle at the CG (°) 5.16 1.43 72.29
maximum trailer sideslip angle at the CG (°) 2.95 2.38 19.32
maximum tractor lateral acceleration (g) 0.31 0.23 25.81
maximum trailer lateral acceleration (g) 0.34 0.24 29.41
maximum articulated angle (°) 18.13 9.87 45.56

maximum lateral force of articulation point (N) 47,328 32,816 30.66
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Figure 11 shows the tractor and trailer trajectories of a traditional tractor semitrailer
without active trailer steering control, and Figure 12 shows the tractor and trailer trajectories
of a tractor semitrailer with active trailer steering. As can be seen from the figure, compared
with the traditional tractor semitrailer, both the tractor and trailer sections of the tractor
semitrailer with active trailer steering control can track the reference trajectory better.
Compared to the uncontrolled results, the tractor part does not show any overshooting of
the trajectory, while the overshooting of the trailer’s trajectory is significantly optimized,
which means that the trailer part will have less encroachment on the lateral space of the
roadway during lane change process. Combining Figures 11 and 12 with Table 3, it can
be seen that the maximum tracking deviation of the trailer was improved by 53.49% and
71.55%, respectively, at the two obvious overshooting phenomena.

Figure 13 shows a comparison between the tractor cornering angle of a traditional
tractor semitrailer without active trailer steering and the trailer cornering angle and equiva-
lent tractor cornering angle of a tractor semitrailer with active trailer steering. The tractor
cornering angle of the tractor semitrailer with active trailer steering is relatively smaller,
which is consistent with the travelling trajectory diagram, while the equivalent trailer
cornering angle is smaller compared with the tractor cornering angle, and there is a certain
time delay.

Figure 14 shows the distribution of trailer axle cornering angles for the tractor semi-
trailer with active trailer steering. The equivalent cornering angle is the trailer middle
axle cornering angle, with the front axle cornering angle of the trailer being larger than
the middle axle, and the rear axle cornering angle of the trailer being smaller than the
middle axle.

Figure 15a shows the comparison between the tractor and trailer yaw rates for the
two cases. The extreme values of the tractor and trailer yaw rates are improved by 29.05%
and 34.04%, respectively. Figure 15b shows the comparison between the tractor and trailer
sideslip angle at the CG for the two cases. The extreme values of the sideslip angle at CG
for the tractor and trailer are improved by 72.29% and 19.32%, respectively. Figure 15¢,d
show the comparison of the lateral acceleration of the tractor and trailer for the two cases,
and the extreme values of the lateral acceleration of the tractor and trailer are improved by
25.81%and 29.41%, respectively. Yaw rate, sideslip angle at the CG, and lateral acceleration
have a significant effect on the stability of the vehicle; by carefully observing the pictures
it can be seen that these parameters are well suppressed at each peak compared to the
uncontrolled results, which indicate that the stability of the tractor and trailer of the tractor
semitrailer with active trailer steering control was significantly improved.

Figure 16a shows the comparison of the variation in the articulated angle between the
tractor and trailer in the two cases. From the figure, it can be seen that, compared with
the traditional tractor semitrailer without active trailer steering, the articulated angle of
the tractor semitrailer with active trailer steering is obviously smaller, and the maximal
articulated angle is reduced by 45.56%, and the larger change of the articulated angle
means that it is easier for accidents such as collapsing to occur [18]. Figure 16b shows
the comparison of the lateral force at the articulation point between the tractor and the
trailer in the two cases, the maximum lateral force is reduced by 30.66%, and the lateral
force at the articulation point is significantly reduced, which means that in the process of
changing lanes, the trailer will interfere less with the lateral force on the tractor, which is
very important for the improvement of the lateral stability of the tractor semitrailer [19].
Meanwhile not only at the maximum values, but also at each peak, both parameters are
significantly improved, meaning that stability problems caused by the articulation can be
significantly optimized during lane change.

In addition, Figures 17 and 18 show the distribution of vertical wheel forces on each
axle of the trailer without active trailer steering and with active trailer steering, respectively.
Load transfer LTR is often used to measure the stability of tractor semitrailers [20], and this
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is the ratio of the difference between the vertical load on the wheels on both sides to the
sum of the vertical loads, as shown in Equation (23):

n
'Zl(Fli - Fri)
1=
LTR = 1= (23)
'Zl(Fli + Ei)
1=

where Fj; is the vertical load of the left wheel of the vehicle, F,; is the vertical load of the
right wheel of the vehicle, and i and 7 are the relative positions of the axles and the total
number of axles, respectively.

When the vehicle is travelling straight on a good road surface, the LTR is zero. When
a rollover occurs, the LTR value is one because one side of the wheels is off the ground and
loses the vertical load; therefore, the higher the LTR value is, the worse the lateral stability
of the vehicle is [21], and it is easier to have a rollover accident. The maximum LTR value
of the trailer section without active trailer steering is 0.86, while the maximum LTR value
of the trailer section with active trailer steering is 0.62. The maximum LTR value of the
trailer section with active trailer steering is significantly reduced, which indicates that the
stability of the trailer section is significantly improved [22]. Meanwhile, in Figure 17, the
right rear axle wheel of the trailer without active trailer steering showed a vertical load of
zero from 9.3 s to 9.5 s, which means that the wheel was already off the ground at that time,
indicating that the lateral stability of the vehicle was poor. Also, a comparison of the two
figures on a macroscopic scale shows that the range of variation in the trailer wheel vertical
force is smaller in the ATS case, which means that the average load transfer is also smaller,
and therefore, the stability of the vehicle is better.

4.5. Semi-Physical HiL Testbed-Based Validation

In order to verify the feasibility and effectiveness of the proposed active trailer steering
control strategy under medium-/high-speed conditions when running on a real controller,
a semi-physical hardware-in-loop testbed for a tractor semitrailer was constructed based
on the HiL test system, and then the proposed control strategy was verified based on the
constructed testbed.

Figure 19 shows the architecture of the semi-physical HiL testbed, which mainly
contains the host computer, D2P rapid prototype, HiL cabinet, and actuator parts.

Model

Actuator

motor
controller

] y ) wheels &
vehicle model sensors

Figure 19. Structure of the semi-physical HiL test platform.
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The construction of the semi-physical HiL test platform follows the following process:
firstly, build the vehicle model and the active trailer steering control strategy, respectively;
then use VeriStand software to deploy the vehicle model into the real-time simulator, and
at the same time, use MotoTune software to brush the control strategy model into the
D2P rapid prototype; and finally, use VeriStand software to configure CAN communica-
tion and analogue inputs and outputs between the modules to complete the closed-loop
communication within the test system.

In order to verify the effectiveness of the proposed active trailer steering control
strategy, the double lane change condition was selected for testing, in which the initial
speed was 60 km/h, the lateral offset was 3.5 m, and the roadway adhesion coefficient was

0.85. The test results are shown in Figure 20, and the detailed result comparisons are shown
in Table 5.
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Figure 20. Test result of active trailer steering control under semi-physical HiL platform. (a) The
trajectories of the tractor and trailer in the baseline case. (b) The trajectories of the tractor and trailer
in the ATS case. (c) Angle distribution of the trailer. (d) Yaw rate of tractor and trailer. (e) Sideslip
angle at the CG of the tractor and trailer. (f) Lateral acceleration of the tractor and trailer.
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Table 5. Comparison of test results.
Parameter Baseline Case ATS Case Improved Results (%)

maximum trailer tracking deviation (m) 0.51 0.15 70.58
maximum tractor yaw rate (°/s) 22.77 17.73 22.13
maximum trailer yaw rate (°/s) 10.33 9.21 10.84
maximum tractor sideslip angle at the CG (°) 5.75 1.98 65.56
maximum trailer sideslip angle at the CG (°) 2.94 1.91 35.03
maximum tractor lateral acceleration (g) 0.36 0.28 22.22
maximum trailer lateral acceleration (g) 0.35 0.27 22.85

As shown in the figure, in the semi-physical hardware-in-loop test, although there
are fluctuations in some parameters, the trailer part of the tractor semitrailer with active
trailer steering control is still able to have better tracking accuracy, and at the same time, the
lateral stability of the tractor semitrailer is also improved. Combined with the table data, it
can be seen that the maximum tracking deviation of the trailer is improved by 70.58%, the
maximum yaw rate of the tractor and trailer are reduced by 22.13% and 10.84%, respectively,
the maximum sideslip angle at CG of the tractor and trailer are reduced by 65.56% and
35.03%, respectively, and the maximum lateral acceleration of the tractor and trailer are
reduced by 22.22% and 22.85%, respectively. In summary, the active trailer steering control
strategy under the medium-/high-speed conditions in this paper has an obvious effect on
the improvement of vehicle stability, and at the same time, the tracking effect of the trailer
part is also optimized.

5. Conclusions

In this paper, an active trailer steering control strategy under medium- and high-speed
test conditions is proposed. Firstly, a simplified model of a tractor semitrailer was con-
structed and a MAP diagram was formed based on a genetic algorithm to identify the
key parameters, which improves the accuracy of the model, and then an active trailer
steering control strategy was given and a cornering controller based on LQR was designed
in order to control the steering actuator of the trailer. Finally, the effectiveness of the
designed controller was verified by a double lane change simulation based on the Truck-
sim/Simulink joint simulation platform. The simulation results show that the designed
controller can effectively improve the path tracking effect of the tractor and trailer of a
tractor semitrailer, especially the trailer, whose maximum tracking deviation was improved
by 70.58%. Meanwhile, the lateral stability parameters of the tractor and trailer were also
significantly improved; for example, the maximum values of the tractor and trailer sideslip
angle were improved by 65.56% and 35.03%, thus improving the driving stability of the
tractor semitrailer. In addition, due to the limitations of time and conditions, there are still
many aspects in this paper that can be improved and studied in depth; for example, the
weight coefficients of the controller in this paper are manually adjusted through repeated
simulation, which is a large amount of work and may not be able to obtain the best control
effect, and the optimization algorithms can be considered to be applied to the selection of
weight coefficients in future research, in order to obtain a better control effect.
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