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Abstract: This paper discusses the robust trajectory tracking control of an autonomous tractor-trailer
in agricultural applications. Firstly, considering the model parameter uncertainties and various
disturbances, the kinematic and dynamic models of the autonomous tractor-trailer system are estab-
lished. Moreover, the coordinate transformation is adopted to convert the trajectory tracking error
into a new unconstrained error state space model. On this basis, the prescribed performance control
(PPC) technique is designed to ensure the convergence speed and final tracking control accuracy of
the tractor-trailer control system. Then, this paper designs a double closed-loop control structure.
The posture control level adopts the model predictive control (MPC) method, and the dynamic level
adopts the sliding mode control (SMC) method. At the same time, it is worth mentioning that the
nonlinear disturbance observer (NDO) is designed to estimate all kinds of system disturbances and
compensate for the tracking control system to improve the system’s robustness. Finally, the proposed
control strategy is validated through comparative simulations, demonstrating its effectiveness in
achieving robust trajectory tracking of the autonomous tractor-trailer system.

Keywords: tractor-trailer; trajectory tracking; prescribed performance; model predictive control;
robust sliding mode control

1. Introduction

With the gradual maturity and application of agricultural machineries” automatic
driving technology based on the satellite navigation system, the automation level and
working efficiency of agricultural machinery have been greatly improved [1,2]. As the
main power machinery in agricultural production, research on autonomous control of
tractors has received extensive attention. To further enhance agricultural productivity and
autonomous operation, tractors are often connected to trailers through rigid shafts, forming
tractor-trailer systems that enable cost-effective transportation in material collection, load
carriage, crop harvesting, and so on [3]. Unfortunately, the nonlinear multi-body dynamics,
coupling effects, and various disturbances of the tractor-trailer lead to the complexity and
difficulty of modeling, and the uneven and harsh farmland working environment makes
its autonomous operation control very challenging.

Copyright: © 2023 by the authors.

At present, there have been successful research studies aimed at addressing the motion
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control of tractor-trailers. Yuan et al. developed a trajectory tracking controller, based on
the backstepping technique, aiming to drive the multi-steering tractor-trailer mobile robot’s
states towards their desired trajectories that result in convergence [4]. Yue et al. proposed
an effective quintic polynomial-based trajectory planning approach combined with a robust
tube-based MPC method for an underactuated tractor-trailer system during lane change
maneuver [5]. Alipour et al. addressed the lateral and longitudinal slip of the wheel as
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a group of limited disturbances and designed a robust sliding mode trajectory tracking
controller based on the established nonlinear dynamic model [6]. Kassaeiyan et al. designed
a full-state trajectory tracking controller that ensures the asymptotic stabilization of the
output errors and enables tractor-trailer wheeled robots to follow the desired paths both in
forward and backward [7]. Murillo et al. presented a novel nonlinear mathematical model
of an articulated tractor-trailer system, which can be used to combine with receding horizon
techniques to enhance the performance of path tracking tasks of articulated systems [8].
Shojaei et al. drew a neural adaptive PID tracking controller to guarantee that the tracking
errors exponentially converge to an arbitrary small ultimate bound with a prespecified
maximum overshoot and convergence rate [3].

The coordinated tracking control of the posture and dynamic of tractor-trailer systems
is a critical control strategy that requires careful consideration of both kinematics and dy-
namics. Liu et al. proposed a composite control strategy that integrates a posture controller
based on the MPC method and a dynamic controller based on the SMC method [9]. Zhang
et al. researched the robust trajectory tracking control method of driverless vehicles and
designed a hierarchical control framework based on conditional integral algorithm, which
is composed of kinematic controller and dynamic controller [10]. Liao et al. proposed an
integrated dynamic model that includes several critical factors, such as chassis kinematics,
chassis dynamics, wheel-ground interaction, and wheel dynamics. Based on this model,
they developed a model-based coordinated adaptive robust controller that features three-
level designs for different parts of robot dynamics [11]. By effectively combining actor
critical multilayer neural networks with adaptive robust controllers, Elhaki et al. proposed
a unique intelligent prescribed performance output feedback multi-loop controller that
improves robustness through identification of various nonlinear parameter uncertainties
and external disturbances [12].

When towing trailers work in various complex environments, they will inevitably
encounter the internal and external disturbances and model parameter changes, which will
greatly reduce the performance of the controller and even lose the stability of the system.
Besides the previously mentioned anti-disturbance control methods, another effective
approach is to use a disturbance observer to identify and compensate for the observed
disturbances, thereby suppressing their effects on the system. To address the challenge
of accurately tracking specified paths with agricultural vehicles, Taghia et al. proposed a
sliding mode controller with a NDO [13]. Aiming at the influence of trailer mass change
on the stability of the tractor-trailer system, the trailer mass is estimated by the designed
deep neural network (DNN) [14]. Han et al. proposed a novel estimation system for
the hitch angle using the Kalman filter and deep-learning techniques [15]. Guevara et al.
reported the use of active disturbance rejection control (ADRC) with a dual-stage NDO
to improve the backward trajectory tracking performance of Generalized N-Trailers in no
ideal conditions [16].

Regarding problems related to performance constraints of tracking, the transient and
steady-state performances of the vehicle tracking control system have always been one of
the issues that scholars focus on [17]; they directly determine the control effect. For this
reason, Bechlioulis et al. proposed a prescribed performance control (PPC) method [18].
Its core idea is to manually set the performance envelope for the state (or error) of the
control system, and describe the transient (such as convergence speed, up-regulation,
down-regulation, etc.) and steady-state (such as control accuracy, etc.) performances of
the control system through the convergence characteristics of the performance envelope
function, so as to ensure that the prescribed tracking performance conditions are met
while achieving the control objectives. To develop an open-loop error dynamic model
based on the unconstrained filtered tracking error, a nonlinear transformation is used to
convert the constrained errors to unconstrained ones based on the prescribed performance
technique [19]. In the context of fixed configuration formation control of vehicles, Guo et al.
proposed a finite-time vehicle formation control method that considers prescribed transient
and steady-state performance constraints [20].
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To solve all the above problems, a high-performance robust tracking controller for an
autonomous tractor-trailer considering model uncertainties and disturbances is designed.
The main contributions and innovations of this work are summarized as follows:

(1) The kinematic and dynamic models of the autonomous tractor-trailer system are
established, taking into account model uncertainties and various disturbances. Moreover,
considering the nonholonomic characteristics of the tractor-trailer, the nonlinear transfor-
mation is used to convert the trajectory tracking error into a new unconstrained error state
space model. This greatly facilitates the design of a follow-up tracking controller.

(2) On this basis, this paper designs a double closed-loop control structure. The
posture control level adopts the standard MPC method, and the dynamic level adopts the
SMC method. At the same time, it is worth mentioning that the fast power reaching law
with second-order sliding mode characteristics is selected to reduce the chattering of the
traditional SMC method.

(3) Special application scenarios and complex working environments lead to signif-
icant model parameter changes and various disturbances in the tractor-trailer system.
Therefore, the NDO is designed to estimate all kinds of system disturbances and compen-
sate for the trajectory tracking control system of the tractor-trailer system to improve the
system’s robustness.

(4) Compared with many previous works [4-9,12,14-16], taking into account the
convergence speed and final tracking control accuracy in the transient and steady-state
performances, the PPC strategy is added to the front end of the double closed-loop controller
to ensure the effective implementation of the robust trajectory tracking control of the tractor-
trailer without any possible controller singularity.

This paper is organized as follows: Section 2 presents the kinematic and dynamic
models of the tractor-trailer system, the tracking error model, and the prescribed perfor-
mance function. Section 3 introduces the main results of this paper, including the design
of the posture and dynamic controller. Results and analysis are provided in Section 4 to
illustrate the effectiveness of the method proposed in this paper. Finally, Section 5 presents
brief conclusions.

2. Problem Statement
2.1. Kinematic Model of Tractor-Trailer

The tractor-trailer is a typical complex multi-body system, and its plane motion
diagram is shown in Figure 1. To enable facilitate modeling, several assumptions are as
follows [9]: (1) the tractor-trailer only operates on the horizontal plane; (2) the tractor-trailer
is composed of rigid components; and (3) the tractor-trailer does not slip laterally and
longitudinally during movement.

Ye A

A .
>

Oe Xe

Figure 1. Plane motion diagram of the tractor-trailer. (OgXgYF is the earth-fixed coordinate system.
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010XtoYto is the tractor-fixed coordinate system. o¢1 x4y is the trailer-fixed coordinate system. 6 is
the heading angle of the tractor. 7 is the heading angle of the tractor. 7; and 7, are the driving torque
of the left and right wheels of the tractor. r is the radius of driving wheels. 2b is the distance between
two active wheels of the tractor. 4y is the distance of the centroid ¢y and the midpoint oy of tractor
wheel axle. 47 is the distance of the centroid c; and the center point 0;1 of the trailer. g is the distance
between the hinge point w and the midpoint o of tractor wheel axle. g; is distance between the
hinge point w and the center point o1 of the trailer. 1 is the mass of the tractor. 1 is the mass of
the trailer without load. Ij is the rotational inertia about vertical axis through cy. I is the rotational
inertia about vertical axis through c¢; when the trailer is not loaded).

In the system of the autonomous tractor-trailer, in addition to describing the position
and direction variables of the tractor and trailer, the relative heading angle information
of the tractor and trailer must also be considered. Based on the previous assumption (3)—
the wheels of the tractor and trailer do not slip laterally—the following nonholonomic
constraints can be obtained:

{ xsinfy — y cos by —glél cos(Bp—61) =0 (1)
xsinf; —ycosty =0

where x and y represent the position coordinates of the trailer, 8; represents the heading
angle of the trailer, and 6y represents the heading angle of the tractor.

The posture vector of the tractor-trailer is defined as g = [x, y, 01, 8]”, and Equation (1)
can be rewritten into the following matrix form:

x
. [sinfp —cosfy —gicos(Bp—6;) O y _
A(q)q[sinel —cos @ 0 0|6, =0 @
60

sinfp —cosfy —g1cos(By—61)

where A(q) = [Sin 61 —cosb 0

8] and it is the constraint matrix of

the system.

In addition, we introduce a full rank matrix S(g) = [s1(g), s2(9)]*, which consists of a
set of smooth and linearly independent vector fields, s;(g) € R",i =1, 2, in the null space
of A(g), that is, A(7)S(q) = 0 [3]. We define the pseudo velocity vector v(t) = [v(t), w®]" as
the input vector, and the system can be expressed as:

]T

cos 61 0
. sin 6 0 [v(t)] 3)
17 |(1/g1) tan(8o — 61)  —(g0/81) sec(8o — 1) | [w(b)
u(t)
S(q)

where v(t) represents the linear speed of o; point on the trailer, w(t) represents the angular
speed of the tractor, and S(g) is called the motion matrix.

2.2. Dynamic Model of Tractor-Trailer

The tractor-trailer system can be described by using the first Lagrange equation, which
can be expressed as follows:

d { oL oL
S =) - 2= = +AT Ak=1,2,3,4 4
dt (aqk> aqk fk (q) @
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where f; represents the generalized force, A represents the Lagrange multiplier, and k repre-
sents the number of generalized coordinates; L can be obtained by the following formula:

=T(q,9) —U(q) 5)

where T(g, q) represents the kinetic energy of the system and U(q) represents the potential
energy of the system.

According to assumption (1) in Section 2.1, the tractor-trailer moves only on the
horizontal plane, so its gravitational potential energy will not change. According to
assumption (2) in Section 2.1, the tractor-trailer is composed of rigid parts, so its elastic po-
tential energy can be regarded as zero. Therefore, the body kinetic energy of the tractor and
trailer can be considered to establish the dynamic model. Based on Equations (4) and (5),
the dynamic model of the tractor-trailer system can be given by:

Ma1(t,@)d(t) + Car(£,,4)q(t) + Dar (£, 9)q(t) = B ()T(t) + (t) + AT(A (6)

where 7, represents the unknown nonlinearity vector caused by external disturbances,
ground friction, and so on; M, represents the symmetric positive definite inertia matrix;
Cq1 represents the matrix of centripetal force and Coriolis force; D1 represents the matrix
of damping and viscous friction coefficient; B,1 represents the input transformation matrix;
and T = [1}, /]! represents the input torque vector. To simplify the design, an on-axle
hitching tractor-trailer (go = 0) is considered. Based on [3], the dynamic matrices are selected
as follows:

m(t) 0 —A(t) sin 6 —aymq sin Oy
Mo (t,0) = 0 m(t) A(t) cos by agm cos 6y
albq) = —A(t)sinf; A(t)cos b Ip, (t) apdmg cos(6p — 61)
—agmgsin®y agmgcosfy agdmgcos(6y — 67) Iy,
0 0 —A(t)é1 C0891 —aomoéocoseo
: 0 0 —A(t)6; sin —agmgf sin 0
Cal(th/q): ()l 1 0.0' 0
0 0 0 —u0g1m090 Sln(90 — 91)
00 aoglmoél sin(6y — 61) 0
Dy (t,q) = diagldy1(t),dxa(t),dss(t), daa(t)]
cos 6 cos 6y
1 sin 6y sin gy
Bulg) =7 g1sin(fp — 61) g1 sin(6p — 61)
b —b
where the model parameters can be defined as m(t) = my + my + my(t),
A(t) = [a1 406 ()][my+my(t)] + gimo, Ioa(t) = ma?® + megi® + I + (1),

Ipo = moag? + Iy, where the m(t) represents the time-varying load on the trailer, I;(f)
represents the rotational inertia on the trailer, and J;1(f) represents the unexpected change
of the centroid of the trailer. '

The derivative of Equation (3) with respect to time can be obtained 4 = S(gq)v + S(g)v,
and then it can be substituted into Equation (6) and multiply S(g) on both sides of the
equation to eliminate the nonholonomic constraints in the model [21]. Finally, the simplified
equation is as follows:

Moo (t,q)0(t) + Caa(t,q,v)v(t) + Daa(t,q)v(t) = Ba2(q)T(t) + Tas(t, q) (7)

where My (t,q) = ST(q)Ma1(t,9)S(q), Caz(t,q,v) = ST(9)Ma1 (,9)S(q) + ST (9)Ca1 (t,9,4)
S(q), Daz(t,q) = ST(q)Da1(t)S(q), Baz(9) = ST(9)Ba1(q), Tds(t q) = ST(q)Ty(t).
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2.3. Coordinate Transformation

In order to achieve the goal of trajectory tracking, it is necessary to construct a tracking
error space based on the driving trajectory of the tractor-trailer and reference trajectory,
and then derive the tracking error model. Let the state vector of the reference trajectory
be gr = [x;, Yr, 014, 00,17, the trajectory tracking error of the tractor-trailer can be expressed
as ge = 4 — Gr = [Ge1, Ge2, Ge3, qe4]T = [xe, Ye, O1e, 60.]T. We transform the posture errors
between the driving trajectory of the tractor-trailer and the reference trajectory in the earth-
fixed coordinate system (O XpYF) are transformed into the trailer-fixed coordinate system
(011xt1Y¢1) using the following transformation [3]:

Xe cosfly sinf; 0 O] [ x—x;

Ye| _ |—sinby costy 0 0| |y—uy, ®)
01¢ 0 0 1 0| (61— 61,

Boe 0 0 0 1] |6p— 6o

The derivative of Equation (8) with respect to time is performed, and the Taylor series
expansion is used at the reference trajectory point. The tracking error state space equation
of the tractor-trailer after ignoring the higher-order term is as follows:

‘7@ = Ae‘]e + B.v )
0 64 0 0 1 0
—0;, O v 0 0 0
where A = ' or secz(r%r—en) o sec(By,—6y,) |+ B = | tono—0n)  —dysec(By,—6y,)
0 0 - dl dl 1 dl
0 0 0 0 0 1

_ { v — 0, }
U= .
w — wy
2.4. Prescribed Performance Function

In order to improve the transient performance and final tracking error of the control
system, the prescribed performance function is introduced to set the performance envelope
of the controlled system, so that the tracking error will always be within the prescribed
boundary range [20]. To achieve this, a strictly positive, bounded, smooth and decreasing
performance function of time p;(t) : R — R for each element of the tracking error vector
ge(t) € R", ie., (1), j=1, ..., 4, to satisfy the following bounds:

—A]p](ﬂ < qej(t) < X]p](t),Vt > 0] =1,...,4 (10)

where A; and X]' are some positive constants, indicating overshoot suppression parameters.
The following smooth continuous and monotonically decreasing prescribed performance
function p;(t) is defined [22]:

—1.

pi(t) = (pjo = pjes)e " + pjoo (11)

Moreover, the prescribed performance function p;(f) needs to meet the following

conditions: (1) }i_r)r(}p]-(t) = Pjo, th—>r§opj(t) = Pjoo > 0;(2) pj(0) = (pjo — p]-oo)eflft + Pjeo = Pjo-

Among them, pjo, pjo and /; are positive numbers. pjo represents the prescribed initial value,

Pjoo Tepresents the prescribed maximum allowable steady-state error, and /; represents the
convergence rate of tracking error.

The following form of error transformation is introduced to convert the inequality
constraint shown in Equation (10) into the form of equality constraint:

90 (t) = pj(£)S(E)) (12)
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where (; represents the new conversion error; then, the error conversion function 5(¢;)
meets the following conditions [23]: (1) 5(¢;) is a smooth and strictly monotone increasing

function; (2) —A; < S(;) < Aj;(3) lim S(Z;) = —Aj, lim S(g;) = Aj.

The selected error conversion function is as follows:

5(&) N~ e d (13)
e egf—l—e_gf

According to Equation (13), it can be further obtained:

)t‘—l— .
L= 57 (n) = ;1n<H> (14)

where 7; = qgj(t)/ p;j(b). Therefore, the new conversion error ¢j can be obtained by error
equivalence transformation, and the tracking error g.(t) € R", ie., qej(t), j=1,...,40f
the tractor-trailer is controlled within the predetermined boundary (Equation (10)) by
designing the trajectory tracking controller. That is, the prescribed performance tracking
control problem of the tractor-trailer system (Equation (9)) can be transformed into the
stabilization problem of the equivalent error system (Equation (14)).

3. Main Results

For a robot with simple structure, it is easy to obtain the analytical solution of the
kinematic and dynamic models and achieve accurate and stable trajectory tracking con-
trol. However, it is difficult or even impossible to obtain the accurate kinematic and
dynamic models in practical application because of the complex mechanical structure of
the tractor-trailer and various uncertain disturbances. The past control methods have
many disadvantages, such as complex control laws and high requirements for model accu-
racy. To solve these problems, a robust trajectory tracking control algorithm with double
closed-loop structure is proposed, as shown in Figure 2. The PPC method uses a prescribed
performance function to constrain deviations from the desired trajectory within a specified
range. Combined with the posture tracking error model, the MPC method is selected to
construct the posture controller. Then, the robust dynamic controller is designed based on
SMC and NDO. Through the methods proposed in this paper, the posture tracking and
driving torque control of the tractor-trailer can be realized simultaneously.

q ————————————————— —+— - m——— = —
+ : Error conversion Robust dynamiclg_[\nol! :m|++||+5a1:
Qe controller [ a Iz [ Dynamic |
Prescribed A ¢ x del
Il performance | 1 Modet |
—~| 1] constraints |__SMC theory S h—
| Swmemm——l ey T £ : v g
eI st | rm————l_———— |1 [ Kinematic -
T function I I I Steering . | | model
sz L | 1| subsystem [€] Eliminate || | . :
= ' ] ' | (. — incompletef| | -"l
w : T ooy : | [Posture tracking]! | 'I-‘S)Sg;tus?gr‘gq- constraints|| | !
L _PPCtheory _ LL_errormodel |} LSRR Lol Mractor-trailen

Figure 2. Schematic diagram of the proposed robust tracking control system.

3.1. Posture Controller

The posture tracking error model of the tractor-trailer is shown in Equation (9); it is a
continuous-time system. The forward difference method is used to discretize the above
linear system, which can be expressed as follows:

Ge(k +1) = Ag1q.(k) + By ;0(k) (15)
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where Ay, = I+ A.T;, By, = B.Ts, I represents the identity matrix and T represents the
sampling step size of the discretization process.
To design the MPC controller, Equation (15) can be converted into the following new
state space form:
{0610 = GO+ By KUK .
7(k[t) = CreG (k[t)

k+1lt)| — A B = B —
w11 = (#0010 = [ ) B =[], €= 0w o

represents the increment of control input.
Define the prediction time domain as N, and the control time domain as N¢, then the
output of the system at the future time can be expressed in the following matrix form [9]:

Z(t) = ¥,E(t|t) + O;AU(t) (17)
(1) T Coelys
n(t+2[t) CrrArs AG(t[t)
. . AU(t+1|t)
where Z(t) = ’ , ¥ = — —_nN. |, AU(t) = . ,
® n(t+ Nelt) ' Ct,tAi]f Q :
: : AT(t + Nc|t)
Ly (t+ Np|t) a’tzi\ftp
[ CuiBus 0 0 T
CitApByt By e 0
I
O = Ct,tAt,tN By Ct,tA%]t 1Bt,t e CttBis
CitAriBiy  CiiAyy Bir - CrtAtBey
C oNelm = —N2m = NpNeelm
|CetAyl B CitA;) "Bir - CriAyf By ]

In order to avoid a situation where the optimal solution cannot be calculated, the
following objective functions with soft constraints are designed:

Np 2 N1
Jk) = & [0k +i]0) = g (ki )|+ T AUk -+l + pe?
i=1 Q i=0

Umin < U < Umax
AEmin < AU < AUpmax

(18)
s.t.

where Q and R are the weight matrices, p is the weight coefficient, and ¢ is the relaxation factor.
To obtain a standard quadratic programming model with inequality constraints, we
transform the objective function using Equation (19). At the same time, considering the
dynamic constraints and actuator constraints in the trajectory tracking control process of
the tractor-trailer, the system control quantities and control increment constraints are set.

min](Z(k), v(k — 1), AU(k)) = SAUT (k) Hy (k) AU + G, T (k) AU (k) + pe?
umin S u S umax (19)
" Alin < AU < Almax

where H; = 2(®tTQ®t + Ry), it is a Hessian matrix, and describes the quadratic term of
the objective function; G; = 20;TQY¢, it describes the linear part of the objective function.
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By solving Equation (19), a series of control input increments in the control horizon

can be obtained as AU} = [Aﬁf, AU{ q, -+, AVF, Nc—l} T. Subsequently, we set the first
element of the control sequence as the actual control input increment of vehicle system,
given by [5]:

U(t) =0(t—1) + AV} (20)

Then, the corresponding control input of the posture controller can be ultimately
obtained by:

wr +w @1)

va(t) = ve(£) + 0(t) = {UV H’}

3.2. Dynamic Controller

The goal of the inner loop dynamic controller is to track the desired speed signal
v generated by the outer loop posture controller by controlling the driving torque on
both sides of the tractor-trailer. The uncertainty of model parameters and internal and
external disturbances will also affect the performance of the dynamic controller. In this
section, the NDO is designed to estimate the total disturbance in the system to achieve
disturbance compensation. At the same time, considering the advantages of SMC, such
as strong robustness, simple design process, and low model dependency, the dynamic
controller will be designed based on the SMC method.

3.2.1. Design of NDO

The dynamic model Equation (7) of the tractor-trailer can be rewritten as follows:

0(t) = =Ma2 ™ (9)[Ca2(q, v)0(t) + Da2()v(H)] + Maz "' (9)Ba2(9)T(1) +d  (22)

where d = M, () 14(t, ) is the unknown disturbance term.

The basic design idea of the disturbance observer is to correct the estimated value
by the difference between the actual output and the estimated output. Assuming that
the time-varying unknown disturbance 4 is bounded and continuously differentiable,
the observation error of the disturbance observer is defined as d = d — d, and the linear
disturbance observer is designed as [24]:

d =1L(v)d = L(v)(d —d) ) (23)
L(v){0(t) + Maz " (9)[Ca2(q, v)v(t) + Daa(q)0 ()] = Moz (q)Ba2(q)T (1) } — L(v)d

Generally, there is no differential prior knowledge of disturbance. Relative to the
dynamic characteristics of the disturbance observer, we can assume that the change of

disturbance is slow, that is, d = 0. Then, the dynamic equation of observation error is
as follows:

d=d—d=—L(v)d (24)

where L(v) represents observation error gain.
Further, the following NDO can be designed:

{ cf z+g(v) 25)
z=—L(v)z— L(v){g(v) — Maa~"(9)[Ca2(q, v)v(t) + D2 (q)v(t)] + Ma2 ' (q) B2 (q)T(t) }

where d is the estimated value of the unknown disturbance d; z is the intermediate variable
of the NDO; g(v) is the nonlinear function to be designed; L(v) is the gain coefficient of the
NDQO; and L(v) = dg(v)/ot. L(v) is selected as a constant, the design function g(v) = L(v — vy),
and vy is the initial value of the state variable.
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T =Bpn~
=Bp~

Hg)Maa(q) [0(t)
Hq)Maz(q) [0(8) — va(t )+vd( )+ M (q)Ca2(g,v
= B ' (9)Maa(q) [0a(t

According to Equations (23) and (24), the dynamic equation of observation error of
NDO can be obtained as follows:

v){0(t) = M2~ (9)[Ca2(q, v)v(t) + Da2(q)v(t)] — Moz~ (9) Ba2(q)7(t) } (26)

Through the above Equation (26), we can get d = ce L)t where ¢ is a constant. There-
fore, if L(v) > 0, the observation error of the NDO can be converged, and the convergence
rate can be determined by selecting the design parameter L(v) [25].

3.2.2. Design of Sliding Mode Controller

According to the dynamic model shown in Equation (7), the tractor-trailer can be
divided into two subsystems: longitudinal speed and steering angular speed, and the
corresponding tracking error can be defined as follows:

Ezvvd:[(ﬁ_fjd] (27)

Select the sliding mode surface in the form of proportional-integral as follows [9]:

f-sesg
pr1 O
0 B

The derivative of the Equation (28) regarding time is shown as follows:

where = is positive weight coefficient.

S=0+p0=0— g+ Bv—1vy) (29)

To reduce the chattering of the sliding mode surface, we choose a fast power reaching
law with second-order sliding mode characteristics to ensure better dynamic characteristics
in the reaching stage [26,27]; it is shown as follows:

5] .
—K1151 — K12/s1| 'sgn(s s
slaw — 1151 12| 1\“2 gn( 1)] _ [1} (30)
—K2152 — K22 s2| sgn(s2) 52

where x11, K12, k21 and xp; are constants greater than zero, a1 (0, 1), a2€(0, 1).
According to Equations (7), (29), and (30), the driving torque control law of the tractor-
trailer can be expressed as follows:

U+%NU%UW)MWWW&M (31)

+ Mo~ (9)Ca(q,0)u(t) + Maz ™ (63) 2(9)0(t) — M2~ (9) s (,9)]
) + Moz~ (9)Ca2(9, 0)v(t) + Maz ™" (9) Daz(q)v(t) = Maz ™' (

q)as(t,9) — PO — k15 — 23| “sgn(s)]

where d = M, () 14(t, q) is the unknown disturbance term.

As mentioned earlier, M, ~1(q)7(t, q) in Equation (31) is abbreviated as d, and the
NDO is designed to estimate it. Therefore, the final driving torque control law of the
tractor-trailer can be expressed as follows:

T = B ()Maa(@) [04(5) + Moo} (9)Caa 9, 0)0(0) + Mo (@) Do (@)0(t) —d — T — 15 — alsl*sgn(s) | (32)

In order to analyze the stability of the designed SMC, we select the Lyapunov function

presented as:
1
V:?Z (33)
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The derivative of Equation (33) regarding time is shown as follows:

V =5
= s[—x1s — Ko|s|"sgn(s)]
34
= —i152 — xp|s|1 T (34)
<0

Therefore, according to the Lyapunov stability principle and LaSalle invariance theo-
rem, it can be concluded that all signals are bounded and the velocity error can converge to
zero with time.

4. Results and Analysis
4.1. Simulation Description

Assume that the trajectory of the trailer in the tractor-trailer meets the following equation:

(t)= 3t
{ ;(t) = [2 4 cos(0.1£)][3 — sin(0.2t)] (35)

According to the geometric relationship, the tractor in the tractor-trailer should meet
the following constraints [21]:
01(t) = arctanM

) x(t) ‘

) = 04 (t) + arcsin829) (36)
)

)

%

f)
xo(t) = x(t) + g1 cos 01 (t)

According to Ref. [3], the model parameters of the tractor-trailer used in the simulation
are defined as follows: ¥ =0.45m, b =08 m, ap =0.45m, 21 =0.25m, go=0m, g1 =3 m,
mg = 700 kg, my = 450 kg, Iy = 280 kg-m?, I = 180 kg-m?. The actuator input signals of
the posture controller are saturated vl <5m/sand |w!| < 4rad/s, respectively. The
actuator input signals of the dynamic controller are also saturated | 7;1 <200 N-m and
I 7,1 <200 N-m, respectively. The reference trajectory for the tractor-trailer begins at the
initial posture g = [0.5, 11, 0, 0]%.

Considering the existence of uneven ground, load interference, sensor measurement
error, and other disturbances in the actual farmland environment, the following interference
and noise vectors are selected to be added to the model of the tractor-trailer:

0.35sin(0.06¢) + 0.15 cos(0.3t) + 0.01randn (1)

4= 1 0.255in(0.08¢) — 0.1 cos(0.2t) + 0.01randn(1)

(37)

As autonomous navigation technology has developed, there are more and more
scenarios where the tractor-trailers need to work together with other vehicles, such as
combine harvesters and tractor-trailers working together to unload grain. At this time, in
addition to the influence of internal and external disturbances, the model parameters such
as the mass, rotational inertia, and centroid of the tractor-trailer will change greatly. The
following Equation (38) is used to simulate the change of trailer mass and rotational inertia
in the trajectory tracking control process of the tractor-trailer:

{ ml((t) = [24 +1.25in(0.3t) + 0.4 cos(0.7¢) + randn(1)] x [H(t ~Ty) - H(t— Tf)] -

I;(t) = [0.7 + 0.45in(0.3t) + 0.12 cos(0.7¢) + 0.7randn(1)] x [H(t ~T,) - H(t— Tf)}

where Ts = 20 s and Ty = 80 s are the start and stop times of the crop loading. H(t) is the
Heaviside step function [3].
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The sample time T = 0.05 s. The prescribed performance functions are used with
parameter values of p19 = 0.5, p100 = 0.1, 11 =1, Ay = =1, A1 = 1, 000 =1, p200 = 0.1, [ = 1,
AZ = -1, Xz =1, P30 = 0.5, 0300 = 0.1, l3 =1.5, A3 = -1, Xg =1, P40 = 0.5, P4o0 = 0.1, l4 =1.5,
Ay = —1, Ay = 1. The parameters of posture controller based on the MPC method are
selected as the predictive horizon N, = 15, the control horizon N = 5, the weight matrix
Q=100 x Igg, R = I3y and p = 10. Moreover, the parameters of the dynamic controller based
on the SMC method and NDO are selected as 1 =5, B2 =5, k11 =3, k12 = 0.1, k31 = 3,
Koo = 0.1, N1 = 0.2, Ny = 0.2, L =100 x 12.

4.2. Simulation Results
4.2.1. NDO

Before the trajectory tracking control simulation of the tractor-trailer, we need to prove
the effectiveness of the NDO designed in this paper. First of all, suppose that there is no
change in the model parameters of the tractor-trailer during driving; the system disturbance
is shown in Equation (37), and the disturbance observation results are shown in Figure 3. In
Figure 3, the black solid line and red dashed line are the system disturbance curves added
in the simulation, and the green dash-dotted line and blue dotted line are the observed
value curves of the system disturbance. It shows that the proposed NDO can successfully
realize the disturbance observation of the tractor-trailer system.

0.6 T T T T

0.4

0 20 40 60 80 100
t(s)

Figure 3. Disturbance observation curves of the tractor-trailer without considering the model param-
eter changes.

In some special application scenarios, for example, during the cooperative operation
of the tractor-trailer and the combine harvester, the combine harvester will synchronously
transport the grain to the trailer of the tractor-trailer. At this time, the mass, rotational
inertia, and centroid of the trailer change significantly, and the simulated incremental
change process is shown in Figure 4a, and the disturbance observation results are shown
in Figure 4b. It can be seen from Figure 4b that the observation curve of the NDO in
the angular velocity direction is consistent with the added disturbance curve, but the
observation curve of the NDO in the velocity direction is inconsistent with the added
disturbance. This is because the model parameter changes affect the size of the actual
disturbances in the tractor-trailer. Therefore, the changes in model parameters can be
incorporated into system disturbances, so that the actual disturbances of the tractor-trailer
can be observed using the NDO designed in this paper. At the same time, it also reflects
that the idea of designing the NDO to estimate the system disturbances and compensate
them to the control system is correct.
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Figure 4. Disturbance observation curves of the tractor-trailer considering the model parameter changes:
(a) the change curves of model parameters; (b) the observation curves of system disturbances.

4.2.2. Robust Tracking Control

In order to verify the effectiveness of the method proposed in this paper, it is compared
with the control method in Refs. [5,9]. In the following simulation results, the legend Ref.
represents the reference input, the legend MS represents the method proposed in Ref. [9], the
legend RTMS represents the method proposed in Ref. [5], and the legend PMSO represents
the method proposed in this paper.

According to the reference trajectories shown in Equations (35) and (36), the trajectory
tracking control results of the tractor-trailer are shown in Figure 5. It can be seen from the
position control curves in Figure 5a that the three control methods (MS-Ref. [9], RTMS-
Ref. [5], PMSO-this paper) can successfully achieve high-precision trajectory tracking
control, but the method proposed in this paper has the fastest response speed. In Figure 5b,
the heading tracking control errors of the control method in Ref. [9] is the smallest at the
beginning, but the response speed is the slowest. The Ref. [5] and the method proposed in
this paper have faster response speed, but have larger tracking error at the beginning, and
the tracking error of the method proposed in this paper is smaller.

=
[
E
= bk = === MS =emem= PMSO
A 2 26 28 " "
s 0 20 40 60 80 100
g t(s)
o
0.5
§ o -0.095
E -05 .
& O bl Ref, wsesns RTMS
-1k -0.105 5= A e A PMSO| |
2 L " N " L -1.5 24 26 28 n n
0 50 100 150 200 250 300 0 20 40 60 80 100

X (m) t(s)
(a) (b)

Figure 5. Trajectory tracking control results of the tractor-trailer: (a) position control curves; (b) head-
ing control curves.

The tracking control errors of the tractor-trailer are shown in Figure 6. It can be seen
from the position error curves in Figure 6a that the method proposed in this paper has
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a faster response speed and better tracking error stability than the methods in Refs. [5,9].
At the same time, they also prove the goal of the transient and steady-state performance
constraint specified by the prescribed performance function. Similarly, the heading error
curves in Figure 6b also prove this point.

T

MS
- - == RTMS
i PMSO

t(s)

-0.2
< -0.4
-0.6

o1 (rad)

100

oY (m)
P

1

MS
- - == RTMS
S PMSO

t(s)
(a)

Figure 6. Tracking control errors of the tractor-trailer: (a) position error curves; (b) heading er-

ror curves.

In order to better illustrate the effectiveness of the method proposed in this paper,
we have calculated the cumulative tracking control errors of the tractor-trailer, as shown
in Figure 7. It can be seen from the cumulative posture error curves in Figure 7a that
the cumulative posture errors rise rapidly at the beginning of control, and then reaches
the stable tracking control stage. Furthermore, the subsequent cumulative posture errors
basically do not increase, reflecting that the three control methods (MS-Ref. [9], RTMS-
Ref. [5], PMSO-this paper) can achieve the stable and high-precision trajectory tracking
control of the tractor-trailer. However, the cumulative posture errors of the proposed
method in this paper are the smallest, which shows it has higher robustness and better
performance. Then, we sum the position errors (x,, y.) and heading errors (61., 6.),
respectively, to obtain Figure 7b. Similarly, the cumulative error curves of position and
heading in Figure 7b also prove the effectiveness of the method proposed in this paper.
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Figure 7. Cumulative tracking control errors of the tractor-trailer: (a) cumulative posture error curves;
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The control quantities of the posture controller and dynamic controller of the tractor-
trailer are shown in Figure 8. Figure 8a shows the control outputs of the posture controller.
It can be seen from Figure 8a that the method proposed in this paper has changed greatly
in the initial stage compared with the methods in Refs. [5,9], because the tractor-trailer
has large initial trajectory tracking errors. In order to meet the prescribed transient and
steady-state performances, the prescribed performance function used in this paper will
restrict the tracking error, which leads to this phenomenon. However, when the trajectory
tracking control reaches the stable stage, the method proposed in this paper shows better
robustness and steady-state performance. Figure 8b shows the actual speed and angular
speed of the tractor-trailer based on the three control methods (MS-Ref. [9], RTMS-Ref. [5],
PMSO-this paper). Figure 8c shows the control outputs of the dynamic controller. It can be
seen that compared with the traditional sliding mode reaching law in Ref. [9], the control
output curves of the proposed fast power reaching law with second-order sliding mode
characteristics are smoother and achieve the purpose of reducing chattering. Figure 8d
shows the sliding mode surfaces of the dynamic controller.

10 5 . v . .
=z 0 p iy z # 3.02
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Figure 8. Control quantities of the posture controller and dynamic controller of the tractor-trailer:
(a) control outputs of the posture controller; (b) actual speed and angular speed of the tractor-trailer;
(c) control outputs of the dynamic controller; (d) sliding mode surfaces of the dynamic controller.

5. Conclusions

Aiming at the requirement of stable and high-precision tracking control of tractor-
trailer vehicles in modern agriculture, this paper studies the robust trajectory tracking
control of autonomous tractor-trailer systems. Based on the derived kinematic and dynamic
model, the double closed-loop control structure is designed, the MPC method is used to
construct the posture controller, and the SMC method and NDO strategy are used to
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construct the dynamic controller. Moreover, the convergence speed and final tracking
control accuracy of the tractor-trailer control system can be guaranteed by an effective
application of the PPC technique.

The disturbance observation results show the designed NDO can precisely estimate
the system disturbances. The comparative simulation results show that under the proposed
control method in this paper, even with system disturbances, the tractor-trailer can track the
reference trajectory well. The tracking control error curves show that the method proposed
in this paper has faster response speed and better tracking error stability than the other
two control methods. At the same time, they also prove the goal of the transient and
steady-state performance constraint achieved by the prescribed performance function. The
cumulative tracking control error curves show that the cumulative errors of the proposed
method are the smallest, and show higher robustness and better performance. In addition,
the control output curves of the dynamic controller show that the proposed fast power
reaching law with second-order sliding mode characteristics are smoother and achieve the
purpose of reducing chattering. In future work, we plan to carry out application research
under complex working conditions, and focus on controller saturation, time delay, control
parameter optimization, and other related issues.
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