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Abstract: With the development of agricultural mechanization and information technology, automatic
navigation tractors are becoming a more common piece of farm equipment. The accuracy of automatic
navigation tractor path tracking has become critical for maximizing efficiency and crop yield. Aiming
at improving path tracking control accuracy and the real-time performance of the traditional model
predictive control (MPC) algorithm, the study proposed an adaptive time-domain parameter with
MPC in the path tracking control of the articulated steering tractor. Firstly, the kinematics model
of the articulated steering tractor was established, as well as the multi-body dynamics model by
RecurDyn. Secondly, the genetic algorithm was combined with MPC. The genetic algorithm was
used to calculate the optimal time domain parameters under real-time vehicle speed, vehicle posture
and road conditions, and the adaptive MPC was realized. Then, path tracking simulations were
conducted by combining RecurDyn and Simulink under different path types. Compared with the
traditional MPC algorithm under the three paths of U-shaped, figure-eight-shaped and complex
curves, the maximum lateral deviations of the modified MPC algorithm were reduced by 59.0%,
24.9% and 13.2%, respectively. At the same time, the average lateral deviation was reduced by 72%,
43.5% and 20.3%, respectively. Finally, the real path tracking tests of the articulated steering tractor
were performed. The test results indicated that under the three path tracking conditions of straight
line, front wheel steering and articulated steering, the maximum lateral deviation of the modified
MPC algorithm was reduced by 67.8%, 44.7% and 45.1% compared with the traditional MPC. The
simulation analysis and real tractor tests verified the proposed MPC algorithm, considering the
adaptive time-domain parameter has a smaller deviation and can quickly eliminate the deviation and
maintain tracking stability.

Keywords: articulated steering tractor; path tracking; genetic algorithm; adaptive MPC; algorithm
optimization

1. Introduction

The front and rear body of the articulated steering tractor can be relatively deflected,
resulting in an excellent passing ability, small turning radius and convenient operation,
which has been widely utilized in orchards and small-pitch farmland [1,2]. In recent years,
with the rapid development of satellite navigation, sensors and control technology, the
research on autonomous navigation agricultural equipment has also grown rapidly [3].
The automatic navigation control technology of agricultural machinery has become an
important factor in liberating productivity and realizing agricultural automation [4,5]. It
is of great significance to investigate the automatic navigation of the articulated steering
tractor for improving the orchard intellectualization and unmanned technology [6,7].

The path tracking control algorithm is the key to automatic navigation technology
of agricultural equipment [8]. With a complex structure and strong nonlinearity, the path
tracking control of articulated steering vehicles is more difficult than that of ordinary
vehicles. At present, the commonly used path tracking control algorithms include the pure
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tracking control algorithm, linear feedback control algorithm, Stanley control algorithm,
model predictive control (MPC) algorithm and so on [9,10]. The MPC algorithm has the
advantage of predicting future trajectories and handling multiple constraints, which has
been widely employed in path tracking control. In the application, there are three essential
steps in MPC, i.e., the model prediction, rolling optimization and feedback correction.
The most obvious advantage of MPC is that it can add multiple constraints in the control
process, since these constraints play an influential role in the planning and control of
vehicle motion [11–15]. MPC solves an optimal control problem (OCP) to get a sequence of
control commands over a finite receding horizon that optimizes a certain control metric
(objective); then, the first portion of the resulting sequence is applied to the system. The
main advantage of using MPC for path following in comparison with the non-predictive
controllers presented above is the ability of MPC to handle constrained and nonlinear
systems and it has been widely adopted in path tracking.

Beal et al. used the model prediction algorithm to design the path tracking controller.
The stability boundary was determined according to the maximum available tire force to
ensure the driving stability of the vehicle in the process of tracking the path [16]. Arun
et al. established a path tracking control model based on MPC and vehicle dynamics, and it
was implemented in a simulation with a car-sim model [17]. Zhang et al. applied the state
lattice method to the upper trajectory planning controller and designed an MPC controller
for path tracking based on the kinematic model [18]. Ji et al. used a 3D virtual dangerous
potential field and designed the path tracking controller using the multi-constrained MPC
method [19]. These studies that applied MPC have achieved excellent results; however,
these studies all applied MPC to road vehicles with a good working environment, and
the effect would be worse when they were applied to agricultural vehicles with a bad
working environment. Therefore, the improved application of the MPC control scheme
has also been favored by researchers. Considering the lateral and heading deviation to the
reference trajectory, Mata et al. presented a tube-based robust MPC approach [20]. Wei
et al. designed nonlinear MPC based on corridors to realize smooth and comfortable track
control [21]. Based on the steering geometric constraints, Liu proposed a path planning
algorithm based on local deviation correction, which contains a new following vehicle
distance solving algorithm to improve the accuracy of seismic vehicle path tracking [22–25].
Based on the MPC algorithm, Bai et al. proposed two optimization schemes to reduce the
number of control steps or reduce the control frequency. The results indicated that the
path control accuracy was higher by reducing the number of control steps. Meanwhile,
the control frequency was also reduced to meet the real-time requirements, while the
error was slightly larger than that of the reduced control step scheme [26]. Furthermore,
Meng et al. constructed the MPC controller based on preview distance. The simulation
tests proved the enhanced accuracy and stability of path tracking [27]. For path tracking
control of articulated vehicles, Li et al. designed an MPC controller based on the dynamic
model by considering the multi-point preview error of the path [28], which can effectively
improve the path tracking accuracy of articulated vehicles. Joseph et al. considered a model
predictive path following control (MPFC). The closed-loop asymptotic stability under MPFC
without terminal constraints or costs is rigorously proven and a stabilizing-horizon length
is calculated. The analysis is based on verifying the cost-controllability assumption by
deriving an upper bound of the MPFC value function with a finite prediction horizon [29].
Yue et al. proposed a model free predictive control (MFAPC) strategy using particle swarm
optimization (PSO) to overcome structural and unstructured uncertainties. The control
scheme of MFAPC is improved by integrating vehicle state parameters. The experimental
results show that the proposed scheme does not require an accurate mathematical model
and can quickly track the reference path [30]. Nevertheless, the real-time problem of time-
domain parameters in MPC was rarely considered in these research studies. The setting
of time-domain parameters is mostly fixed and not updated with the real-time status of
vehicles, which diminishes the path tracking accuracy and the applicability.
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In this paper, in order to improve the real-time performance of MPC, the study pro-
posed an adaptive time-domain parameter with MPC. We modified the MPC by combining
the genetic algorithm. The genetic algorithm was employed to calculate the optimal time-
domain parameters under real-time vehicle speed, vehicle attitude and road conditions.
The effectiveness and superiority of the new algorithm was verified through co-simulation
of path tracking and real tractor tests.

2. Materials and Methods
2.1. Kinematics Model of the Articulated Steering Tractor

In the study, the articulated steering tractor has two steering modes, i.e., front wheel
steering and articulated steering. When the steering terrain can satisfy the steering re-
quirements, then only front wheel steering is adopted. Conversely, the articulated steering
method is involved. In the following parts, the front wheel steering kinematic model and
the articulated steering kinematic model are constructed separately.

2.1.1. Front Wheel Steering Kinematic Model

It is assumed that the articulated steering tractor does not have lateral slip and roll,
as well as the interaction between the tires and the ground. The kinematic model of front
wheel steering of the articulated steering tractor can be simplified into a two-wheel vehicle
model with two degrees of freedom. The kinematic relationship of front wheel steering is
shown in Figure 1.
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The rear axle center of the articulated steering tractor is depicted in coordinates (x, y).
The components of velocity v in the X and Y axes can be calculated as follows.

.
x = vcosψ (1)

.
y = vsinψ (2)

The change rate of the heading angle can be calculated by,

.
ψ =

vtanδ

l
(3)

The motion equation of the articulated steering tractor with the front wheel steering
mode is shown as follows.  .

x
.
y
.
ψ

 = v

cosψ
sinψ
tan δ

l

 (4)
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where v is speed of rear wheel (m/s),
.
x is the component of v in the X-axis direction (m/s),

.
y is the component of v in the Y-axis direction (m/s), ψ is heading angle (◦),

.
ψ is rate of

change of heading angle (rad/s2), δ is front wheel turning angle (◦) and l is distance from
the center of the front wheel to the center of the rear wheel (m).

2.1.2. Kinematic Model of Articulated Steering

In the mode of articulated steering, the steering process of the tractor is to first turn the
front wheel angle to the limit in the shortest time, and then begin articulated steering. In
order to obtain the kinematic model of articulated steering, the following assumptions are
adopted: The articulated angle ϕ remains constant under small displacement. Moreover, it
is assumed that the track length does not change during the driving process. Furthermore,
there is no slip between the track and the track wheel. According to the structure of the
articulated steering tractor, the kinematic relationship of the articulated steering process is
constructed, as shown in Figure 2.
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The symbols in Figure 2 are listed as follows.
O1 is the center of the rear axle, O2 is the center of the front axle, O is the articulated

steering hinge point, L1 is the distance from the hinge point to the rear axle (m), L2 is the
distance from the hinge point to the front axle (m), δ1 is the maximum value of the front
wheel turning angle (◦), ϕ is the articulated steering angle (◦), θ1 is the azimuth angle of the
rear body (◦), θ2 is the azimuth angle of the front body (◦), v1 is the center speed of the rear
axle (m/s) and v2 is the center speed of the front axle (m/s).

The kinematic constraints of the articulated steering tractor can be expressed as,{ .
x1sinθ1 −

.
y1cosθ1 = 0

.
x2sinθ2 −

.
y2cosθ2 = 0

(5)

where
.
x1 is the component of v1 in the X-axis direction (m/s),

.
y1 is the component of v1 in

the Y-axis direction (m/s),
.
x2 is the component of v2 in the X-axis direction (m/s) and

.
y2 is

the component of v2 in the Y-axis direction (m/s).
The relationship between the rate of the articulated steering angle and the rate of front

and rear body azimuth is shown in the following equation.

.
ϕ =

.
θ1 −

.
θ2 (6)
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where
.
ϕ is rate of change of articulated steering angle (rad/s2),

.
θ1 is rate of change of the

rear body azimuth (rad/s2) and
.
θ2 is rate of change of the front body azimuth (rad/s2).

Therefore, the relative velocity equations of the front and rear bodies can be shown as
follows. {

v1cosϕ = v2cosδ1 +
.
θ1L1sinϕ

v1sinϕ =
.
θ2L2 +

.
θ1L1cosϕ + v2sinδ1

(7)

The rate of the rear body azimuth is calculated by,

.
θ1 =

(sinϕ− tanδ1cosϕ)v1 +
.
ϕL2

L1(cosϕ + tanδ1sinϕ) + L2
(8)

In the proposed method, the variable is the rate of the articulated angle denoted by ω.
The articulated steering kinematic model can be expressed as Equation (9).


.
x1.
y1.
θ1.
ϕ

 =


cosθ1 0
sinθ1 0

(sinϕ−tanδ1cosϕ)
L1(cosϕ+tanδ1sinϕ)+L2

L2
L1(cosϕ+tanδ1sinϕ)+L2

0 1


[

v1
ω

]
(9)

Based on the aforementioned analysis, the kinematic model of the articulated steering
tractor with the center of the rear axle as the control point is established.

2.2. Multi-Body Dynamics Model of the Articulated Steering Tractor

In order to verify the performance of the proposed adaptive MPC path tracking
controller, a multi-body dynamics model of the articulated steering tractor was established
in software RecurDyn, as shown in Figure 3. The model parameters are shown in Table 1.
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Table 1. Model parameters of the articulated steering tractor.

Parameters Value Parameters Value

Overall vehicle mass (kg) 1992.2 Maximum climbing degree (◦) 30
Front body mass (kg) 632.8 Front wheel spacing (mm) 930
Rear body mass (kg) 1359.4 Rear wheel spacing (mm) 1080

Length (mm) 3100 Wheelbase (mm) 1850
Width (mm) 1230 Maximum articulated angle (◦) 34
Height (mm) 1640 Crawler grounding length (mm) 460

Minimum radius of front wheel steering (m) 4.0 Minimum radius of articulated steering (m) 2.2
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2.3. Parametric Adaptive Path Tracking Controller Design
2.3.1. MPC Path Tracking Algorithm Based on Kinematic Model

It can be seen from Equations (4) and (9) that when the front wheel steers, the ar-
ticulated steering tractor can be regarded as a control system with input u(v,δ) and state
quantity χ(x,y,ψ), while as a control system with input u(v,ω) and state quantity χ(x1, y1,
θ1, ϕ) at the time of articulated steering. The following is an analytical calculation of the
articulated steering process. The kinematic model of the articulated steering tractor is
presented in Equation (10) [31,32].

.
χ = f (χ, u) (10)

For a planned target path, each reference point satisfies the above equation. Using r to
represent the reference quantity, Equation (10) can be rewritten as,

.
χr = f (χr, ur) (11)

where χr = [χr yr θr ϕr], ur = [vr ωr].
After expanding Equation (10) with the Taylor series at the reference point and ignoring

the higher order terms, Equation (12) can be found.

.
χ = f (xr, ur) +

∂ f (χ, u)
∂χ

(χ− χr)+
∂ f (χ, u)

∂u
(u− ur) (12)

Equation (12) minus Equation (11) obtains the linear error model of the articulated
steering tractor.

.
∼
χ =

.
χ− .

χr = A
∼
χ + B

∼
u (13)

where A = ∂ f (χ,u)
∂χ , B = ∂ f (χ,u)

∂u ,
∼
χ(k) = χ(k) − χr(k),

∼
u(k) = u(k) − ur(k),

∼
u(k) is the

control volume increment, k is the current sampling moment and k + 1 is the next sampling
moment.

At any reference point, Equation (14) can be obtained by linear discretization of
Equation (13).

.
∼
χ =

∼
χ(k + 1)− ∼χ(k)

T
= A

∼
χ + B

∼
u (14)

where T = the control period.
The discrete state space equations of the kinematic model of the articulated steering

tractor can be obtained after rectification.

∼
χ(k + 1) = (TA + E)

∼
χ(k) + TB

∼
u(k). (15)

Transform the above model to build a new state vector.

ξ(k|k) =
[ ∼

χ(k|k)
∼
u(k− 1|k)

]
(16)

Then the new state space expression can be obtained as follows.

ξ(k + 1|k) =
[∼

χ(k + 1|k)
∼
u(k|k)

]
=

[∼
A

∼
B

0 I1

]
ξ(k|k) +

[∼
B
I1

]
∆
∼
u(k|k) = aξ(k|k)b∆

∼
u(k|k) (17)

The output equation is by,

η(k|k) =
[
I2 0

][ ∼
χ(k|k)

∼
u(k− 1|k)

]
= cξ(k|k) (18)
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where I1, I2 = unit matrices.
The output of the system in the predicted future time-domain Np can be predicted as

Equation (19).
Y(t) = Ψξ(k|k) + Θ∆U(k) (19)

where Y =



η(k + 1|k)
η(k + 2|k)
· · ·

η(k + Nc|k)
· · ·

η
(
k + Np

∣∣k)

, Ψ =



ca
ca2

· · ·
caNc

· · ·
caNp

,Θ =


cb 0 · · · 0
cab cb · · · 0

...
...

. . . 0
caNp−1b caNp−2b · · · caNp−NC b

,

∆U =


∆
∼
u(k|k)

∆
∼
u(k + 1|k)

∆
∼
u(k + 2|k)
· · ·

∆
∼
u(k + Nc − 1|k)

, Np = predicted time-domain, Nc = control time-domain.

In order to ensure that the tractor can track the target trajectory rapidly and stably, the
increment of the articulated steering angle is used as the control quantity of the objective
function. Therefore, the optimized objective function of the path tracking model can be
drawn as follows [33,34].

J(ξ(k), u(k− 1), ∆U(k)) = min∑Np
i=1 ∆η(k + i | k)2

Q + ∑Nc−1
i=1 ∆u(k + i | k)2

R + ρε2 (20)

where ∆η(k + i | k) = η(k + i | k)− ηr(k + i | k), ∆η(k + i | k) = Difference between actual
output and reference output, I = 1,2, . . . , Np.

Furthermore, Q, R and ρ are the weight matrices and ε represents the relaxation factor.

2.3.2. Genetic Algorithm to Optimize Time-Domain Parameters

In Equation (20), the prediction time-domain Np determines the length of the rolling
optimization solution process. The control time-domain Nc affects the tractor’s tracking
performance as well as the control speed. Therefore, the values of Np and Nc make a
great impact on the path tracking performance of the unmanned tractors. However, the
time-domain parameters of the traditional MPC controller are fixed at different speeds and
different road conditions, which make it difficult to adapt to different road conditions. In
the study, in order to obtain the optimal time-domain parameters in real time, firstly the
whole path tracking process is segmented according to the system sampling frequency, and
then the MPC time-domain parameters within each sampling frequency are optimized by
genetic algorithm.

Furthermore, the optimization of the time-domain parameters is made by the genetic
algorithm. The genetic algorithm was introduced by Professor Holland in 1975 accord-
ing to the phenomena of reproduction, hybridization and mutation in nature [35]. The
genetic algorithm is a stochastic global search and optimization method that imitates
the mechanism of biological evolution [36,37]. By selecting high-quality individuals and
eliminating inferior individuals, the law of survival of the fittest in the natural world is
simulated. Reproduction, hybridization and mutation are carried out among the selected
high-quality individuals. Then, the individuals with better qualities that may be produced
and iterated repeatedly are selected to make the population better and better until the
expected fitness value is met. The genetic algorithm uses a probabilistic mechanism for
iteration with the purpose of avoiding traps in a local optimum. The genetic algorithm
is not constrained by the search space and has no continuous, derivable or single-peaked
requirements for the objective function. Therefore, genetic algorithms are suitable for solv-
ing multi-objective optimization problems while being scalable and convenient to combine
with other algorithms [38,39].
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The optimization principle of the time-domain parameters is shown in Figure 4. The
steps to optimize the time-domain parameters by the genetic algorithm are as follows.
Firstly, the population is initialized, in which each individual of the population will be
assigned a value and rounded according to the range of time-domain parameters. Secondly,
the adaptation degree of each individual is calculated by combining the information of
tractor speed and position through the adaptation degree function. Finally, the optimal
parameters are obtained when the termination condition is satisfied. If the termination
condition is not satisfied, then selection, crossover and mutation are performed to obtain a
new population and the fitness function value is calculated again.
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The fitness function of the genetic algorithm is presented as follows.

L =
1

J(ξ(k), u(k− 1), ∆U(k))
(21)

The population size is set as 200. Furthermore, the probabilities of crossover and
variation are set as 0.6 and 0.1 separately. Terminated evolutions are set at 20. To improve
the optimization efficiency, the prediction time-domain is taken in the range (0, 60), and the
control time-domain is taken in the range (0, 30). Finally, by optimizing the time-domain
parameters within each sampling frequency, the adaptive time-domain parameters of the
whole section of the path tracking can be realized.

3. Results and Discussion
3.1. Simulation Test
3.1.1. Construction of the Simulation System

To verify the performance of the proposed adaptive time-domain parametric model,
the co-simulation model of RecurDyn and Simulink is established, as shown in Figure 5.
The model can be divided into four parts, i.e., the tractor model to search for nearest target
point, the adaptive MPC controller, and the genetic algorithm module.
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The co-simulation principle is shown in Figure 6. The control performance of the
adaptive MPC algorithm on the straight driving, front wheel steering and articulated
steering process is verified through three paths of U-shaped, figure-eight-shaped and
complex curves. These three path conditions include all the conditions of the articulated
steering tractor in the actual working process of the orchard, i.e., the straight-line conditions,
the front wheel steering conditions and the articulated steering conditions. The system
sampling frequency is set to 0.5 s, and the tractor driving speed is set to 0.5 m/s.
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3.1.2. U-Shaped Curve Path Tracking Simulation

The comparison of the tracking performance of the adaptive MPC and the traditional
MPC on a U-shaped curve path is shown in Figure 7a. It can be seen that the tracking
path of the adaptive MPC is more stable and smoother, and the tracking effect is also
better. From Figure 7b,c, it can be seen that the maximum values of lateral deviation and
heading deviation occur at the articulation of straight and curved lines. Adaptive MPC
has a smaller maximum lateral deviation and maximum heading deviation than MPC. The
lateral deviation and heading deviation of adaptive MPC fluctuate greatly during turning,
which shows that adaptive MPC can quickly adjust the tractor to prevent the deviation
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from changing too much when there is a deviation. When there is a deviation in the whole
path tracking process, the adaptive MPC can adjust the deviation to zero more quickly.
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The deviation statistics results are shown in Table 2. It can be seen that the maximum
value, average value and standard deviation of the lateral deviation of the adaptive MPC
are reduced by 59.0%, 72% and 39.7% compared with the traditional MPC. At the same
time, the maximum, average and standard deviations of the heading deviation decreased by
44.6%, 58.7% and 36.3%, respectively. The maximum values of lateral deviation and heading
deviation occur at the articulation of straight and curved lines. From the average value and
standard deviation, it can be seen that the accuracy and stability of adaptive MPC are better.
Adaptive MPC significantly reduces the maximum and average values of deviation.

Table 2. The deviation statistics results.

Category Category MPC Adaptive MPC

lateral deviation (cm)
Maximum 15.13 6.21
Average 7.53 2.10

SD 4.71 2.84

heading deviation (◦)
Maximum 14.45 8.00
Average 4.19 1.73

SD 3.14 2.00
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3.1.3. Figure-Eight-Shaped Curve Path Tracking Simulation

The comparisons of the tracking performance of the adaptive MPC and the traditional
MPC on a figure-eight-shaped curve are shown in Figure 8a. It can be seen that the adaptive
time-domain parameter MPC achieves a better tracking effect. From Figure 8b,c, it can be
distinguished that the deviation is large at the beginning of tracking and at the junction
of two circles. At this time, the adaptive MPC controller reduces the heading deviation
significantly. MPC only keeps the deviation stable and does not reduce the deviation when
there is a deviation. However, the adaptive MPC can quickly adjust the tractor to reduce
the deviation, which further proves the superiority and accuracy of the adaptive MPC.

Agriculture 2023, 13, x FOR PEER REVIEW 11 of 22 

MPC are better. Adaptive MPC significantly reduces the maximum and average values of 
deviation. 

Table 2. The deviation statistics results. 

Category Category MPC Adaptive MPC

lateral deviation (cm) 
Maximum 15.13 6.21
Average 7.53 2.10

SD 4.71 2.84

heading deviation (°) 
Maximum 14.45 8.00
Average 4.19 1.73

SD 3.14 2.00

3.1.3. Figure-Eight-Shaped Curve Path Tracking Simulation 
The comparisons of the tracking performance of the adaptive MPC and the tradi-

tional MPC on a figure-eight-shaped curve are shown in Figure 8a. It can be seen that the 
adaptive time-domain parameter MPC achieves a better tracking effect. From Figure 8b,c, 
it can be distinguished that the deviation is large at the beginning of tracking and at the 
junction of two circles. At this time, the adaptive MPC controller reduces the heading de-
viation significantly. MPC only keeps the deviation stable and does not reduce the devia-
tion when there is a deviation. However, the adaptive MPC can quickly adjust the tractor 
to reduce the deviation, which further proves the superiority and accuracy of the adaptive 
MPC. 

(a) (b) 

(c)
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The deviation statistics results are shown in Table 3. It can be seen that the maximum
value, average value and standard deviation of the lateral deviation of the adaptive MPC
are reduced by 24.9%, 43.5% and 16.9% compared with the traditional MPC. The maximum,
average and standard deviation of heading deviation decreased by 11.9%, 74.9% and 25.0%,
respectively. Adaptive MPC significantly reduces the average values of lateral deviation
and heading deviation. From the maximum value and Figure 8, adaptive MPC can reduce
the maximum deviation more obviously when turning.
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Table 3. The deviation statistics results.

Category Category MPC Adaptive MPC

lateral deviation (cm)
Maximum 22.41 16.83
Average 21.31 12.05

SD 2.37 1.97

heading deviation (◦)
Maximum 4.54 4.00
Average 4.26 1.07

SD 0.60 0.45

3.1.4. Complex Curve Path Tracking Simulation

The comparison of the tracking performance of the adaptive MPC and the traditional
MPC on the complex curve path is shown in Figure 9a. It can be seen that the adaptive time-
domain parameter MPC controller has a better tracking effect. According to Figure 9b,c, it
can be seen that the maximum deviation occurs at the junction of the curve. The lateral
deviation and heading deviation of articulated steering are smaller than front wheel steering.
The lateral deviation and heading deviation of adaptive MPC fluctuate greatly, which
shows that adaptive MPC adjusts the vehicle more times. The adaptive MPC can reduce
the deviation more quickly and maintain stability when there is a deviation.
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The deviation statistics results are shown in Table 4. It can be seen that the maximum
value, average value and standard deviation of the lateral deviation of the adaptive MPC
are reduced by 13.2%, 20.3% and 19.2% compared with the traditional MPC. The maximum,
average and standard deviation of heading deviation decreased by 24.1%, 68.5% and
48.7%, respectively.

Table 4. The deviation statistics results.

Category Category MPC Adaptive MPC

lateral deviation (cm)
Maximum 22.34 19.38
Average 6.99 5.57

SD 5.37 4.34

heading deviation (◦)
Maximum 7.01 5.32
Average 1.97 0.62

SD 1.56 0.80

3.2. Test Verification

In order to further verify the effectiveness of the adaptive MPC controller, real tractor
path tracking tests were conducted in the study. By taking the articulated steering tractor
as the test platform, the test equipment consists of an industrial personal computer (IPC),
display screen, satellite positioning equipment, steering controller, angle sensor and so on.
The equipment utilized on the test platform are shown in Figure 10.

The path tracking test of the tractor was carried out in the standardized demonstration
orchard of Shijiazhuang Xinnong Machinery Co., Ltd. (Shijiazhuang, China). The test road
is well-maintained and flat, and the orchard has 10 rows of fruit trees, with a single row
being about 70 m long, the average height of the fruit trees being 2.5 m and the average
row spacing being 4 m. The position information and heading angle information obtained
during the test were saved in the IPC. Each experiment was carried out three times. The
data were exported for statistical processing after the test. The maximum, minimum,
average value and standard deviation of the lateral deviation and heading deviation were
obtained by data analysis software.
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The principle of path tracking control is shown in Figure 11. The program of path
tracking is written and compiled in the industrial control machine by Python. The position
and heading angle information are obtained in real time by satellite positioning equipment,
steering controller, angle sensor, etc. The front wheel and articulated angle are calculated
in the industrial control computer. The control information can be obtained through the
communication subprogram between the microcontroller controller and the industrial
control computer, so as to control each motor to control the angle in real time.
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Articulated steering tractors are mainly utilized in orchard environments. The driving
path in the orchard can be divided into straight-line operating sections and headland
turning sections. The effectiveness and accuracy of adaptive MPC in straight ahead, front
wheel steering and articulated steering conditions need to be tested and verified. Therefore,
the straight-line path, front wheel steering path and articulated steering path tracking tests
were conducted in the study. The tractor driving speed was set to 0.5 m/s.

3.2.1. Straight-Line Path

The straight-line path tracking test circumstances are shown in Figure 12a. Figure 12b
depicts the path tracking comparison between adaptive MPC and traditional MPC, wherein
it can be seen that the adaptive MPC has a better tracking effect. Figure 12c,d presents the
lateral and heading deviation comparisons. It can be seen that MPC will have a large lateral
deviation and heading deviation, and the adaptive MPC deviation fluctuation is smaller.
The adaptive MPC proposed in the study achieved significant reduction in the lateral and
heading deviations in straight-line path tracking compared with the traditional MPC.
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Table 5 presents the deviation statistics results. It can be seen that the maximum value,
average value and standard deviation of the lateral deviation of the proposed adaptive MPC
are reduced by 67.8%, 65.3% and 68.8%, respectively. At the same time, in comparison with
the traditional MPC, the maximum, average and standard deviation of heading deviation
are also decreased by 26.8%, 28.1% and 35.7%, respectively. Adaptive MPC can significantly
improve lateral deviation.



Agriculture 2023, 13, 871 16 of 21

Table 5. The deviation statistics results.

Category Category MPC Adaptive MPC

lateral deviation (cm)
Maximum 9.39 3.02
Average 2.19 0.76

SD 2.21 0.69

heading deviation (◦)
Maximum 8.73 6.39
Average 1.85 1.33

SD 2.21 1.42

3.2.2. Front Wheel Steering Path

The front wheel steering path tracking tests were conducted to verify the control effect
of adaptive MPC. The front wheel steering path tracking test environment is shown in
Figure 13a. Figure 13b shows the comparisons of path tracking between adaptive MPC
and traditional MPC. It can be seen from Figure 13b that the adaptive MPC tracks better.
Figure 13c,d presents that the lateral deviation and heading deviation of the adaptive MPC
proposed in the study are significantly lower than those of the traditional MPC in the curve
paths. In the latter part of the path tracking, the heading angle fluctuates greatly, which
may be caused by the vibration of the tractor body. The tractor made a big deviation during
the two turns. However, the deviations produced by adaptive MPC are both smaller than
MPC. Adaptive MPC can adjust tractors more times, faster and better.
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Table 6 depicts the deviation statistics results. It can be seen that the maximum value,
average value and standard deviation of the lateral deviation of the adaptive MPC are
reduced by 44.7%, 57.4% and 53.2% compared with the traditional MPC. Furthermore, the
maximum, average and standard deviation of heading deviation are also decreased by
44.9%, 31.4% and 28.6%, respectively.

Table 6. The deviation statistics results.

Category Category MPC Adaptive MPC

lateral deviation (cm)
Maximum 22.00 12.17
Average 4.69 2.00

SD 5.38 2.52

heading deviation (◦)
Maximum 11.44 6.30
Average 2.74 1.88

SD 2.94 2.10

3.2.3. Articulated Steering Path

The articulated steering path tracking tests were conducted in an orchard to verify the
control effect of adaptive MPC. The articulated steering path tracking environment is shown
in Figure 14a. Figure 14b depicts the path tracking comparisons. From Figure 14b, it can
be seen that the adaptive MPC tracks better. Figure 14c,d indicates that the adaptive MPC
reduces the lateral deviation and heading deviation over the whole path compared with the
traditional MPC, in which a significant reduction can be easily distinguished. In the whole
path tracking process, the MPC deviation fluctuates greatly, and the adjustment speed is
slow. Furthermore, after adjusting the deviation, the adaptive MPC can keep the deviation
at a lower level. In the latter part of path tracking, the heading angle fluctuates greatly,
but the frequency of adaptive MPC adjustment is faster and the deviation is lower. The
test results further prove that traditional MPC has greater errors when used in agricultural
tractors, and it needs to be improved. The adaptive MPC proposed in this study improves
the path tracking accuracy when used in agricultural tractors.
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Table 7 presents the specific results in path tracking of the articulated steering tractor.
It can be seen that compared with the traditional MPC, the maximum value, average value
and standard deviation of the lateral deviation of the adaptive MPC are reduced by 45.1%,
60.9% and 51.6%, respectively. The maximum, average and standard deviation of heading
deviation are decreased by 50.2%, 34.7% and 39.2%, respectively. The average and standard
deviation of lateral deviation are reduced more, which ensures the stability of tracking
deviation. The heading deviation is also greatly improved, which ensures that the car body
will not vibrate too violently.

Table 7. The deviation statistics results.

Category Category MPC Adaptive MPC

lateral deviation (cm)
Maximum 18.24 10.01
Average 5.45 2.22

SD 3.84 1.86

heading deviation (◦)
Maximum 13.07 6.51
Average 2.91 1.90

SD 2.60 1.58

4. Conclusions

In order to improve the real-time performance of MPC, the present study proposed
an adaptive time-domain parameter with traditional MPC in path tracking control of the
articulated steering tractor. The genetic algorithm was adopted to calculate the optimal
time-domain parameters under real-time tractor speed, tractor attitude and road conditions.

The conclusions are as follows.

• The kinematics model and multi-body dynamics model of the articulated steering
tractor were established. Then, the co-simulations by RecurDyn and Simulink were
conducted under a U-shaped, figure-eight-shaped and complex curves path. The
maximum lateral deviations of the adaptive MPC were reduced by 59.0%, 24.9% and
13.2%, respectively. At the same time, the average lateral deviations were reduced by
72%, 43.5% and 20.3% compared with the traditional MPC. The maximum heading
deviations of the adaptive MPC were reduced by 44.6%, 11.9% and 24.1%, respectively.
The average lateral deviations were reduced by 58.7%, 74.9% and 68.5%.

• Taking the articulated steering tractor as the test platform, the performance of adaptive
MPC was tested in real tractors through a straight-line path, front wheel steering
path and articulated steering path. The results indicated that the maximum lateral
deviations of the adaptive MPC were reduced by 67.8%, 44.7% and 45.1%, respectively.
Compared with the traditional MPC, the average lateral deviations of the adaptive
MPC were reduced by 65.3%, 57.4% and 60.9%, respectively. The maximum heading
deviations of the adaptive MPC were reduced by 26.8%, 44.9% and 50.2%, respectively.
The average lateral deviations were reduced by 28.1%, 31.4% and 34.7%.

• The results of simulations and real tractor tests show that the real-time and path
tracking performance of the proposed adaptive MPC is superior to the traditional MPC.
Adaptive MPC can adjust the tractor faster when deviations occur, and the adjustment
frequency of adaptive MPC is faster and the effect is better. The adaptive MPC can
effectively enhance the path tracking accuracy of the articulated steering tractor.
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