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Abstract: The design and industrial innovation of intelligent agricultural machinery and
equipment for saline alkali land are important means for comprehensive management and
capacity improvement of saline alkali land. The autonomous and unmanned agricultural
tractor is the inevitable trend of the development of intelligent machinery and equipment
in saline alkali land. As an underactuated system with non-holonomic constraints, the
independent trajectory planning and lateral stability control of the tractor-trailer system
(TTS) face challenges in saline alkali land. In this study, based on the nonlinear underac-
tuation characteristics of the TTS and the law of passive trailer steering, a dual-trajectory
collaborative control model was designed. By solving the TTS kinematic/dynamic state
space, a nonlinear leading system that can generate the reference pose of a tractor-trailer
was constructed. Based on the intrinsic property of the lateral deviation of the TTS, a
collaborative trajectory prediction algorithm that satisfies the time domain and system con-
straints is proposed. Combining the dual-trajectory independent offset and lateral stability
parameter of the TTS, an energy function optimization control parameter was constructed
to balance the system trajectory tracking performance and lateral control stability. The
experimental results showed good agreement between the predicted trailer trajectory and
the collaborative control trajectory, with an average lateral error not exceeding 0.1 m and
an average course angle error not exceeding 0.054 rad. This ensures that the dynamic
controller designed around the tractor-trailer underactuation system can guarantee the
smoothness of the trailer trajectory and the controlling stability of the tractor in saline
alkali land.

Keywords: dual-trajectory collaborative planning; intelligent agricultural machinery;
lateral stability control; saline alkali land; tractor-trailer system

1. Introduction

The tractor-trailer system (TTS), which is the most commonly used mechanical trans-
portation equipment, has been employed in the comprehensive management of saline
alkali land [1,2], agricultural product transshipment [3,4], and the research and design of
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agricultural machinery [5,6]. Generally, the TTS consists of an autonomously controllable
tractor and an unpowered trailer [7,8]. As such, the TTS is classified as an underactuated
system, which represents a significant area of research in control theory, particularly regard-
ing trajectory prediction and motion control [9,10]. Investigating the dynamic performance
of the TTS based on non-holonomic constraints can provide a crucial foundation for future
studies focused on the intelligent development and industrial innovation of agricultural
machinery in saline alkali environments [11,12].

The balance between trajectory tracking and control stability is crucial for the safe
operation of TTS [13]. In [14], Wen et al. developed a control strategy for unmanned
spraying tasks to achieve effective path-tracking control of TTS in agricultural settings.
This method enhances the efficiency of TTS spray path planning by combining reference
trajectory presetting with a dual control strategy. In [15], the path planning problem for
the TTS system was reformulated as a convex optimization problem using the “Farkas
lemma”. Integrating the constraints of the road environment and vehicle system into
inequalities, a TTS motion planner was developed. In [16], the system’s planning cost was
comprehensively evaluated by creating an energy function equation that integrates TTS
condition parameters such as energy consumption, force, and constrained condition. It
provides a novel perspective for TTS system control. However, improvements are needed in
the system’s passability and adaptability, particularly when executing sharp turns [17-19].

In [20], a framework for road slope and mass estimation that accounts for changes in
pitch angle was proposed. This framework designs a physically feasible neural network-
based pitch angle estimator to assess the pitching effect in longitudinal acceleration sensor
data. In [21], Zhou et al. implemented a steering-assist mechanism on the tractor. By
actively adjusting the tractor’s attitude, the system ensures accurate trajectory tracking.
In [22], a TTS state-estimation algorithm was introduced, utilizing historical state informa-
tion from the tractor. By combining TTS state estimation with real-time observations, the
forecast trajectory was reconstructed and refined. In [23], the statistical results of passive
steering angles were employed to model the motion dynamics of the TTS. Due to the low
velocities involved, these studies primarily focus on the kinematic performance of the TTS [24].

Attempts have also been made to integrate TTS trajectory prediction with deep learn-
ing techniques. In [25], a gated recurrent unit was employed to calculate the heading angle,
while an observer measures the hinge angle. Subsequently, motion estimation and error
compensation are performed using a Kalman filter. This approach primarily focuses on
the states of the tractor and trailer but pays insufficient attention to the perception and
interaction between the TTS and the road. In [26], a machine learning framework based on
TTS parameter statistics was developed to facilitate the prediction and guidance of system
trajectories. However, this algorithm still requires a substantial amount of experimental
data for effective training and validation [27].

Scholars have conducted extensive research on the auto-navigation strategies of the
TTS [28-30]. However, there is limited research and development focused on TTS applica-
tions in saline alkali land farms [31-33]. Most studies primarily concentrate on the tracking
accuracy of TTS under low-speed conditions [34,35]. In high-speed scenarios, these control
strategies tend to overly emphasize the tracking performance of trailers along individual
trajectories. Consequently, the trajectory of the trailer may become discontinuous and
difficult to predict, which poses safety risks for overloaded TTS [36,37].

In this study, an intelligent control scheme for the agricultural tractor-trailer system,
which is a typical underactuated multi-body system, is proposed. A dual-trajectory col-
laborative prediction strategy and a lateral error stability control method are introduced
to address the stability control of the tractor-trailer system (TTS). The construction of the
dynamic model under high-speed conditions is analyzed, and a solution to the leader-
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follower consistency problem, considering discrete pose and velocity, is developed in the
time domain. A lateral error evaluation and control scheme is designed by integrating
high-speed and low-speed dual-branch structures. The main contributions of this study
are as follows:

e Aiming to address the underactuated characteristics of the agricultural tractor-trailer
system operating on saline alkali land, a kinematic/dynamic model was developed
using the state-space representation of nonlinear autonomous systems with non-
holonomic constraints. This model serves as a foundation for the discrete mathematical
representation and computational analysis of the system’s states;

e DBy integrating the development of a dynamic model with first-order discretization of
the system in the time domain, we propose a dual-trajectory collaborative planning
method for TTS. This approach clarifies the characteristics and behaviors of internal
wheel difference (IWD) in underactuated TTS. Additionally, we present a solver
designed to address the randomization of IWD errors and the unpredictability of trailer
trajectories commonly encountered in traditional methods. Our dynamic analysis and
state constraints, based on the collaborative trajectory algorithm, ensure predictable
and quantifiable planning of trailer trajectories;

e A lateral error stabilization controller for a tractor-trailer system based on dual-
trajectory collaborative planning is proposed. Unlike previous efforts, this control
scheme fully considers the motion pattern and lateral state of the trailer in TTS. As a
result, it effectively balances system stability with trajectory consistency.

2. State Space of the Tractor-Trailer System

This section introduces the construction scheme of the TTS kinematic/dynamics
model. To achieve the closed-loop feedback performance for the TTS, a yaw plane model
was established.

2.1. Observable and Controllable Model of the Tractor

In the construction of agricultural tractor-trailer engineering vehicles designed for
saline alkali land, a rear-wheel-drive vehicle was utilized as the tractor, while the trailer
was unpowered (as shown in Figure 1).
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Figure 1. The tractor-trailer system maneuver geometry and instantaneous state diagram.

This study found that the kinematic performance of TTS is primarily investigated at
low speeds [38]. However, as speed increases, dynamic characteristics become the main
factor influencing the motion behavior of the TTS [39]. Therefore, a kinematic model was
established in this study. To facilitate the solution of the system state, the midpoint of the
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rear axles of the TTS (symbols P and O) was used as the reference point for calculating
position coordinates.

Ye =Ya — Lo/u 1)

Here, y, is the error between the vehicle’s position and the preset trajectory; v is the
distance between the preview result and the planned trajectory after adjusting the front
wheel angle; v and u are orthogonal decomposition components of velocity in the vehicle’s
coordinate system, respectively; [, is the preview distance.

The input of the control system in traditional driver systems can be abstracted as the
state of motion of the system, which is uniquely determined by the yaw angle at certain
speeds. The solution for the heading-angle control quantity is as follows:

Gm Ye ATs = 51(t) ()

Gy is the gain ratio, and AT; is the delay time of the mechanical unit. Equation (3) can
be obtained from the Laplace transform:

G ye(s) e 2T = 51(s) 3)

The Taylor series was used to expand the low-order approximate solution equation
as follows:
01(s) + ATs501(s) = Gmye(s) (4)

An inverse Laplace transform was performed to obtain the first-order differential
equation for the steering input.

61(t) = (Guye(t) — 61(t))/ AT, (5)

This is a mathematical description of the control quantity of a tractor. Owing to the
small high-order error term and the fact that the calculation results were dynamically
updated and covered, the high-order term can be ignored.

2.2. The Tractor-Trailer System Kinematic Model

In general, the inputs to a vehicle system can be abstracted as direction and speed
controls. Therefore, the TTS developed in this study is a planar model that ignores the
influencing factors of the vehicle system, such as pitch jump and wind resistance in all
directions under actual working conditions. The heading angle and speed of the system
are both observable and controllable, and the phenomenon of vehicle-body folding does
not occur.

The mathematical expression of the system’s motion state is presented in Equation (6)
(for the kinematics equation, some parameters in Figure 2 are redundant):

Figure 2. The tractor-trailer system dynamic analysis and modeling.

q= [xj,]/j,51,5z]T (6)
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(x jr y;) is the coordinate of the point O; é; and J; are the steering angles of the tractor
and the trailer, respectively. The TTS status can be fully represented by the above parameters
and known parameters:

xj = xj + (a2 + by + )coséy — Lcosdy (7)
Yi = yj + (a2 + by + 1)sinéy — Lsind, (8)
The coordinates of point P (x}, y}) can be updated and obtained:
x;= ASjAl + x; 9)
y; = AS]'AZ + Yj (10)
A1 and A are the parameter matrix, and As; is the trailer’s discrete step.

2.3. The Tractor-Trailer System Dynamics Model

Based on the underactuation characteristics of the TTS, the linear yaw plane model for
the dynamics was further developed based on the transient model (as shown in Figure 2).

mq (01 4+ y1u1) = Fy1c061 4+ Fys + Fay (11)
Iz171 = a1Fy1c0881 — b1 Fyp — b1 Fay (12)
my (02 + Yauz) = Fys + Fyy — Fry (13)
727, = a2Fy3 — baFys — (a2 + 1) Fry (14)

In Equations (11)—(14), m; is the mass of the tractor or the trailer; I,; represents the
moment of inertia; v; is the lateral velocity; u; is the longitudinal velocity; v; is the angular
velocity at which the tractor or the trailer rotates around the center of mass. Fyq, Fys, Fys,
and Fy4 are the lateral forces of the ground against the tire. F4x, Fay, Fry, and Frx are the
action and reaction force (through orthogonal decomposition) caused by the tow arm. a;
and b; are the length from the front-axle center and the rear-axle center to the center of
gravity of the tractor or the trailer. §; is the steering angles of the TTS. Among them, i =1, 2.

Based on the longitudinal linear tire model, the lateral force exerted by the ground on
the tires can be expressed as follows:

Fy1 = (7\1 +am 1)C1 (15)
U

Fy, = (7\1 - M)Cz (16)

U

Fy3 = <)\2 4202 53) Cs (17)
Uy
b

Fri= (2= 22)c, 18)

where C; (i =1, 2, 3, 4) is the rolling resistance coefficient between the tire and the ground,
and the driver’s perspective is used as the benchmark to unify the vehicle coordinate
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system. According to the tool manual, C; = 0.035 [40]. The TTS is linked by articulation,
and the mechanical constraint equation between the two is expressed as follows:

Fax = FrycosAg — FrysinA¢g (19)

Fay = —FrysinA¢ — FrycosAg (20)

The kinematic constraint equation for the TTS is as follows:
Uy = u1c0sA@ — [v1 — y1-(b1 + ¢)|sinA¢p (21)

v+ (ay+d)y2 = u1Ae +v1 — y1-(b1 +¢) (22)

The instantaneous state of the system can be regarded as uniform speed, and the
following equation can be written:

Ay =M —(bi+c)n/u+ (a2 +d)n/u (23)
In addition, the following relationship can be obtained between 1 and »:
T — 72 =249 (24)
Through (19)-(24), x = [Aq,71, 72, Ag]. The TTS state equations can thus be expressed:
= [ABiBs)[x 618]" (25)
Details of each matrix definition of (25) are given in Appendix A.

3. Lateral Stabilizer Based on Dual-Trajectory Prediction

For the nonlinear control requirements of agricultural tractor-trailer systems in saline
alkali land, this section introduces a lateral stabilization controller that utilizes dual-
trajectory planning. The design of this controller necessitates a balance between the lateral
control stability of the TTS with the lateral regression error during steady-state maneuvers.

3.1. Dual-Trajectory Collaborative Planning

Based on the TTS, the dual-trajectory collaborative algorithm was designed as shown
in Algorithm 1. The parameters required for system input and initialization include the
parameters of the TTS, global coordinates, attitude information, and the reference trajectory.
The algorithm outputs the trailer trajectory, the system pose, and control parameters.

The position of the TTS was calculated using the numerical solution of the dynamic
model. As the TTS was driven, the status parameters for the current and subsequent steps
were recorded. The system parameters follow the rule of “first-in, first-out” and iterate
over time. The updated process of the TTS state was discretized from the time scale, and
the iteration and sampling process was as follows.

3.2. Design of Lateral Stability Controller

Based on the TTS state, we further optimized the model control strategy. In tradi-
tional studies, the tracking performance of the tractor and the trailer in the TTS has been
uniformly evaluated based on specific paths. In contrast to conventional methods, the
establishment of the TTS and the prediction of dual-collaborative trajectories offer a more
reliable foundation for calculating the path-following lateral offset (PFLO). PFLO refers to
the lateral deviation between each independent vehicle body (tractor and trailer) and their
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respective trajectories. Here, the PFLO of each vehicle body was calculated independently
and evaluated comprehensively.

Algorithm 1 The Dual-collaborative trajectory planning algorithm core

Inputs: Parameter customization of the TTWR platform (ay, b1, a3, by, 171, I70), the initial
position of TTWR (x;, yy), (x;, y;), the traction arm length /, the maximum yaw angle of
the tractor 64y, and the discretized initial path.

Outputs: The Dual-collaborative trajectory path V and the state variable

x=[M 7 712 Ag]

1:System Initialization: the base path Path; = {Pset [0], Pser [1], - - -, Pset[end]}, the trailer
trajectory Path; = {NULL}, the Dual-collaborativetrajectory Path = {Path;, Path;}, the
initial heading angle 1, d»

2:If Pser [0] # Pset[end] or Distance > 0.03

3:  While Distance > 0.03 m do

4: Calculate the current position of the tractor and trailer O and P

5: Update the step length As;, As; — uT and the curvature of the tractor p;, p;

6: Update the coordinates of tractor (x;, y;), the new heading angle of tractor d;, the
new

yaw angle of tractor J,

7: Calculate the speed «; (i = 1,2) of the tractor or the trailer rotates around the center
of mass O; (i = 1,2), the sideslip A; (i = 1,2) angle and update

8: Update the trailer coordinates (x;, y;), the trailer new heading angle d1, 6,

9: Calculate the deviation ey, e)

10:  If the distance between the trailer and the road boundary <0
11: Update the Path;

12: Break

13:  Save the current position Pathj = {Pset [0], Pset [1], - - -, Pset[k — 1], Peer[k]}

14:else

15:  Reach the end point

16:  Generate the collaborative trajectory path V = {Path;, Path;}

Where Distance is the distance between the current position of the tractor and the end
point, e; and e, are the deviation between the tractor track and the trailer track.

To enhance improve the steady-state characteristics of TTS under high-speed con-
ditions, the lateral acceleration was considered another control target for the TTS. The
RWA is the ratio of the trailer’s lateral acceleration to that of the tractor, and it is closely
related to lateral stability. In this study, for convenience of calculation, the reference point
of the RWA was deployed in the rear axle of the TTS. The mathematical description of

ap| _ (M1 b

ay2 M, B
where M; = [u,0,0,0]; F; = [0, u,0,0]; Mz = [u, —(b1 + ¢), —(az + d), 0]; and F = [0, 0, u, 0].
The steering angle is determined by the error between the system'’s attitude and the

RWA = [a,1,a,] T is as follows:

x] (26)
X

predetermined trajectory. Therefore, Equation (27) can be discretized:

ayl (k) —
[ayzu«)] @7

MA+F M, x(k)
MyA+FE, M;||Bsba(k)
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Based on PFLO and RWA, the lateral steady-state control and evaluation function
Co of the system can be expressed as follows:

Co(k) = kiHvT(k)Q’V(k) +2VT (kYU 6, (k) +6T R’52H2 (28)

Q = LT(M{A + F) Wan(MyA + F)Li+LTWor L + LT (MpA + B>) Was(Ma A + B>) L4y (29)
U = LT (MyA+F,) Was(MpA+Fy)Bs + LT (M1A-+F) Wor My Bs (30)

R = (MZB3)TW23(M2B3) + (M B3) Wy My B3 + Way 31)

Wy, is the weight of the lateral following error PFLO; Wy, and Wy are the lateral
acceleration weights of the tractor and the trailer; Wy is the weight of the yaw angle of
the trailer; Ly = [I4x4O4 (2142)], x4 is 4 x 4 identity matrix; and Oy, (2,42) is 4 X (21 + 2)
null matrix.

Geom = L(Co(k)) (32)
The gain matrix Gy, can be acquired using the Lagrange extremum method to mini-
mize the cost function Co. The optimized TTS steering angle can be expressed as follows:

5/1com = GcomV(k) (33)

To illustrate the implementation process of the dual-trajectory collaborative control
strategy, Figure 3 presents a block diagram of the implementation. Based on the observa-
tions of the actual and expected poses of the TTS, deviations e; and e; between the actual
and desired paths were estimated. Then, the deviation value e; and e, were fed back to the
control model to obtain the steering angle 6;. Using 6; as the input the cost function, the
modified optimal solution d1.,,, was calculated according to the collaborative trajectory
prediction algorithm and the PFLO lateral stability controller. As the TTS traverses a step,
combined with the input 8’1, from the previous step, the new state information for the
TTS was updated, and the system was solved for the new J; again. Thus, a closed-loop
control process was achieved. In addition, considering the rollover risk assessment at high
speed, an empirical maximum adjustment of 10° for the yaw angle was introduced as a
constraint. In this study, a speed of 30 km/h was used as the threshold between high speed
and low speed. When the system exceeds 30 km/h, it is classified as high speed, and when
it falls below 30 km/h, it is classified as low speed.

Vehicle sensor
. Beidou navigation (BDS) ‘ Status prediction

MU - - B = ~ (TTWR dynamic model)
’ State update o Y
. Steering wheel angle J ( P j| | Trailer path fitting

PFLO cofrect ¥
>~ = Trajectories offset
Y

Vehicle velocity

x . e
System parameter setting System stat.u;. solve anfl update TTS PFLO controller ~ “Traildr ~
Tnput Collision detection Furst-m first-out update strategy [ trajétory
| e State Bk + 1) = Epfp(k) + FpBp(k) fitts
I — vk +1) = Epyn(lc) + Foyp(l) ~Ie
X =Ax+ B8 # Byb; y [PUEREEET ;“P a; NELEELNE B = ||5P|-ﬁ{'z-“‘f?vfn—u'ﬁ:’n |’
8,(8) = (G (e) = 8,(2))/4T, posture updﬂte ¥r = [¥p1 Y2, Vom-1y Yenl”
er
Smgle mutial trajectory v kg Lateral stability controller
e X, Vi, > Pa .
L gl | PrPe PuPiiny) Lo position and 22292l variable Low speed High speed
Current trailer [ posture T update path-following path-followlig
position (O : e B1(1) = (Gmye(6) — 8,(0))/4T, 8 com = LV(K)

Figure 3. Control block diagram of dual-trajectory collaborative strategy based on the TTS dynamic model.
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4. Experimental Results and Discussion
4.1. Construction of the Tractor-Trailer System Experimental System

Based on the saline alkali land agricultural TTS, an underactuated intelligent ex-
perimental platform was developed, as shown in Figure 4. Similar in structure to the
agricultural TTS, the intelligent experimental platform consists of two components: an au-
tonomously controllable tractor and a non-powered trailer. The tractor provides the power
for the system, and the trailer provides the load capacity for the system. Its configuration is
as follows: The size of the tractor is 970 mm x 680 mm x 400 mm. The size of the trailer is
the same as the tractor. The traction arm (the distance between the tractor and the trailer) is
0.4 m. The configuration of the TTS industrial control computer is as follows: The system is
configured with Linux 20.04 and ROS-noetic. The motherboard is equipped with an Intel
i7-13700 K CPU and 256 GB of RAM.

Figure 4. Self-developed tractor-trailer intelligent navigation experimental platform: 1, Tractor
module; 2, IMU; 3, traction arm; 4, CAN2USB; 5, epigynous computer (PC); 6, trailer module;
7, electrical bin; 8, hinge point; 9, vehicle power supply.

In order to ensure accurate observation of the position and orientation of the TTS
system, the system integrated the “Beidou Navigation Satellite System (BDS) + Inertial
Measurement Units (IMU)” module. The IMU model used is the RION TL-740D. The
architecture for signal acquisition, storage, and sharing is integrated into the software
system. Channels and nodes for signal publication and subscription are established for
each sensor. Specifically, the measurement of the steering wheel angle was achieved
through the collaboration of the steering gear and the angle encoder, while speed feedback
was obtained from both the GPS unit and the IMU. This setup provides crucial feedback
and reference information for the system. The TTS has a carrying capacity of no less than
100 kg, and the maximum yaw angle of the tractor is 40°.

4.2. Collaborative Trajectory Planning of the Tractor-Trailer System

During the experiment, the initial path was loaded into the TTS as a BDS, which served
as part of the initial system input. Figure 5 illustrates the dual-trajectory collaborative
planning experiment based on TTS-KM (the tractor-trailer system kinematic modeling)
and TTS-DM (the tractor-trailer system dynamic modeling). The curve lane models cor-
responding to the four graphs were 120° (Figure 5a), 90° (Figure 5b), 60° (Figure 5c), and
180° (Figure 5d), respectively, with a turning radius of 4.8 m. The blue curve represents
the boundary of the road; the thick yellow curve indicates the reference trajectory. The
green curve is generated by the TTS-KM at low speed. The fine yellow curve illustrates
the trajectory predicted using the dynamic model proposed in this study. It is important to
note that, for the sake of clarity and calculation, both the green and thick yellow curves
were fitted based on the motion trajectory of the left rear wheel of the trailer rather than the
midpoint of the rear axle or the center of gravity.
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Map-X(m)
(@) (b)

Map-X(m) Map-X(m)
© (d)

Figure 5. Dual—trajectory collaborative planning experiment based on TTS—KM and TTS—DM.

As illustrated in Figure 5, the fine yellow curve does not precisely align with the green
curve and is generally situated between the green and black curves. The system exhibits
improved longitudinal stability and maintenance performance when the TTS operates at
high speeds. However, the fine yellow and green curves are relatively close to each other.
This proximity occurs because a larger turning angle amplifies the influence of the hinge
point on the lateral traction of the trailer, resulting in a more pronounced lateral offset
motion. It is evident that, regardless of whether the system is operating at high or low
speeds, the lateral offset of the trailer remains constrained within a specific range, defined
by upper and lower limits. Additionally, a comparison of the predicted trajectories from
both methods mutually confirms the objectivity and predictability of the IWD phenomenon
in the TTS.

4.3. Analysis of Lateral Offset Law of Trailer

In order to enhance the accuracy and intuitiveness of the inductive results, several
additional groups of experiments were conducted. The results of the trailer’s lateral
migration during these experiments were statistically presented (as shown in Figure 6).
The experiments adhered to the principle of controlling variables. With the exception of the
black curve, the turning angle for all experiments was set at 180°, while only the turning
radius was varied.

The curve depicted in Figure 6 was divided into three regions labeled I, II, and III,
which correspond to the three stages of the lateral offset of the trailer. Region I is the stage
of rapid increase in the trailer’s lateral offset. During this phase, the tractor begins to
enter the curve, and the trailer gradually follows suit, influenced by the tractor’s traction.
This traction effect is primarily reflected in its impact on the trailer’s longitudinal speed.
Subsequently, the system enters Region II. At this stage, the TTS completely enters the
curve, and the gradient of the curve decreases; however, the lateral offset of the trailer
continues to increase, ultimately reaching its maximum value. In Region III, the lateral
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offset of the trailer decreases rapidly. During this phase, the tractor starts to exit the bend,
and the trailer’s trajectory gradually converges with that of the tractor until they overlap.

0.5

Ascending Area I Regression Area IIT

Trailer offset (m)

s b dees. . . T
40 60 80 100 120 140
The angle of the tractor passing through the curve lane (°)

Figure 6. Variation curves of trailer lateral offset when the tractor-trailer system is traveling on 180°
curved lanes with different turning radii.

In Figure 6, the dashed line corresponds to the results of the TTS-KM. The solid line is
the results of the TTS-DM. The figure clearly illustrates that, for a specific turning angle
of 180°, a smaller turning radius leads to a larger extreme value of the curve. The red
triangles and red circles indicate the maximum positions of each curve, which represent the
maximum lateral offset. At the 180° curve, the maximum offset of the trailer occurs (with
TTS-DM) within the interval of 77-86° when entering the curve (dark-green interval range).
In contrast with TTS-KM, the maximum offset (the extremum point) occurs in a range from
96° to 105°. This discrepancy may arise from two factors. First, due to the high speed of
the tractor, the direction of the traction force changes rapidly during the turning process,
causing the longitudinal force acting on the tractor to be quickly transformed into a lateral
component after decomposition. Second, during the calculation process, the high speed
causes the preview point to move forward, resulting in the maximum lateral deviation
occurring earlier. The prediction results confirm that the trailer offset phenomenon is an
intrinsic characteristic of the system and can be accurately predicted.

In addition, we took the black solid line as an example (with a turning radius of 2.5 m
and a turning angle of 180°). We maintained the turning radius at 2.5 m while varying the
turning angles to 60°, 90°, and 120° (represented by three dotted lines). These variations
illustrate that, when the turning radius is fixed, a smaller turning angle results in reduced
lateral deviation and a lower extreme value point.

4.4. Lateral Stability Control Results

Based on the above experiments, the algorithm in this study was preliminarily vali-
dated. Subsequently, the algorithm was implemented on our TTS experimental platform to
further assess its engineering feasibility. As illustrated in Figure 7, the test results of the
prototype were compared and analyzed against the predicted trajectory. The dotted ma-
genta lines represent the preset reference trajectories. The cyan curve depicts the trajectory
predicted by the algorithm. The black and green curves represent the actual running track
at low and high speeds, respectively. It should be noted that, aside from the magenta curve,
the remaining curves describe the trajectory of the trailer. The trajectory was determined
using an embedded BDS-RTK module with a sampling frequency of 200 Hz.
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Figure 7. Trajectory prediction and tracking control experiments under different curves.

It is evident that, although the black and cyan curves demonstrate greater consistency,
the trajectory of the trailer can be positioned between the predicted curve and the reference
path, adequately meeting the tracking and control requirements. The green curve is closer
to the magenta curve, indicating that the trailer’s lateral tracking performance is superior
at high speeds compared to low speeds. This observation can be attributed to two factors:
First, the small turning radius set is near the minimum turning radius of the TTS, causing
the trailer’s predicted trajectory under limit conditions to closely resemble that of low-speed
conditions. Second, relative to the ground, the trailer inevitably exhibits a slight amount of
lateral sliding toward the magenta curve. Under conditions of sufficient friction, this minor
lateral sliding of the trailer remains controllable.

In Figure 7a—c, the curves of e, show the variation trend of the lateral offset of the
trailer during driving, where the x-axis is the mileage. The y-axis represents the error
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between the lateral offset and the predicted trajectory. The fluctuation trends of the actual
heading angle of the trailer are shown with eg. As can be seen, the deviation between the
algorithm proposed in this study and the actual trajectory of the trailer is less than 0.1 m.
The deviation between course angles usually does not exceed 0.2 rad.

In Figure 7d, we attempt to operate the Ackerman chassis at a high speed while
maintaining a minimum turning radius of approximately 1.5 m and a speed of 18 km /h. For
safety reasons, this speed was reduced compared to the previous three-group experiment.
This test represented an extreme condition. There was a notable discrepancy between the
actual motion trajectory under both low- and high-speed conditions and the predicted
trajectory. The tractor and trailer appeared to fold while in motion. In fact, during the
movement of the TTS, the risk of vehicle-body folding or rollover easily occurs on such
roads at high speeds and must be avoided. According to the statistical results, the average
offset was approximately 0.075 m (no more than 10 cm). For the heading angle of the trailer,
the average offset was 0.032 rad, and the max offset was less than 0.2 rad.

4.5. Tracking Control Effectiveness Evaluation

To further illustrate the impact of control on the lateral steady state of the TTS, addi-
tional tracking and control experiments were conducted in saline alkali land farms. The
experimental sites included the Guanxian Salt Alkali Land Experimental Field and the
Wudi Salt Alkali Land Experimental Base of Shandong Agricultural University in Shandong
Province, China. The roads in the saline alkali land are all dry and compacted, and the vehicles
used are equipped with cross-country tread-pattern tires, which provide excellent friction
and traction between the road and the tires. Consequently, based on the rolling resistance
coefficient table, a value of C; = 0.035 was selected for Equations (15)-(18). As illustrated in
Figure 8, six experimental roads were chosen within the saline alkali land farm.

l{’ g
Salt-alkali Soil Comprehensive
Experimental Station  (Wudj) | -~

Shandong

Tl 7 |
Saline-alkali Experimental Field : China
(Guanxian )

Figure 8. Salt-alkali land experimental base of Shandong Agricultural University.

To ensure the rigor of the experiment and the practicality of the algorithm, three
conventional algorithms (PID, LQR, and Kalman), the proposed TTS-KM, and the TTS-DM
were selected for comparison. As listed in Table 1, six indicators were used to systematically
evaluate the tracking and control effects of the TTS. Max e represents the maximum
deviation, mean e is the average deviation, and the standard deviation e, represents the
discrete deviation of the trailer during driving. Max eg represents the maximum heading
angle deviation; mean eg represents the average heading angle deviation; and standard
deviation eg represents the heading angle fluctuation of the tractor during driving. These
two standard deviations (standard deviation e,¢ and standard deviation eg) can effectively
measure the stability of TTS.
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Table 1. Comparison of control results of TTS in saline alkali farmland road.

Number Algorithm PID LOR Kalman TTS-KM TTS-DM
Max ey (m) 0.586 0.214 0.183 0.125 0.112
Mean eqg (m) 0.319 0.151 0.134 0.071 0.083
Road 1 Standard deviation e 0.032 0.106 0.100 0.016 0.009
Max eg (rad) 0.490 0.292 0.287 0.279 0.275
Mean eg (rad) 0.227 0.097 0.105 0.061 0.046
Standard deviation eg (rad) 0.029 0.046 0.043 0.010 0.006
Max ey (m) 0.663 0.386 0.209 0.145 0.134
Mean eqg (m) 0.405 0.167 0.152 0.092 0.098
Road 2 Standard deviation e.g 0.045 0.168 0.124 0.031 0.014
Max eg (rad) 0.501 0.254 0.249 0.232 0.229
Mean eg (rad) 0.254 0.153 0.125 0.058 0.054
Standard deviation eg (rad) 0.035 0.043 0.042 0.019 0.009
Max ey (m) 0.527 0.389 0.248 0.119 0.149
Mean ey (m) 0.346 0.171 0.167 0.105 0.093
Road 3 Standard deviation e.g 0.051 0.105 0.103 0.045 0.035
Max eg (rad) 0.357 0.261 0.253 0.238 0.210
Mean eg (rad) 0.227 0.134 0.105 0.073 0.046
Standard deviation eg (rad) 0.031 0.035 0.037 0.021 0.012
Max ey (m) 0.601 0.341 0.261 0.149 0.127
Mean ey (m) 0.378 0.164 0.158 0.112 0.083
Road 4 Standard deviation e, 0.053 0.106 0.098 0.024 0.012
Max eg (rad) 0.385 0.292 0.287 0.275 0.278
Mean eg (rad) 0.198 0.162 0.112 0.068 0.049
Standard deviation eg (rad) 0.036 0.046 0.041 0.023 0.011
Max ey (m) 0.532 0.354 0.240 0.183 0.142
Mean e, (m) 0.331 0.184 0.163 0.094 0.074
Road 5 Standard deviation e 0.048 0.126 0.115 0.051 0.034
Max eg (rad) 0.512 0.238 0.199 0.198 0.185
Mean eg (rad) 0.263 0.201 0.130 0.071 0.039
Standard deviation eg (rad) 0.040 0.051 0.047 0.018 0.015
Max ey (m) 0.485 0.287 0.191 0.143 0.116
Mean eyg (m) 0.278 0.201 0.140 0.083 0.078
Road 6 Standard deviation ey 0.172 0.131 0.121 0.035 0.030
Max eg (rad) 0.040 0.204 0.187 0.175 0.172
Mean eg (rad) 0.186 0.124 0.100 0.058 0.043
Standard deviation eg (rad) 0.035 0.054 0.031 0.012 0.011

In general, conventional tracking control methods such as PID, LQR, and Kalman
utilize a single path as the reference trajectory for the TTS. During the experiment, the
PID controller strictly adhered to the predetermined trajectory as the tracking path for the
trailer. Statistical results indicate that the lateral deviation and stability control of the trailer
outperform those achieved by the LOR and Kalman algorithms. However, this performance
comes at the expense of the tractor’s control effectiveness, as evidenced by the largest values
of eof and eg among the five methods evaluated. Consequently, in subsequent experiments,
both the LOR and Kalman controllers aimed to distribute the tractor and trailer trajectories
as evenly as possible on either side of the reference trajectory to achieve a balance between
control and tracking performance within the system.

Compared to the PID controller, the lateral offset was controlled to a certain extent;
however, the heading angle between the tractor and trailer exhibited significant fluctuations.
This indicates that the tractor has made considerable compromises in control stability to
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ensure effective trailer tracking. While large positional deviations can be corrected through
adjustments, frequent modifications to the heading angle may introduce unknown risks.
Therefore, this type of operation should be avoided under high-speed conditions.

In this study, due to the intrinsic properties of the TTS, the tractor and trailer do not
overlap during turns. However, the trailer’s trajectory can be reasonably predicted and
planned under certain conditions. The two algorithms (TTS-KM and TTS-DM) consider
both the tractor and trailer. The results indicate that the tracking and control outcomes
were significantly optimized and improved. In six road experiments, the max ey of the
system did not exceed 0.2 m, and the max e¢g did not exceed 0.28 radians. The mean e,
and the mean eg decreased by at least one-third. Notably, the two standard deviation
metrics decreased by more than two-thirds compared to conventional control methods.
Furthermore, the proposed TTS-DM slightly outperformed the kinematic model at high
speeds in terms of the two standard deviations. This suggests that the lateral control
stability of the kinematic model was enhanced, which is crucial for the high speed.

In fact, even empirical methods alone indicate that frequent and rapid heading ad-
justments (equivalent to rapid steering wheel adjustments in reality) are dangerous at
high speeds. Therefore, a low level of heading-angle fluctuation is conducive to safe
driving and stable control of the TTS under high-speed conditions. The experimental
results also demonstrate that the TTS-DM method can fully utilize the trailer autoregres-
sive performance of the TTS on straightaways, thereby avoiding additional and frequent
heading-angle adjustments. Comparative experiments further verify the effectiveness of the
proposed algorithm.

5. Conclusions

This study explores the dual-trajectory planning and the stable control strategy of
a tractor-trailer system based on an intelligent engineering application background for
agricultural equipment in saline alkali land. Traditional research of TTS typically uses
a single path as a reference benchmark. In this context, the inconsistency between the
trajectories of the tractor and trailer is often regarded as a system or control error. In fact,
the research results show that the motion laws of the tractor and the trailer in the TTS are
independent and different. Enforcing consistency between the trajectories of the active and
passive vehicles will inevitably compromise system control and stability.

To solve the stability control challenges of the TTS for saline alkali land, a dual-
trajectory collaborative prediction algorithm and a lateral stability control method based
on the TTS kinematic/dynamic model are proposed. First, we reconstructed the kinematic
and dynamic model of the TTS to satisfy the application requirements under both low-
and high-speed conditions. Utilizing the system model and an analysis of motion laws,
we developed a dual-trajectory collaborative prediction algorithm to generate accurate
predictions for the trailer’s trajectories. In this manner, the independence of the trajectory
between the tractor and trailer was also verified. Subsequently, based on the dual-trajectory
collaborative prediction, a lateral stability control algorithm for the TTS was proposed.
This control method incorporates a graded control strategy for both low- and high-speed
conditions, along with a trailer lateral stability control method. By fully integrating the
independent reference track of the trailer with its lateral offset, the control scheme optimizes
redundant control, balances the dynamic tracking performance of the tractor, maintains the
stationarity of the trailer, and enhances the overall control stability of the system.

The observability and controllability of the underactuated TTS were verified. Based
on the control strategy, the TTS-DM method can fully leverage the trailer’s autoregressive
performance on straightaways, thereby minimizing the need for frequent heading-angle
adjustments. This approach addresses the challenge of balancing trailer trajectory tracking
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performance with tractor dynamic control stability, which is often a limitation in traditional
control methods. Consequently, it provides technical support for the intelligent autonomous
navigation of TTS in complex saline alkali land farms.

Our proposed method has several limitations: The ground needs to provide sufficient
friction to establish effective external constraints. Overly muddy saline alkali land can alter
the friction properties, so the tire parameters and the friction coefficient may need to be
re-selected and set. In addition, under high-speed conditions, the preview point of the
driver model needs to be slightly farther away, and the on-board upper computer needs to
provide sufficient computing power to ensure real-time performance.
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Appendix A

The tractor-trailer state-space Equation (25) representation and parameter
matrix definition:
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