
Citation: Ou, J.; Fu, Q.; Tang, R.; Du,

J.; Xu, L. Path Tracking Control of a

Tractor on a Sloping Road with

Steering Compensation. Agriculture

2023, 13, 2160. https://doi.org/

10.3390/agriculture13112160

Academic Editor: Zhen Li

Received: 20 October 2023

Revised: 11 November 2023

Accepted: 14 November 2023

Published: 16 November 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agriculture

Article

Path Tracking Control of a Tractor on a Sloping Road with
Steering Compensation
Jieyong Ou 1, Qiang Fu 2, Rui Tang 2, Jianwei Du 2 and Lihong Xu 1,*

1 School of Electronic and Information Engineering, Tongji University, Shanghai 201804, China;
jieyong_ou@tongji.edu.cn

2 China Mobile (Chengdu) Industry Research Institute, Chengdu 610000, China;
fuqiang@cmii.chinamobile.com (Q.F.); tangrui@cmii.chinamobile.com (R.T.);
dujianwei@cmii.chinamobile.com (J.D.)

* Correspondence: xulhk@163.com

Abstract: Agricultural tractors are subject to lateral forces when traveling on slopes, making it difficult
to accurately follow a set course. In this paper, a steering compensation method is first proposed
based on the force analysis of a tractor traveling on slopes, which compensates the steering angle
according to the friction force and gravity force imposed on the tractor. Further, when traveling
on slopes, acceleration and a load applied to the tractor are usually time-varying. To address this
problem, this paper proposes a steering compensator that can automatically adjust a compensation
coefficient, as well as a design for a model predictive controller with the steering compensator for
a tractor. Simulation results show that under different traveling speeds, turning radius, and slope
angles, the steering compensator allows the tractor to travel more smoothly, i.e., the distance between
the actual traveling route and the reference route fluctuates within a smaller range. Further, during
straight-line traveling, the static error can be effectively reduced, i.e., the distance between the actual
traveling route and the reference route is closer to zero. Overall, the steering compensator enables the
tractor to track the reference route more accurately.

Keywords: path tracking; MPC; sloping road; steering compensation; PID; unmanned tractor

1. Introduction
1.1. Path Tracking Control for a Tractor

In studies of path tracking control for tractors, the most common topic is pure pursuit
control, which is based on heading angle and lateral deviations to obtain a steering angle.
H. Wang et al. [1] detail a method of directly obtaining the control law in simple form and
any relevant parameters. The article addresses some of the problems associated with the
application of navigation systems in agriculture, including slow on-line speed, poor on-line
stability, and poor adaptability to complex road environments. These problems can be
summarized as path tracking and stability problems in cases of large position deviation or
large heading angle deviation.

In practical applications, a reference route is often given in the form of a series of
points rather than describing it with an ideal equation. As a result, the problem of path
tracking is often treated as a problem of point tracking [2]. Some researchers then proposed
a method called aiming pursuit control, which involves a model based on the steering
pattern of a driver when driving a tractor. During straight-line tracking, a driver will aim
at a point on the reference route in front of the tractor and then control the tractor toward
that point by steering. In order to accurately track curved paths, many researchers have
proposed a variety of dynamic adaptive methods for forward-looking distance and target
point [3–7].

The principle of a PID (proportional–integral–derivative) controller is simple, intu-
itive, and very easy to use, and the related theory is very mature. As a result, it has long

Agriculture 2023, 13, 2160. https://doi.org/10.3390/agriculture13112160 https://www.mdpi.com/journal/agriculture

https://doi.org/10.3390/agriculture13112160
https://doi.org/10.3390/agriculture13112160
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com
https://doi.org/10.3390/agriculture13112160
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com/article/10.3390/agriculture13112160?type=check_update&version=1


Agriculture 2023, 13, 2160 2 of 22

been used in industrial control. Although there are large limitations when PID is used in
time-varying and nonlinear systems, generally satisfactory control results can be obtained
after reasonable parameterization. Therefore, a number of researchers have designed navi-
gation controllers based on PID [8]. Many studies have similarly used PIDs as navigation
controllers and utilized performance metrics to parameterize controllers [9–12]. J. Hu and
T. Li [11] use a linear quadratic regulator based on minimizing system error and error
variation to determine the optimal parameters of a PID navigation controller. M. Zhang
et al. [12] also designed and tuned a PID controller with the same approach and used a
proportional controller for steering angle tracking.

Fuzzy control is widely used in the control of nonlinear systems, and it is simple and
intuitive to realize the control of a system using existing operating experience. Like the
PID controller, it does not require a model and is a kind of model-free control method.
Many researchers have designed fuzzy controllers for tractors [13–23]. Z. Liu et al. [13] first
obtained the position and attitude of a tractor based on machine vision, then designed a
fuzzy controller with lateral and heading deviation as inputs and a desired steering angle
as output, and finally used a PID controller to track the desired angle to realize motion
control of the tractor.

Model predictive control (MPC) is based on a model of a system and a minimization
of an objective function in a finite predictive horizon, using optimization for a control law.
It has advantages in that it can easily take into account various constraints of a system as
well as being able to make predictions at a certain distance, which is difficult to do with
other controllers. A number of researchers have designed model predictive controllers
based on linear time-varying models for tractors [24–29].

1.2. Path Tracking Control of Tractors on Sloping Roads

Nowadays, a considerable portion of cultivated land has a certain slope, so the de-
velopment of agricultural equipment and control methods that can adapt to sloping land
operations is of great importance for the advancement of agricultural automation. Crawler
tractors and tractors with body attitude adjustment mechanisms have been widely stud-
ied in order to adapt agricultural machines to sloping land [30]. However, mechanically
modifying tractors generally increases the cost of tractor manufacturing and agricultural
operations significantly. In addition to focusing on the mechanical design aspects, by
improving the existing control methods to make the tractor drive on slopes as close to level
ground as possible, this could be an immediate upgrade to many tractors at essentially no
additional cost (since it would only require modifying the program code in the original
controllers). Therefore, upgrading the control methods of ordinary tractors to accommodate
sloping ground may be a better option. The problem to be solved in this paper can be
defined as a design of compensation algorithms to make the original controller applicable
for controlling tractors traveling on slopes.

Currently, there are relatively few studies related to improving the control performance
of tractors when traveling on a slope, but there are some articles that focus on the side-
slip phenomenon of tractors. T. Kraus et al. [31] designed a nonlinear model predictive
navigation controller for a tractor based on an extended kinematic model that takes into
account side-slip. J. Backman et al. [32] developed a kinematic model for a tractor-trailer
system considering side-slip effects and designed a nonlinear model predictive controller
based on this model to realize tracking control of a trailer. A. Hill et al. [33] first developed
an extended kinematic model considering the effect of side-slip and then designed an
adaptive nonlinear model predictive control based on this model, which can adaptively
optimize control gains on-line in order to achieve better performance.

1.3. Main Contributions of This Paper

Unlike the above-mentioned studies, this paper focuses on the adverse effects of
lateral force on a tractor while traveling on a slope and compensates for this lateral force
by adjusting a steering angle based on mechanical analysis. To address problems of
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time-varying loads and time-varying ground-catching forces on tractors in actual use,
a steering angle compensation method with an automatically adjusted compensation
coefficient is proposed. This method introduces the theory of PID control and determines
the compensation coefficient based on a relationship between the actual traveling path of
the tractor and a “desired path” estimated based on a kinematic model. Finally, based on a
model predictive path tracking control task for a tractor, it is presented how to combine
the proposed steering angle compensation method with a model predictive controller to
achieve more accurate path tracking. Experimental results show that by introducing the
steering angle compensation method proposed in this paper, a tractor can track a reference
route more accurately when traveling on a sloping road.

The sections of this paper are organized as follows: The first section focuses on an
overview of methods for path tracking control of tractors and methods of controlling
tractors for the slipping problem, and a brief description of the method proposed in this
paper is given. Section 2 presents the physical principles and specific algorithms of the
steering angle compensation method. Section 3 describes a predictive control method that
is referenced in this paper. Section 4 presents an algorithm that combines the proposed
steering angle compensation algorithm with predictive control and applies it to the task of
path-tracking a tractor. Experimental results are given in Section 5. Section 6 summarizes
the contents of the paper.

The mathematical notations and their meanings involved in this paper are as follows: The

m-dimensional set of vectors is denoted as Rm. For a vector, a =

a1
a2
a3

 ∈ R3, ‖a‖2
Q = aTQa.

2. Design of Steering Angle Compensators
2.1. Force Analysis of a Tractor Traveling on Slopes

Figure 1 shows forces on a tractor while traveling on a slope.
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Figure 1. Schematic diagram of forces on a tractor traveling on a slope.

As shown in Figure 1, N denotes gravitational force on the tractor, F1 denotes force on
the tractor perpendicular to the ground, and F2 denotes force on the tractor parallel to the
ground, i.e., lateral force. The angle made by the slope to the horizontal is denoted by ζ.
Thus, the lateral force F2 can be expressed as:

F2 = N ∗ sinζ (1)
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As shown in Figure 2, the steering angle of a tire is µ. F3 denotes the catch force of
the tire, i.e., the force required to drive the tractor forward. F22 denotes a component of F3
perpendicular to the direction of the tractor before steering. Then, F22 can be expressed as:

F22 = F3 ∗ sinµ (2)

Agriculture 2023, 13, x FOR PEER REVIEW 4 of 24 
 

 

the ground, i.e., lateral force. The angle made by the slope to the horizontal is denoted by ζ. Thus, the lateral force F2 can be expressed as: F2 = N ∗ 𝑠𝑖𝑛ζ (1)

As shown in Figure 2, the steering angle of a tire is µ. F3 denotes the catch force of 
the tire, i.e., the force required to drive the tractor forward. F22 denotes a component of 
F3 perpendicular to the direction of the tractor before steering. Then, F22 can be expressed 
as:  F22 = F3 ∗ 𝑠𝑖𝑛μ (2)

By utilizing the force F22 to compensate for the lateral force F2 of the tractor traveling 
on a slope, such that F22 = F2, it is clear that: N ∗ sinζ/F3 = sinμ (3a)μ ≈ K ∗ sinζ (3b)

where K = N/F3. 

 
Figure 2. Mechanical relations of a tire during steering. 

It should be emphasized here that this method compensates for the steering angle of 
a tractor by using the force relationship of the tractor traveling on a slope to eliminate or 
mitigate the effects of the slope on driving performance. It is not by automatically adjust-
ing the steering angle, which in turn induces the tractor to travel along a desired path. Nor 
is it an automatic steering control method that automatically adjusts a steering input to 
the tractor by observing a difference between the actual steering angle and the desired 
one. 

2.2. Automatic Correction Method for Compensation Coefficients 
From Equation (3), it can be seen that the compensation coefficient K is determined 

by the gravity force N and catching force F3 of the tractor, and by considering load 
changes as well as acceleration changes in the tractor in practice, we hope that the com-
pensation coefficient K can be adjusted automatically to accurately compensate the steer-
ing angle. Moreover, in practice, it is difficult to accurately measure the gravity force N 
and the ground-catching force F3 on the tractor in real time. Therefore, we will introduce 
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By utilizing the force F22 to compensate for the lateral force F2 of the tractor traveling
on a slope, such that F22 = F2, it is clear that:

N ∗ sin ζ/F3 = sinµ (3a)

µ ≈ K ∗ sin ζ (3b)

where K = N/F3.
It should be emphasized here that this method compensates for the steering angle of

a tractor by using the force relationship of the tractor traveling on a slope to eliminate or
mitigate the effects of the slope on driving performance. It is not by automatically adjusting
the steering angle, which in turn induces the tractor to travel along a desired path. Nor is
it an automatic steering control method that automatically adjusts a steering input to the
tractor by observing a difference between the actual steering angle and the desired one.

2.2. Automatic Correction Method for Compensation Coefficients

From Equation (3), it can be seen that the compensation coefficient K is determined by
the gravity force N and catching force F3 of the tractor, and by considering load changes
as well as acceleration changes in the tractor in practice, we hope that the compensation
coefficient K can be adjusted automatically to accurately compensate the steering angle.
Moreover, in practice, it is difficult to accurately measure the gravity force N and the ground-
catching force F3 on the tractor in real time. Therefore, we will introduce how to determine
whether the steering angle compensator is under-compensated or over-compensated by
the actual traveling paths of the tractor and its desired paths, so that the compensation
coefficient K can be adjusted automatically.

Below, we describe how to automatically adjust the compensation coefficient K and
then obtain a compensating steering angle. Firstly, location s of the tractor at the last
moment is denoted as (X1, Y1) in global coordinates, and the location at the current moment
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is denoted as (X2, Y2), and then its actual traveling path is roughly represented by vector
a, i.e., a = (X2 − X1, Y2 − Y1) = (XA, YA). Then we need to know the “desired path” of
the tractor. Note that the “desired path” here is not a desired trajectory under trajectory
tracking control as an input to a controller, but rather a route that the tractor will travel
based on the initial steering angle without influence from slopes. This “desired path” can
be estimated with a kinematic model. It is assumed here that the kinematic model can
accurately describe the behavior of the tractor and is presented as an example. Based on the
original steering angle and velocity input (denoted as ϕ and v, respectively) of the tractor
at the last moment, the following discretized kinematic model is then utilized [24]:

x(k) = x(k− 1) + Tv(k− 1)cos(ϕ(k− 1)) (4a)

y(k) = y(k− 1) + Tv(k− 1)sin(ϕ(k− 1)) (4b)

where k is a discrete time variable, T is the period, v is a velocity input, and ϕ is a steering
angle input. Based on (X1, Y1), ϕ, and v, the “desired point” (X3, Y3) can be obtained by
Equation (4), and the “desired path” is denoted as b = (X3 − X1, Y3 − Y1) = (XB, YB).
Based on the formula for the dot product of two vectors:

|a||b| cos〈a, b〉 = a·b (5)

The angle between the real path and the “desired path” can be calculated, which
is denoted as θ. Then, we need to know whether the real path is located on the left or
right side of the “desired path” in order to determine the direction of the steering angle
compensation, and we stipulate that the counterclockwise steering angle is positive and
the clockwise steering angle is negative. When XA∗YB − XB∗YA < 0, the actual traveling
path is on the left side of the “desired path”, so θ is negative; when XA∗YB − XB∗YA > 0, θ
is positive, and the actual traveling path is on the right side of the “desired path”.

Through inertial navigation, satellite navigation, acceleration sensors, and other de-
vices, the attitude of the tractor can be obtained, and by filtering, conversion, and fusion
methods, the roll angle γ of the tractor can be obtained. Then, according to the previous
mechanical analysis of vehicles traveling and steering on slopes, µ ≈ K ∗ sin γ, the com-
pensation coefficient is K = N/ F3. Here, without distinguishing the direction of the roll
angle, it is specified that the roll angle is always positive, and for ease of representation, let
µ = K ∗ |sin γ|. Here, the gravitational force N on the tractor changes as the load changes,
and the ground-catching force F3 of the tractor also changes as the vehicle acceleration
changes. Therefore, in order to realize automatic adjustment of the compensating steering
angle, we introduce one of the most common theoretical methods of PID controller in
automatic control theory [12] to automatically adjust the value of K during the tractor
driving process. A simplified equation for incremental PID is as follows:

∆u(k) = Kp[e(k)− e(k− 1)] + Kie(k) + Kd[e(k)− 2e(k− 1) + e(k− 2)] (6)

where k is the discrete time variable, ∆u is the control increment, Kp is the proportion
coefficient, Ki is the integration coefficient, Kd is the differentiation coefficient, and e is
the difference between the target value and the actual output of a system. If e is an angle
between the actual path and the “desired path” and u is the compensation coefficient K, the
compensation value µ (compensating steering angle) can be automatically adjusted. The
incremental update law of the compensation coefficient K is obtained as follows:

∆K(k) = Kp[θ(k)− θ(k− 1)] + Kiθ(k) + Kd[θ(k)− 2θ(k− 1) + θ(k− 2)] (7)

where Kp > 0 is the proportion coefficient, Ki > 0 is the integral coefficient, and Kd > 0 is
the differential coefficient, and those all need to be obtained according to the actual situation
of the tractor and environment. The compensation coefficient is K(k) = K(k− 1) + ∆K(k).
Finally, the compensating angle is calculated as µ(k) = K(k) ∗ |tan γ|.
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2.3. Steering Angle Compensation Algorithm

As shown in Figure 3, a schematic diagram of the principle of steering angle compen-
sation, under the effects of compensated steering angle and velocity signals, the actual
steering angle and actual velocity generated by the steering and velocity subsystems act on
the tractor, respectively. In order to simplify the problem, it is assumed here that the actual
steering angle is equal to the compensated steering angle signal and the actual velocity is
equal to the velocity signal. The original steering angle is a steering signal given by manual
steering or an automatic controller when no compensating device is added to the tractor;
the compensated steering angle is obtained from the original steering control signal plus
a compensating steering angle after the compensating device is added. Dotted lines in
the figure indicate that actual steering angle and actual speed are not output to satellites
and inertial devices in a realistic signal form, but rather signals measured by satellites
and inertial devices are altered by influence on the state of the tractor. With a satellite
positioning device and an inertial guidance device on the tractor, a signal filtering processor
can be designed to process and estimate relevant signals to obtain the real-time position,
speed, and roll angle of the tractor. A compensator based on real-time position, speed, and
original steering angle signals of the tractor, using a kinematic model, according to the
method introduced above to automatically calculate compensating steering angle, is used
to determine the compensating steering angle plus the original steering angle to obtain a
compensated steering signal and act on a steering sub-system.
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In summary, a compensation algorithm is shown in Algorithm 1.
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Algorithm 1. Flowchart of the compensation algorithm

Input: proportion, integral, differential coefficient Kp, Ki, Kd, and period T. Initialized with
k = 0, θ(k− 2) = θ(k− 1) = 0, and K(k) = 0.
Step 1: When k = 0, this step is skipped; otherwise, the kinematic model is used to calculate the
“desired point” (X3, Y3).
Step 2: Position s(k), original steering angle φ(k), and roll angle γ(k) of the tractor are measured
and obtained.
Step 3: When k = 0, let the angle between the actual traveling route and the “desired route” be
θ(k) = 0; otherwise, based on position s(k− 1), s(k) of the tractor, and the “desired point”
(X3, Y3), θ(k) is calculated by Equation (5).
Step 4: Based on θ(k− 2), θ(k− 1), and θ(k), the compensation coefficient K(k) is calculated by
Equation (7).
Step 5: Based on the roll angle γ(k) and the compensation coefficient K(k), the compensated
steering angle µ(k) is obtained.
Step 6: The compensated steering angle is obtained and applied to the system based on summing
the compensating angle µ(k) with the original steering angle φ(k). Let k = k + 1.

Output: sum of the compensating angle µ(k) and the original steering angle φ(k).

Above all, it is necessary to set values for the proportional coefficient Kp, integral
coefficient Ki, differential coefficient Kd, and period T. The initialization is carried out to
make k = 0, θ(k− 2) = θ(k− 1) = 0, and K(k) = 0.

In the first step, when k = 0, this step is skipped; otherwise, based on the position of
the last period of the tractor s(k− 1) and the sampling period T, the kinematic modeling
(4) is utilized to calculate a “desired point” (X3, Y3).

In the second step, the vehicle position s(k), original steering angle φ(k), and roll angle
γ(k) are obtained by measurement.

In the third step, when k = 0, let angle θ(k) = 0, which is between the actual traveling
path a and the “desired path” b. Otherwise, based on position s(k− 1) of the tractor in
the last period, position s(k) of it in the current period, and the “desired point” (X3, Y3),
θ(k) can be calculated by utilizing the vector point multiplication Formula (5) and the
judgment method of the position relationship between the actual traveling path and the
“desired path”.

In the fourth step, based on θ(k− 2), θ(k− 1), and θ(k), the compensation coefficient
K(k) is computed using the incremental update law (7).

In the fifth step, based on the roll angle γ(k) and the compensation coefficient K(k),
the compensating steering angle µ(k) is calculated using µ = K ∗ |sinγ|.

In the sixth step, based on the compensating steering angle µ(k), it is summed with
the original steering signal φ(k) to obtain a compensated steering signal and to act on the
system. Let k = k + 1.

Finally, apply the compensated steering angle to the steering subsystem and return to
the first step to repeat the calculation.

2.4. Symbols Covered in This Section and Their Meanings

Symbols covered in this section and their meanings are shown in Table 1 below:

Table 1. Symbols and their meanings.

Gravitational Force on the Tractor Force on the Tractor Perpendicular to the Ground Force on the Tractor Parallel to the Ground

N F1 F2

Steering angle of a tire Catch force of a tire Component force of F3 perpendicular to the
direction of travel of the tractor before steering

µ F3 F22

Angle made by the slope to the horizontal K = N/F3 Location of the tractor

ζ K s



Agriculture 2023, 13, 2160 8 of 22

Table 1. Cont.

Gravitational Force on the Tractor Force on the Tractor Perpendicular to the Ground Force on the Tractor Parallel to the Ground

Actual traveling path A discrete time variable Period

a = (XA , YA) k T

Velocity Steering angle “Desired path”

v ϕ b = (XB , YB)

Control increment Proportion coefficient Integration coefficient

∆u Kp Ki

Differentiation coefficient Difference between the target value and the actual
output of a system

Kd e

3. Model Predictive Control for Path Tracking of a Tractor

The steering angle compensator presented in Section 2 can be used in conjunction with
a wide range of existing path tracking control methods for tractors, and this paper will take
model predictive control as an example in order to illustrate in detail how this steering
angle compensator can be used in conjunction with common control methods, so the model
predictive controller design itself is not part of the main contribution of this paper.

This section mainly refers to Chapter 4 in book [34], which is briefly introduced as
follows for the completeness of this paper. Under a fixed-coordinate system, the kinematic
model of the tractor is:  .

x
.
y
.
ϕ

 =

cos ϕ
sin ϕ
tan δ

l

v (8)

where (x, y) is the coordinate of the rear axle of the tractor, ϕ is the heading angle, δ is the
turning angle, v is the speed, and l is the wheelbase of the tractor.

From the above equation, this is a system with inputs u(v, δ) and states χ(x, y, ϕ),
which can be expressed in the following general form:

.
χ = f (χ, u) (9)

A given reference trajectory is also represented in the same form:

.
χr = f (χr, ur) (10)

where reference values are denoted by r, χr =
[
xr yr ϕr

]T , and ur = [vr δr].
Expand Equation (10) at the reference trajectory points using a Taylor series expansion

and ignore higher-order terms.
Subtracting Equation (10) from Equation (8) gives:

.
χ̃ =

 .
x− .

xr.
y− .

yr.
ϕ− .

ϕr

 =

0 0 −vr sin ϕr
0 0 vr cos ϕr
0 0 0

 x− xr
y− yr
ϕ− ϕr

+

cos ϕr 0
sin ϕr 0
tan δr

l
vr

lcos2δr

[v− vr
δ− δr

]
(11)

Further discretize Equation (11):

χ̃(j + 1) = Aj,tχ̃(j) + Bj,tũ(j) (12)

where, Aj,t =

1 0 −vr,j sin ϕr,jT
0 1 vr,j cos ϕr,jT
0 0 1

, Bj,t =

cos ϕr,jT 0
sin ϕr,jT 0

tan δr,jT
l

vr,jT
lcos2δr,j

, and T is the sam-

pling time.
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Transform Equation (12) as follows:

ξ( j|t) =
[

χ̃( j|t)
ũ( j− 1|t)

]
(13)

Then we get
ξ( j + 1|t) = Ãj,tξ( j|t) + B̃j,t∆U( j|t) (14)

η( j|t) = C̃k,tξ( j|t) (15)

where, Ãj,t =

[
Aj,t Bj,t
0 I

]
, B̃j,t =

[
Bj,t

I

]
, and C̃j,t =

1 0 0 0 0
0 1 0 0 0
0 0 1 0 0

.

The output expression of the system can be obtained:

Y(t) = Ψtξ( t|t) + Θt∆U(t) (16)

where, Y(t) =
[
η( t + 1|t), η( t + 2|t), . . . , η

(
t + Np

∣∣t)]T ,

Ψt =
[
C̃j,tÃj,t, C̃j,tÃj+1,tÃj,t, . . . , C̃j,tÃj+Np−1,t . . . Ãj,t

]T
,

Θt =



∼
Cj,t
∼
Bj,t

∼
Cj,t
∼
Aj+1,t

∼
Bj,t

· · ·
∼
Cj,t
∼
Aj+Nc−1,t . . .

∼
Aj+1,t

∼
Bj,t

∼
Cj,t
∼
Aj+Nc ,t . . .

∼
Aj+1,t

∼
Bj,t

...
∼
Cj,t
∼
Aj+Np−1,t . . .

∼
Aj+1,t

∼
Bj,t

0
∼
Cj,t
∼
Bj+1,t
· · ·

∼
Cj,t
∼
Aj+Nc−2,t . . .

∼
Aj+2,t

∼
Bj+1,t

∼
Cj,t
∼
Aj+Nc−1,t . . .

∼
Aj+2,t

∼
Bj+1,t

...
∼
Cj,t
∼
Aj+Np−2,t . . .

∼
Aj+2,t

∼
Bj+1,t

0
0
. . .
· · ·
· · ·
. . .
· · ·

0
0
· · ·

∼
Cj,t
∼
Bj+Nc−1,t

∼
Cj,t
∼
Aj+Nc ,t

∼
Bj+Nc−1,t

...
∼
Cj,t
∼
Aj+Np−Nc ,t

∼
Aj+Nc ,t

∼
Bj+Nc−1,t


,

∆U(t) =


∆u( t|t)

∆u( t + 1|t)
· · ·

∆u( t + Nc|t)


Consider control and control increment constraints:

umin( t + j|t) ≤ u( t + j|t) ≤ umax( t + j|t), j = 0, 1, . . . , Nc − 1 (17a)

∆umin( t + j|t) ≤ ∆u( t + j|t) ≤ ∆umax( t + j|t), j = 0, 1, . . . , Nc − 1 (17b)

The objective function used is as follow:

J(k) =
Np

∑
j=1
‖η( t + j|t)− ηre f ( t + j|t)‖2

Q +
Nc−1

∑
j=1
‖∆U( t + j|t)‖2

R + ρε2 (18)

where Np is the predictive horizon, Nc is the control horizon, ρ is the weighting coefficient,
and ε is the relaxation factor.

4. Model Predictive Controller with Steering Angle Compensator

As shown in Figure 4, a schematic diagram of the steering angle compensation for path
tracking control of the tractor based on a model predictive controller, the cyan marking is a
compensator, and the steering angle (original steering signal) calculated by MPC is summed
up with the compensating steering angle from the compensator to obtain a compensated
steering angle. The compensation algorithm is the same as the one described in Section 2. It



Agriculture 2023, 13, 2160 10 of 22

can be seen that the compensator can be independently and easily applied to an automatic
path-tracking control system.
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In summary, the algorithm executed at each period when the angle compensator is
embedded in a model predictive controller is shown in Algorithm 2 below:

Algorithm 2. Flowchart of the MPC algorithm with a compensator.

Input: proportional, integral, and differential coefficients Kp , Ki , Kd , real position, heading angle, speed and steering angle
of the tractor x( t|t), y( t|t), ϕ( t|t), v( t− 1|t), δ( t− 1|t), roll angle γ(k), reference position, heading angle, speed and
steering angle series of the tractor xr,j , yr,j , ϕr,j , vr,j , δr,j , j = 0, 1, . . . , Np − 1, control and predictive horizon Nc , Np , weighting
matrices and coefficient for objective function Q, P, ρ, upper and lower bounds for control increments and control variables
umin( t + j|t), umax( t + j|t), ∆umin( t + j|t), ∆umax( t + j|t) as well as control period T. Initialized with
k = 0, θ(k− 2) = θ(k− 1) = 0, and K(k) = 0.

Step 1: Solve the optimization problem (18) to obtain the velocity control increments and the steering angle increments
∆v( j|t), ∆δ( j|t), j = 0, 1, . . . , Nc − 1. And v( t|t) = v( t− 1|t) + ∆v( t|t), φ(k) = δ( t|t) = δ( t− 1|t) + ∆δ( t|t).
Step 2: When k = 0, this step is skipped; otherwise, based on the previous position s(k− 1) of the tractor as well as the
velocity and steering angle outputted from MPC at the previous period v( t− 1|t− 1), δ( t− 1|t− 1), the kinematic model
(4) is used to calculate the “desired point”(X3, Y3).
Step 3: When k = 0, set the angle between the actual traveling route and the “desired route” to zero, θ(k) = 0; otherwise, let
θ(k− 2) = θ(k− 1)and θ(k− 1) = θ(k), and θ(k) is calculated based on the vehicle position s(k− 1), s(k), and the “desired
point” (X3, Y3) using Equation (5).
Step 4: Based on θ(k− 2), θ(k− 1), and θ(k), the compensation coefficient ∆K(k) is calculated by Equation (7)
and K(k) = K(k− 1) + ∆K(k).
Step 5: Based on the roll angle γ(k) and the compensation coefficient K(k), the compensating steering angle µ(k) is
calculated using µ = K ∗ |sinγ|.
Step 6: The compensating steering angle µ(k) and the original steering angle φ(k) are summed to obtain the compensated
steering angle, which is the output and acts on the system with velocity v( t|t). Let k = k + 1.

Output: compensated steering angle φ(k) + µ(k) and velocity v( t|t).

First of all, it is necessary to set values of relevant parameters of the compensator and
predictive controller, including proportional coefficient Kp, integral coefficient Ki, differ-
ential coefficient Kd, period T, current actual position x( t|t), y( t|t), heading angle ϕ( t|t),
speed v( t− 1|t), steering angle δ( t− 1|t) of the tractor, reference position, heading angle,
speed and steering angle series of the tractor

(
xr,j, yr,j, ϕr,j, vr,j, δr,j, j = 0, 1, . . . , Np − 1

)
, con-

trol horizon Nc, predictive horizon Np, weight matrices and coefficient of optimization prob-
lem (Q, R, and ρ), and upper and lower bounds of constraints (umin, umax, ∆umin, ∆umax),
as well as initialization with k = 0, θ(k− 2) = θ(k− 1) = 0, and K(k) = 0.
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In the first step, position (x( t|t), y( t|t)), heading angle ϕ( t|t), velocity v( t− 1|t), and
steering angle δ( t− 1|t) of the tractor in the current period are measured, and according
to the reference position, heading angle, velocity, steering angle series xr,j, yr,j, ϕr,j, vr,j, δr,j,
j = 0,1, . . . , Np − 1, control horizon Nc, predictive horizon Np, weighting matrices and
coefficient Q, R, ρ, upper and lower bounds for control increments and control variables
umin( t + j|t), umax( t + j|t), ∆umin( t + j|t), ∆umax( t + j|t) as well as control period T, the
optimization problem (18) is solved to obtain the velocity increment series and the steering
angle increment series ∆v( t + j|t), ∆δ( t + j|t), j = 0, 1, . . . , Nc. The first element can be
taken as ∆v( t|t), ∆δ( t|t). At the end, v( t|t) = v( t− 1|t) + ∆v( t|t) and φ(k) = δ( t|t) =
δ( t− 1|t) + ∆δ( t|t).

In the second step, when k = 0, this step is skipped; otherwise, based on the last posi-
tion s(k− 1), speed v( t− 1|t− 1), and steering angle δ( t− 1|t− 1) outputted from MPC
in the last period, a kinematic model (4) is utilized to compute the “desired point” (X3, Y3).

In the third step, when k = 0, let the angle between the actual traveling path a and the
“desired path” b be θ(k) = 0. Otherwise, based on position s(k− 1) of the tractor in the
last period, position s(k) in the current period, and the “desired point”(X3, Y3), using the
vector dot product Formula (5) and the positional relationship between the actual traveling
path a and the “desired path” b, θ(k) can be obtained.

In the fourth step, based on θ(k− 2), θ(k− 1), and θ(k), the compensation coefficient
K(k) is calculated using the incremental update law (7).

In the fifth step, based on the roll angle γ(k) and the compensation coefficient K(k),
the compensating steering angle µ(k) is calculated by µ = K ∗ |sinγ|.

In the sixth step, based on the compensating value µ(k), the compensated steering
angle is obtained by summing with the steering angle φ(k), which is applied to the tractor
with velocity v( t|t). Let k = k + 1.

Finally, return to step 2 for repeated calculations.

5. Simulation Results

In this paper, experiments are conducted using simulink and carsim for joint sim-
ulation, which provides an extremely high-precision model of the tractor, while control
is carried out by writing a program using the S-function module in simulink. Carsim is
able to reflect the mechanics of the tractor and is recognized as a significant platform for
evaluating the performances of various modeling, control, and optimization algorithms in
vehicle domains.

Specific parameters of the tractor used in the simulation are shown in Table 2.

Table 2. Tractor parameters.

Height of the Front Wheel Center Height of the Rear Wheel Center Length of the Wheelbase

550 mm 750 mm 1050 mm

Longitudinal distance between the
wheel centers Sprung mass Roll inertia

2050 mm 3000 kg 377.1 kg·m2

Pitch inertia Yaw inertia

1765 kg·m2 1765 kg·m2

The MPC parameters are configured as shown in Table 3.
Parameters of the PID angle compensator are configured as shown in Table 4.
In all the simulation experiments, the tractor traveled in a sloping field, as shown in

Figure 5. When the tractor was traveling in a straight line (i.e., in operation), the lateral
force on the tractor was constant; when the tractor turned around, the lateral force on it
would change continuously. In different groups of simulation experiments, we obtained
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a series of experimental results by making a single change in parameters such as slope
gradient, speed during straight-line travel, and turning radius.

Table 3. MPC parameters.

Predictive Horizon Np Control Horizon Nc Control Period T

10 10 0.1 s

Weight of the speed increment Weight of the steering angle increment Weight of the route

0.1 Changes with experiments 1

The weight of the heading angle The lower bound of the constraint of
the speed increment

The upper bound of the constraint of
the speed increment

0.01 −0.05 m/s 0.05 m/s

The lower bound of the constraint
of speed

The upper bound of the constraint
of speed

The lower bound of the constraint of
the steering angle increment

0 m/s 3 m/s −0.1 rad

The upper bound of the constraint of
the steering angle increment

The lower bound of the constraint of
the steering angle

The upper bound of the constraint of
the steering angle

0.1 rad −0.5 rad 0.5 rad

Table 4. PID parameters.

Proportion Coefficient P Integration Coefficient I Differentiation Coefficient D

Changes with experiments Changes with experiments 0.02
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Figure 5. Schematic representation of the topographic conditions of the slope and way of traveling in
the simulation.

Furthermore, in order to illustrate more clearly the way the tractor travels in the
simulation experiments, we take an experiment as an example to describe this in detail.
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The actual and reference routes of the MPC with and without an angle compensator are
shown in Figure 6.
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Figure 6. (Non) compensated route vs. reference route.

Figure 6 shows the actual and reference routes of MPC with and without the addition
of the angle compensator, respectively. The red curve in the figure shows the route obtained
by a tractor under the control of MPC without the addition of the angle compensator, while
the green curve shows a route with the addition of the compensator, and the blue one is a
reference route. According to the parameter settings, the tractor starts from origin (0, 0),
travels 100 m straight to (100, 0), turns one-quarter arc counterclockwise to reach (110, 10),
travels 1 m straight to reach (110, 11), then turns one-quarter arc counterclockwise again to
reach (100, 21). After completing the U-turn, it continues to drive straight in the opposite
direction for 100 m to reach (0, 21), and then completes another clockwise U-turn, i.e., first
turning clockwise through a quarter arc, then going straight for 1 m, and finally turning
clockwise through another quarter arc again. Traveling in a straight line has a speed of
10 km/h, turning has a speed of 5 km/h, and making a U-turn has a radius of 10 m. From
Figure 6, it can be seen that the actual path of the tractor can basically track the reference
route regardless of whether an angle compensator is added or not. This result was shown
in all other experiments with different parameter settings.

5.1. Simulation Results of a Tractor Traveling in a Straight Line at Different Speeds

Given that the tractor’s speed in practical operating situations usually ranges between
3–7 km/h and the maximum operating speed usually does not exceed 10 km/h, we
conducted four sets of experiments in simulation with speeds of 3 km/h, 5 km/h, 7 km/h,
and 10 km/h. All experiments were conducted in a sloping field with a slope gradient of
0.22. The parameter settings of the MPC and compensator for different experiments in the
simulation are shown in Table 5.

Table 5. MPC and compensator parameters for different experiments.

3 km/h 5 km/h 7 km/h 10 km/h

Weight of the steering angle increment 0.5 1.1 1.3 1
Proportion coefficient P 0.1 0.1 0.1 0.1
Integration coefficient I 0.001 0.001 0.001 0.002

A localized plot of the simulation results is shown in Figures 7–10.
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From the above four simulation results, it can be intuitively seen that the steering
angle compensator allows the tractor to track the reference routes better as well as make
the controls smoother at different speeds. In order to better illustrate the effect of the
compensator statistically, we introduce the distance between the actual traveling route and
the reference route d(k) to quantify the experimental results. In the following, the average

distance between the actual traveling route and the reference route d = ∑N
k=1 d(k)

N , as well as

the average absolute value of the distance of the actual traveling route |d| = ∑N
k=1|d(k)−d|

N at
different simulation speeds, are given in Table 6. |d| characterizes the degree of fluctuation
of the tractor during straight-line driving, i.e., the degree of smoothness of control. The
closer |d| is to zero, the smoother the control is, and the less the tractor sways dramatically
from side to side.

Table 6. Average distance between the actual traveling route and the reference route and the average
absolute value of the distance of the actual traveling route for different experiments.

3 km/h 5 km/h 7 km/h 10 km/h

Average distance d (with compensator) 0.00092 m 0.008144 m −0.00492 m 0.003037 m
Average absolute value of the
distance |d| (with compensator)

0.025 m 0.017 m 0.027 m 0.053 m

Average distance d (without compensator) 0.050191 m 0.054592 m 0.048394 m 0.074208 m
Average absolute value of the
distance |d| (without compensator)

0.052 m 0.047 m 0.042 m 0.053 m

From the data in Table 6, it can be seen that the inclusion of the compensator helps
to reduce steady-state errors when the tractor is traveling on a slope in experiments of
straight-line driving at various speeds, so that it can follow the reference route accurately.
Moreover, in most cases, the compensator also makes the tractor travel more smoothly and
reduces the magnitude of its side-to-side swaying.

5.2. Simulation Results of a Tractor Traveling under Different Turning Radii

We obtained simulation results of the tractor traveling under different turning radii by
setting the turning radius to 10 m, 7 m, and 5 m, respectively, in different experiments. All
the experiments were carried out in a sloping field with a slope gradient of 0.22, and the
speed of the tractor was 5 km/h. The parameter settings of the MPC and compensator for
different experiments are shown in Table 7.
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Table 7. MPC and compensator parameters for different experiments.

10 m 7 m 5 m

Weight of the steering angle increment 1.1 1.1 0.6
Proportion coefficient P 0.1 0.1 0.4
Integration coefficient I 0.001 0.001 0.001

A localized plot of the simulation results is shown in Figures 11–13.
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From the above three simulation results, it can be intuitively seen that at different
turning radii, the compensator does not significantly reduce the steady-state error of the
path tracking control, but it makes it smoother. This is due to the fact that both the MPC
and compensator use a kinematic model as a prediction model, i.e., it is assumed that the
kinematic model (8) can accurately describe the motion laws of the tractor. As a matter of
fact, when we use a joint simulation method between the carsim and the simulink for our
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experiments, the carsim provides an ultra-high-dimensional, high-precision model of the
tractor. The mismatch between this model and the kinematic model becomes more and
more serious when the arc of the turn is larger, i.e., when the radius is smaller. Furthermore,
from the analysis in Section 2 of this paper, it can be seen that the steering angle compensator
itself is also based on a model, and thus only by improving the accuracy of the adopted
model can the path tracking bias be overcome more effectively.
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The average distance between the actual traveling route and the reference route d,
as well as the average absolute value of the distance of the actual traveling route |d| at
different radii, are given in Table 8.

Table 8. Average distance between the actual traveling route and the reference route and the average
absolute value of the distance of the actual traveling route for different experiments.

10 m 7 m 5 m

Average distance d (with compensator) 0.221492 m 0.197354 m 0.353256 m
Average absolute value of the distance |d| (with compensator) 0.041 m 0.041 m 0.059 m
Average distance d (without compensator) 0.211663 m 0.282611 m 0.322454 m
Average absolute value of the distance |d| (without compensator) 0.062 m 0.059 m 0.060 m

5.3. Simulation Results of a Tractor Traveling under Different Slope Gradients

Relevant surveys show that the slope is below 15◦ on 87.5% of agricultural land [30].
Therefore, three groups were set up in our experiments with gradients of slopes of
0.11 (6.28◦), 0.22 (12.42◦), and 0.33 (18.27◦), respectively. The speed of the tractor for
all experiments was 3 km/h. The parameter settings of the MPC and compensator for
different experiments are shown in Table 9.

Table 9. MPC and compensator parameters for different experiments.

0.11 (6.28◦) 0.22 (12.42◦) 0.33 (18.27◦)

Weight of the steering angle increment 0.5 0.5 0.4
Proportion coefficient P 0.1 0.1 0.1
Integration coefficient I 0.0005 0.001 0.001

Some localized plots of the simulation results are shown in Figures 14–16.
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From the results of the above simulation experiments, it can be seen that as the gradient
of the sloping land increases, the unfavorable effect on the tractor also increases. The
addition of the compensator in different experiments allows the tractor to track the reference
route more accurately and reduces the magnitude of left–right swaying during tracking.

The average distance between the actual traveling route and the reference route d,
as well as the average absolute value of the distance of the actual traveling route |d| at
different slopes, are given in Table 10.

Table 10. Average distance between the actual traveling route and the reference route and the average
absolute value of the distance of the actual traveling route for different experiments.

0.11 (6.28◦) 0.22 (12.42◦) 0.33 (18.27◦)

Average distance d (with compensator) −0.00465 m 0.000982 m 0.003815 m
Average absolute value of the distance |d| (with compensator) 0.028 m 0.025 m 0.018 m
Average distance d (without compensator) 0.034339 m 0.050191 m 0.074009 m
Average absolute value of the distance |d| (without compensator) 0.066 m 0.053 m 0.041 m

5.4. Effect of Compensator Incorporation on Speed and Steering Angle

From previous sets of experiments, it can be seen that the inclusion of the compensator
can generally reduce the left–right swaying during path tracking of the tractor, and the
following experimental results can lead to a similar conclusion from another aspect. In the
following experiments, the speed set for straight line traveling is 5 km/h, the speed set for
turning is also 5 km/h, and the turning radius is 10 m. Relevant parameters of the MPC
and compensator are shown in Table 11.

Table 11. MPC and compensator parameters for the experiment.

Weight of Steering Angle Increment Proportion Coefficient P Integration Coefficient I

1.1 0.1 0.001

As shown in Figure 17, a graph of the actual speed versus the reference speed, the
red curve is a speed obtained by the tractor under MPC without adding the compensation
mechanism, while the green one is a speed when the compensation mechanism is added,
and the black one is the reference speed. It can be seen that, in most cases, the inclusion
of the compensation mechanism allows the velocity to fluctuate in a smaller range with
smoother control.
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As shown in Figure 18, a graph of the actual steering angle versus the reference
steering angle, the red curve is a steering angle obtained when the tractor is controlled by
MPC without adding the compensation mechanism, while the green one is a steering angle
when the compensation mechanism is added, and the black one is a reference steering
angle. It can be seen that, in most cases, the inclusion of the compensation mechanism
allows the steering angle to fluctuate in a smaller range with smoother control.
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In fact, it is an important objective to avoid frequent and large fluctuations of action
mechanisms in control systems, since in general, their large fluctuations lead to an increase
in the maintenance costs of associated components and even to a significant reduction in
their service life.

6. Summary and Outlook
6.1. Summary

Aiming at the problem that it is more difficult to accurately track a reference route
when a tractor is traveling on a slope, this paper proposes a method of compensating the
lateral force on the tractor using a steering angle by analyzing the forces of the tractor
when it is traveling on a slope. However, since the tractor is often affected by factors
such as variable load and variable speed in practical use and it is difficult to measure
mechanical parameters such as gravity force and tire-catching force of the tractor in real
time, it is difficult to obtain an accurate steering compensation coefficient. For this problem,
this paper proposes a method to adjust the steering compensation coefficient in real time
according to the actual traveling conditions of the tractor by introducing a PID feedback
mechanism so that the steering angle of the tractor can be accurately compensated in
the case of changing environmental factors. Furthermore, this paper presents how this
compensation mechanism can be used for a tractor system under MPC.

Finally, in order to verify the effectiveness of the compensator designed in this paper,
a series of experiments were designed and simulated under different driving speeds,
turning radius, and slope gradient conditions. Experimental results show that adding
the compensation mechanism can reduce or even eliminate a static error in the case of
straight-line driving, and it can keep speed and steering angle of the tractor in a smaller
fluctuation range when driving, i.e., a smoother control. The results show that this method
can effectively reduce the adverse effects of tractors traveling on slopes.
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6.2. Outlook

In this paper, we have designed a steering angle compensator and used model predic-
tive control as an example of how this compensator can be used for the path tracking control
task of a tractor. In fact, as can be seen from the contents of this paper, the implementation
of the compensator does not depend on the model predictive controller; in other words,
the compensator can be used in a wide range of various other forms of controllers, and we
would like to see a wide range of research on the combination of this compensator with
other controllers in the future.

On the other hand, we also believe that the application of this compensator is not
limited to tractors. The compensator presented in this paper uses a simple kinematic
model, and by adapting it to other types of vehicle models, it should be applicable to
special vehicles such as tracked vehicles, four-wheel steered vehicles, tractors with trailers,
and others.
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