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Abstract: Post-planting operations (e.g., fertilizing, cover crop planting) with a tractor and towed cart
in standing crop (e.g., corn) are challenging. Tractor and cart should be kept within a certain boundary
region to avoid crop damage. An automatic guidance system on the tractor is the solution of the
issue; however, tractor’s auto-guidance does not guarantee the cart clear and exact following of the
tractor. There is insufficient research in automatic control of a towed cart. Therefore, this research was
undertaken to design a controller to manage lateral and longitudinal positions of a tractor-towed cart.
A novel fuzzy logic based adaptive controller algorithm is proposed to control tractor-cart system
steering with additional steering torque for the cart, ensuring that the entire system follows the desired
trajectory within the set constraints. A hydraulic drive design for the cart was developed with a
control principle to closely follow the tractor’s path and minimize damage to the plants. The proposed
steering algorithm and designed controller were validated with interchangeable trajectory patterns via
simulations in MATLAB/Simulink. The results demonstrated that the performances of the designed
hydraulic drive and the accuracy of the proposed control algorithm were appropriate to steer the
towed-cart with minimal damages on plant rows.

Keywords: tractor-cart guidance system; fuzzy logic; kinematic bicycle model; path tracking; steering;
hydraulic hitch

1. Introduction

Fully autonomous steering systems are becoming more common in agriculture. Agricultural
machines operate in highly uncertain and unstructured environments due to varying soil and terrain
conditions. Accuracy and robustness of agricultural controllers are important to achieve required
precision in these environments [1]. An adaptive controller system capable of steering an agricultural
vehicle operating in tightly constrained plant rows needs to be highly accurate requiring intelligent
computation algorithms. Commercial off-the-shelf technologies and many research studies mostly
focus on guiding and steering only tractors. However, many agricultural operations are performed
after crop emergence and include a hitched cart behind a tractor or planter. Although improving the
path tracking accuracy of a tractor along the desired trajectory is important, it alone cannot guarantee
that the cart follows the tractor’s track because, the only controlling factor, is the tractor’s steering
angle [2]. Unbalanced movements of the cart can easily increase crop damages and reduce yield.
Feng et al. [3] revealed that the wheel trajectories between tractor and cart are different and often
change according to steering angle and turning velocity. The lack of studies on automatic steering
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control of tractor’s towed cart operational in post-crop and cover crop procedures motivated the
present study. An ultimate objective of this study is to design an accurate and easy to implement
controller for a tractor-cart system to increase the precision of agricultural post-planting procedures
and reduce crop damages and yield losses.

One of the earliest vehicle system models used in modelling motion of agricultural vehicles is
standard automobile model that is based on a single axle system that does not represent two-axle
systems. Alexander et al. [4] developed a basic lateral dynamic model by adding one more axle (rear
tandem axle) to a standard automobile model and enhanced that basic model by incorporating second
order dynamics into steering axle tires. Both basic and enhanced models gave accurate results at
frequencies below 1 Hz. In a study of automated navigation for agricultural vehicles, Feng et al. [3]
developed a generic model (independent of type and size of vehicles) based on a bicycle model that used
a simple two degrees of freedom yaw plane approach and combined left and right tires on flat ground.
Other well-studied models are constant velocity models (only applicable to straight-line motion),
and coordinated turn model (only applicable while turning) which are inspired by Rajamani [5] who
studies a dynamic model of vehicles. However, according to Jeon et al. [6], neither of these models
can be used for combined scenarios and a single nonlinear model was proposed to encompass both
straight line and turning motions which only considered longitudinal and lateral locations of vehicle
and assumed zero tires’ slip angles.

Zhao et al. [7] showed that traditional controllers have difficulty in guaranteeing performance
and stability and presented a new adaptive PID control system architecture of autonomous vehicle,
in which a two degree-of-freedom dynamic model was developed to formulate path-tracking problem
in state space format. Delavarpour et al. [8] suggested a closed loop adaptive control block model
of steering-vehicle-sensor system for better controlling agricultural vehicles. Yin et al. [9] combined
fuzzy and PID controls with kinematic model and proposed to adjust the real-time data of the
PID parameters. Hodge et al. [10] proposed two fuzzy logic controllers for steering and velocity
control of an autonomous vehicle in hazardous environments or intelligent highway systems. For a
path-tracking problem of an electric system, Allou et al. [11] designed a simple and effective controller
based on fuzzy logic, which sends speed and steering instructions to a robot to ensure that the
robot follows the trajectory. Rovira-Ma’s and Zhang [12] used a fuzzy logic controller to create the
electrical steering signals for a directional control valve solenoid deriver to auto steer an off-road
vehicle. Revatkar et al. [13] demonstrated that a boost converter with Single Input Fuzzy Logic
Controller was better than Proportional Derivative Controller and Conventional Fuzzy Logic controller
in disturbances in load or reference voltage changes. For an autonomous guidance system of a wheeled
tractor-like-robot on sloping terrain, a Neural Network (NN) vehicle model for slope lands was trained
by a Back-Propagation algorithm [14]. An NN PID controller for lateral path tracking control based
on a vehicle model and steering system model exhibited robust real-time path tracking control [15].
Zhang et al. [16] applied a neural network to keep and track a pre-given trajectory in the lateral
control. Despite broad studies of auto-steering vehicles control systems (both on-road and off-road),
the adaptive controller design for an agricultural chained vehicle (e.g., tractor-cart system) is not a
well-studied topic and requires studies.

This study aims to address the automatic control of a towed cart by designing a fuzzy logic
based adaptive control algorithm and controller to steer the lateral and longitudinal position of tractor
and its towed cart in combination. The objective is to minimize viable position errors of the whole
system while driving between plant rows. An analysis of previously reported research showed
that a fuzzy logic-based control method applied in different control problems has been found to
be an appropriate tool because of its simplicity and adaptability to varying conditions and control
parameters. These features of the fuzzy logic-based controller approach motivated this study to apply
the fuzzy logic controller principles in designing an adaptive controller for a tractor-cart steering
system. Mathematical formulations of tractor and a cart motion are developed based on a kinematic
bicycle model. A novel fuzzy logic based adaptive control algorithm is developed to steer the motion
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of the cart ensuring the motion of the tractor-cart system in accordance with the desired trajectory. To
the best knowledge of the authors, the idea of using an adaptive fuzzy logic-based control algorithm
for cart motion control of the tractor-cart system was never studied before.

The cart’s position is controlled with additional steering torque actuated by a pair of hydraulic
cylinders with respect to the difference between its current position and reference pattern. The proposed
hitch hydraulic design along with its mathematical model formulation and numerical simulations
have never been undertaken before. The novel adaptive fuzzy logic based steering control algorithm
with the designed hydraulic drive is validated via numerical simulations in the MATLAB/Simulink
(MathWorks, Natick, MA, USA, 2019) environment. The advantages and disadvantages of proposed
method are highlighted. This paper is organized in the following order: (1) Section 2 describes
the derived equations of motion of the tractor-cart system and the designed active hydraulic hitch.
(2) Section 3 explains the proposed control algorithm. (3) Section 4 presents the proposed fuzzy logic
rules. (4) Section 5 describes the hydraulic cylinder design. (5) Section 6 presents simulation results of
the developed controller in a MATLAB/Simulink environment, and (6) Section 7 highlights discussions
of the study results.

2. Tractor and Cart System Modeling

Achieving a high level of precision in controlling off-road vehicles in unstructured agricultural
environments is not as easy as on-road vehicles. Because agricultural machines operate in highly
uncertain and uneven terrain conditions, self-aligning systems of these vehicles need further study with
respect to their varying environments. There are many research studies dedicated to the auto steering
and self-aligning whose controllers are used on tractors. Although the towed cart is the main source of
damage to crop plants in a field, there are few studies on precise navigation of towed carts. To design
an automatic guidance system for a towed cart, it is essential to understand steering kinematics and
motion dynamics of the tractor and cart in various field conditions. In several studies [17-19] of tractor
and cart tracking controller design, because of the low operating speeds (i.e., less than 10 m/s) of
agricultural machines, the kinematic model was considered due to its simplicity. In this approach,
it is assumed that the sideway slippage of tires is negligible, the inertia of the system is minimal
and air-drag acting on the vehicle does not influence the system dynamics [20]. The demonstrated
results [21,22] for the kinematic model in control design showed highly accurate results within the
range of interest. However, in higher operating speeds, the tire sideslip was not negligible, and forces
acting on dynamics of cart need to be taken into account and analyzed. This study analyzes the
behavior of tractor and its towed cart (single axle) motion of the system was modeled with a kinematic
model approach. Accuracy, robustness, and overall performance of the tractor-cart automatic guidance
controller based on the kinematic bicycle model were simulated and analyzed.

2.1. Kinematic Bicycle Model

The equation of motion of a vehicle is a combination of different assumptions. Engineering
challenges in designing a control system are to choose the simplest possible model whose assumptions
are sufficiently valid to allow accurate, robust, and/or adaptive control system design [23]. In this
study, the tractor-cart behavior was studied in two different situations: (1) the cart is a follower and
there is no active steering control over its movements; (2) the cart is actively guided. The proposed
tractor-cart kinematic model presented in Figure 1 is composed of two parts: a tractor and cart, and the
state variables of the system model. The information is presented in Figure 1 and given in Table 1.

At the end of rows, while turning the two front wheels of a tractor, different angles relative to
tractor’s body are created. The first assumption in this kinematic bicycle model approach was to
combine the effects of the two steering wheels and consider them parallel to each other by assuming
01 = Oy. In other words, the front wheels were considered as a single unit. The same assumption was
also made for rear wheels.
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Figure 1. Schematic representation of tractor-cart system.

Table 1. Tractor and cart kinematic bicycle model parameters definition.

Parameters Definition of Parameters
CGt, CG, Center of gravity of tractor and cart

o fr Oy Steering angles of the front wheels of the tractor
Vi Velocity of tractor

Ot, Pc Heading angle of tractor and cart

P P. Yaw rate of tractor and cart
a Angular displacement of the hitch arm
a Angular velocity of the hitch arm
B Slip angle at the center of gravity (CG) of the tractor
L f Distance from the CG to the front axle of the tractor
L, Distance from the CG to the rear axle
Ly Tractor wheelbase distance (L r+ L)
Lc Distance from the hitch to the cart’'s CG
R Hitch’s arm length

Figure 2 shows the proposed kinematic bicycle model under the following assumptions: (1) the
front wheels are the only steering wheels, and rear wheels (rear axle) are followers and the velocity
vectors, at the front and rear axles of tractor, are in the direction of the orientation of the front and rear
wheels, respectively; (2) the second assumption is that the center of the gravity (CG,) of the cart resides
on the axle of the cart. The definition of all terms used in Figure 2 are given in Table 1.

According to the assumptions stated above, the kinematic bicycle model of the tractor-cart system
is shown in Figure 2. The equations of motion of the tractor are expressed in (1) and (2):

X Vi cos[qr + f]
Y, |=| Visin[gp;+ Bl (1)
. Vi cosptand
(pt Ly
B = arctan(@) (2)
t
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The angular velocity of the cart without a controller is expressed in Equation (3), and with a
controller in Equation (4):

Vi cos Bsin(@; — @) — Rop, cos(pr — ¢c)
P = L.

®)

Vicos B cosasin(gr —a — @) — Racos(pr —a — @)
b= ; @
C
In this model, the front wheels were assumed to be the steering wheels, taking the input control
signal 11 (0) to control (steer) the motion of the tractor. The main task of the anticipated controller was

to make the tractor follow the reference path as closely as possible. In most of the models reported in
literature devoted to vehicle and cart motion, the slip angle is not considered. In this model, the effect
of slip angle was considered. In a second input control signal u,(a), the hitch control was taken to
steer the hitch arm in order to minimize the error of the cart position with respect to the reference
pattern. The tractor velocity was assumed to be constant. By discretizing differential Equations in (1),
(3), and (4), and integrating them with respect to the sampling time (At = J%s, fs: sampling frequency),
and updating controller’s equations with control signals, the next Equations (5)—(7) were derived:

X (1) cos[p(t) + B(1)]
Yi(t) | = ViAt| sinfpe(t) + B(t)] )
Pe(t) w
Qc(t) = ViAtcos (t) SiLnC((Pt(t) —@c(t)) _ aViAt cos B(t) tan uth(LtC) cos(pr(t) — pe(t)) ©
oult) = Vit cos B(t) cos up(t) siLrCm(t) — RAta(t) coso(t) .

where 0 = @t —a — ¢.. The cart position without and with a controller is given in Equations (8) and (9),
respectively:

Xe(t) | | Xe(t) = Lycosqi(t) — Le cos @ (t) ®)
Ye(t) || Yi(t) = Lysinge(t) — L sin g (t)
[ X (¥) ] _ [ Xi(t) — Ly cos p¢(t) — Rcos(q¢(t) — a(t)) — Lc cos @ (t) ] )
Y(t) Y¢(t) — Ly sin gy (t) — Rsin(@¢(t) — a(t)) — Le sin@c(t)
The resulting state vector of the overall kinematic model is expressed by Equation (10):
x=[X Yi ¢ B Vi 9o Xo Y| (10)
The overall control vector is given in (11):
u= [ o) 04 (11)
Finally, a generalized system model is expressed in (12):
x(tip1) = f(x(t),0(ti), a(ti)) (12)

Row patterns of crops in the fields in general do not change abruptly and don’t have sharp curves.
Thus, angles of B, 0, and a can be considered to have relatively small values. To simplify and linearize
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the model equations given in (5)—(9), all the trigonometric functions were substituted with their fourth
and fifth degree Taylor Series expansions. The system Equations (5)-(9) were re-written in (13)—(17):

(@t(f)+ﬁ(f))2 (¢ ()+ﬁ(f))

X¢(t) 1-
Y (t) = ViAt (pe(t) + ())_ (e (t) +ﬁ( )’ + (<Pt(f)+5( )’ (13)
3 5
(Pt(t) (1 ﬁ() —|—&)(6(t)+@—|-261(;))
_ 3 _ 5
pe(t) = S - EGh s BCRN((gu(1) - pelr)) - OO0 oy
Ll([l_ (@e(t)- (Pc(t)) + (ﬁot()4' @c(t)) Hé(t)_‘_%_i_ 201(;) D}
4 o 3 . 5
pelt) = Vil - 255 + E8F )1 - 2’ + ﬂ Jlo(t) = 75 + %= )
RIa(t) (1 - 245 + 20,
[t ] |ttt el o) (16)
0 17| )y - 242+ 240
2 4
[xcu)] Xi(t) - R(1 - (05200 oalOF) - ecli)” +(f’z§.)> 5 ](17)
Yc(t) Yi(t) = R((ge(t) — a(t)) - ((pt(t);!a(t)) + ((Pt(t)s—!a(f)) )—Lc((Pc(t)— ?E!) + <Pc5(;-‘) )

Note that the angles §, 6, a, ¢ and ¢, are in radians.

AY

> x

Figure 2. Kinematic bicycle model of the tractor-cart system.
2.2. Hydraulic Hitch Modeling

An active cart guidance system steers the cart independently and allows the cart to operate
independently within the limits of tractor’s steering. The hitch steering system is used to control
the cart position with respect to changes in the reference pattern. A hydraulic drive was taken as
an actuator, mounted on the rear axle of the tractor. The proposed hydraulic hitch design shown
in Figure 3 takes the changes within the extension length of a pair of cylinder rods (Lj.f; and Lyjgps)-
The extension change in cylinder rods leads to the hitch angle («) and, subsequently, the hitch arm
(R) position changes with respect to tractor’s rear axle centerline. Changes in angle () result in
changes in the cart position. The hydraulic hitch actuator controls the length of hydraulic cylinder rods,
hitch angle (@), and hitch arm (R). The following geometric parameters for the proposed hydraulic
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actuator unit were taken: dyo;; = 50 cm, Ly = 80 cm, R = 70 cm and r = 20 cm. The turning angle («)
ranges within: & = [~0.5rad, 0.5rad] = [-28.65",28.65|.

Figure 3. Hydraulic hitch model and its parameters.

The hydraulic equation of the cylinder speed is Qy = vyAp. C; is extraction and its retraction
length in one cylinder is equal to

Cy = ovpdt = =—At (18)

where vy is velocity (retracting or extending motion) of a hydraulic cylinder rod, At is a sampling
time, Ap is the area of either blind end or rod end side (depends on the direction of hydraulic cylinder
motion), and Qy is the pump flow rate going to the cylinder. Ly is the length interval depends on the
position change of the hitch within @ = —28.65" and & = 28.65°, Lp is the arc length changing within
a = —28.65 and a = 28.65 , and r is the distance between two cylinders.

According to the geometry of hydraulic hitch design C; = 5 sina, the angle (a) of hitch arm is
calculated from Equation (19):

a= sin_l(ig—:At) (19)

The length of left and right cylinders of hydraulic hitch is calculated from the next equation:

{ Lleft = dnom + §Sin0( o Lleft - dnom + %At (20)
Lright = dyom — % sina Lright = dyom — %At

The variable L;,f; and Ly;g,; must be controlled with respect to translational speed of the hydraulic

cylinder. It should be noted that hitch arm (R) turns to the « angle due to translational motions of two

hydraulic cylinders and angular velocity « is equal to the change of angular displacement values in a

. . s d_a _ M _ ai—aiq
unit time as a = i — A R

3. Control Algorithm

The adaptive control model’s flowchart of the tractor-cart system is shown in Figure 4. The control
strategy is similar to our previously proposed model [8]. The purpose of this controller was to control
heading angle of the cart to adjust its position change with respect to coordinates of the reference path.
First, the current position of tractor and cart are calculated with respect to the reference trajectory.
Errors of tractor and cart position from the reference trajectory are calculated and entered as the inputs
to the designed fuzzy logic controllers to estimate the desired steering angle for tractor and required
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pump flow rate for cart’s hydraulic hitch, in order to generate the sufficient torque to correct the
position of tractor and cart, respectively. Next, the new positions of tractor and cart are calculated again
to compare the offset between reference trajectory and system. A threshold range of + 2 cm is used to
repeat the whole procedure in case of error beyond the threshold; otherwise, the process continues
to the next point. An active controller for the cart was implemented and a fuzzy logic rule-based
controller was applied to a steer tractor and hitch of a cart simultaneously with respect to a given
reference row patterns of plants. In a feedback control algorithm shown in Figure 5, input variables to
fuzzy logic controller (FLC) were the position error (e) and change-of-error rate (¢) signals. Fuzzy
logic inputs to tractor’s steering angle controller were the differences or errors (e;, et,) of the current
position of tractor’s C.G. with respect to the reference model (X,ef, Y,ef), which were lateral and
longitudinal coordinate positions. The error differences or change rates (¢, ét,y) also were fed to
tractor’s steering controller. The output of this controller was the steering angle 14 (6) also were fed to
tractor’s steering controller. The output of this controller was the steering angle to correct the position
of tractor. The same approach was applied for the cart’s controller. In the cart’s controller, the input
signals were errors (ecrx, ecry) used to compute cart’s coordinates with respect to the reference pattern
(Xre £r Yre f) as well as the error difference or change rates (e, ¢,). The output of this controller was the
flow rate into hydraulic hitch to correct the cart position. These estimated values of fuzzy controllers
were substituted in tractor and cart position Equations (13), (16), and (17), which are linearized forms
of (5), (8), and (9), in order to calculate the current positions of the tractor and cart.

Start

v 4
Calculate the position Calculate the position
error of tractor (e, e,y) error of tractor (é;x,€t,y)
and cart (e, ecy) and cart (€, €cy)

v

Calculate the desired steering angle
for tractor u4(8) and cart u,(a)

Generate steering torque/ angle
for tractor and cart

Update the position of
tractor (x¢, y; ) and cart

(X Yc)

Continue

Figure 4. Flow chart of position control procedure for the tractor-cart system for path tracking.
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|" dt
et (et et,y)
& (éc,x' éc,z)
| dt

€c (ec,x' ec,y’

90f19

> (Xe, Yp)

ot )
FL uy(8) | Tractor
Controller | Steering
SR
ot )
FL Flow | Hydraulic
Controller Rate// Hitch
u, (@)

Figure 5. Tractor-Cart adaptive control block model.

—> (Xc' Yc)

In designing fuzzy logic controllers, Mamdani reasoning [24-28] and Centroid methods [29,30]
in de-fuzzification were used. A triangular function was adopted to define membership functions.
The reason for choosing a simple linear membership function was that it reduces the computational
burden considerably and is easy to tune. Membership functions for the inputs and output signals
of tractor controller are shown in Figure 6. The error signals and their change rates (ey,e,) were
represented via three membership functions NF, VC, PE, and N, Z, and P, respectively. Linguistic terms
of the membership functions are presented in Table 2. The cart controller is presented in Figure 7
with the same linguistic terms used for the tractor controller (Table 2). Output function rules for both
controllers are composed of 81 rules (Table 3). Eighty-one rules cover all possible case scenarios and
are capable of considering relatively small offsets from the reference path.

Membership Membership

Membership

Table 2. Linguistic terms definition.

Linguistic Term  Definition
N Negative
Z Zero
P Positive
NF Negative Far
vC Very Close
PF Positive Far
1 2 1
NF VvC PE B F \Ye PE
0.5 So0s
£
(O]
0 =
-10 0 10 -0.05 0 0.05
Input variable e; , Input variable é;
1 — 2 1 -
N P B P
0.5 So0s
£
(O]
0 : = 0 .
-0.05 0 0.05 -10 0 10
Input variable e, Input variable é;
1 T T T T T T 1
4 P
0.5 N
0 1 1 1 1 1 I 1 1
-05 -04 -03 -02 -01 0 0.1 0.2 0.3 0.4 0.5

Output variable ¢

Figure 6. Fuzzy logic membership functions for the inputs and outputs of steering angle.
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Input variable e,

2 1 2 1
@ NF VC  PF % F Ve PE
Sos Sos
IS IS
(0] (0]
= 0 = 0

-200 0 200 -5 0 5

Input variable é.,

N

Membership
o
(&2

Input variable e,

o
z P % N z P
[0]
o 05
§
= 0 -
-0.05 0 0.05 10 -5 0 5 10

Input variable ¢,

N

Membership
o
(9]

N

, o
o]

-6 -4 2

0

Output variable Flow Rate

Figure 7. Membership functions of the input and output variables of the cart controller.

Table 3. Fuzzy logic controllers.

eyle
o Z/Z Z/N Z/P N/Z N/N N/P P/Z P/N P/P
exfex
VC/VC Z P P N P P P P N
VC/NF N N N P N N N N P
VC/PF P P P N P P P P N
NF/VC P P P N P P P P N
NF/NF P P P N P N N N P
NEF/PF N N N P N P P P N
PF/VC P P P N P P P P N
PF/NF N N N P N P N P N
PF/PE P P P N P P P N N

5. Hydraulic Cylinder Design

10 of 19

To design a hydraulic actuator for hitch, the required hydraulic flow rates to pull/push the hitch
arm and change the angle of cart to correct its position was taken with respect to the Case IH Magnum
310 with maximum 380 hp and 44 GPM. The dimensions and weight of the cart was taken from Amity
ST250 Air Cart (Amity technology, Fargo, ND, USA) with a capacity of 200 bushels (up to 7 tons).
According to the tractor power and cart specifications, a chosen hydraulic cylinder should be capable
of changing the direction of hitch arm within a required range (considering the distance between plant
rows). The parameters of the selected hydraulic cylinder are given in Table 4. The linear relationship
between the cylinder rod’s linear motion and angular displacement («) of the hitch arm is shown in

Figure 8.

Table 4. The hydraulic cylinder specifications.

Bore X Stroke Shaft Dia Retracted Extended Rated Pressure Max Pressure
(inch) (inch) Length (inch) Length (inch) (PSI) (PSI)
2X6 11/8 16 1/4 221/4 2500 3850
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Figure 8. Relation between a vs. cylinder’s rod translational motion.

A fully retracted length of the chosen cylinder is 41.2 cm, and its fully extended length is 56.51 cm.
The cylinders move in parallel with the hitch arm. Therefore, the length of the cylinders in the normal
situation (Ly) is equal to 50 cm. The maximum and minimum stretched length of the cylinders (left or
right) with respect to a values is L = [17.36in,21.13in] = [44.11 cm, 53.7 cm].

The required flow rate change with respect to the length of the cylinder was calculated from
Equation (21):

0.016 x Cylinder Area (em?) x Stroke Length (cm)
Stroke Time(s)

Required GPM = (21)
where Stroke Length is extension or retraction of the cylinder rod; Cylinder Area for retraction is the
area of rod end (13.87 cm?) and for extension is the area blind end (20.25 cm?). Since the sampling
frequency in this study was 20 Hz, the Stroke Time is 0.05 s. For stroke time = 0.05 s, the maximum flow
rate was required to change « from —0.5 to 0.5 rad or change the cylinder length from fully extended to
fully retracted. For this cylinder with a maximum flow rate of 44 GPM, the speed of moving from
fully retracted to fully extended is 53.95 in/s = 1.37 m/s and for moving from fully extended to fully
retracted is 78.79 in/s = 2 m/s. Figure 9 shows the relationship between the required flow rate and
angular displacement rate of the hitch arm (Aa). For double acting cylinders, the left side of the plot
(Figure 9) represents retraction and the fluid flows through rod’s end hose. The right side of the plot
(Figure 9) represents extension where the oil flows through the blind end hose.

60

N\

50 [ \
40 b X

30 -

20

0 L "A"- L
-1 -0.5 0 0.5 1
Ac [rad]

Required Flow Rate [GPM]

Figure 9. Relationship between changes of hitch arm angle vs. required flow rate.
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6. Results and Discussion

In order to evaluate the proposed algorithm based on fuzzy logic rules to control the motion of
the tractor and cart, computer simulations of the derived models of system were performed [31-33] in
a MATLAB/Simulink environment [34]. Reference patterns of plant rows to analyze performances of
designed controllers, velocity of tractor are given in Table 5.

Table 5. Simulation study cases and parameter values.

Parameters Used in Simulation Fixed Value
L f 1.8 [m]
L, 1.2 [m]
L¢ 7.77 [m]
R 0.7 [m]
Pattern Mixed, Zigzag, Sinusoidal, Pulse
Velocity [1...10] [m/s]
Total Length of Driving 150 [m]

The influence of uneven and off-road terrain profile, time delays due to friction, and steering
loads have been neglected. Simulation results showed that the proposed controller was able to move
the hitch arm to keep a cart in a correct path within —0.06 to 0.06 rad with respect to the given plant
rows. For relatively small values of «, oil flow rates of 6 GPM was enough to make the required change
in time for any speed of 1 to 10 m/s. Figure 10 shows the time delay for changing the pump flow rate
and changing the cart position. The analytical and numerical results showed that time delay was

relatively small, and the pump flow rate (max 44 GPM) was sufficient to make the hitch arm move
without considerable delays.

— © —Reference Pattern

Tractor Control Model Pattern
————— Passive Implement Control
---------- Active Implement Control

0.25

patterm

Controlled pattern . Reference patterm ) \‘3«—%
: . L . . Controlled pattern . . .

95.5 96 96.5 97
X [m]
I L 1 - 4‘
95.5 96 96.5 97
Time [s] Time [s]
E 04 . : T 047
O, O,
= 0.2 }> «{ = 0.2 F
o‘o 0 " S L 1 L "r. OU 0 1 1 L 1
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= 0.04 T T T 5 0.04 :
£ 002 }» - . + £o02fs
3 0 S L - 1 L "r‘ [+ 0 1 1 L 1
30 30.1 30.2 30.3 30.4 30.5 30.6 95 95.5 96 96.5 97
Time [s] Time [s]

Figure 10. Time delay between sending correcting signals to pump and taking action by cylinder.
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The performance of designed controller to steer the tractor-cart system with respect to the correct
path of motion was tested in four different patterns of plant row patterns and at different speeds
from 1 to 10 m/s of the tractor-cart system. Due to high number of rules of adaptive fuzzy logic
controller, the controller could correct the position of the tractor and cart with the reference pattern.
In Figures 11-15, the reference pattern, tractor passed path (with controller), cart without a controller,

and with the designed controller are shown.
The first simulation pattern was a sinusoidal wave with moderate amplitude changes along the

row length—Figure 11. The simulation results showed that the proposed controller is capable of
keeping the cart on the desired path within the set fluctuations. At a low speed of 1 m/s, cart’s offset
without a controller from the reference pattern was calculated to be 10-20 cm. The designed active
controller and hydraulic drive improved the behavior of the cart considerably and reduced the offset

to <5 cm and the time delay to 0.03 s.

0.25 I — © —Reference
Tractor
0.2 Cart without controller
Cart with controller
0.15 b
0.1
— 0.05
£
> 00 >
-0.05
-0.1
-0.15
0.2
150

X [m]

Figure 11. Performances of tractor-cart position control system under a sinusoidal pattern at 1 [m/s]

—O— Reference
0.25 Tractor
————— Cart without controller
---------- Cart with controller
0.2 - 4
/ " /7 W
/ ! / i
] | ] i
0.15 \ : 4
; i
E 01F I J
> i i
i i
I \ I
0.05 ] \ f | 4
H \ I \
/ \ Mo Ii S,
00 @129+ @-G-0-O- D [« D
-0.05 . :
100 150
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Figure 12. Performance of tractor-cart position control system under a Pulse pattern at 3 [m/s].
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A more complex pattern with sharp changes along the rows was also tested. The system response
of the tractor-cart controllers in this pattern were accurate for more than 96% at lower speeds (1-5 m/s).
At higher speeds, the accuracy of the controller dropped slightly and was between 61% to 96% (Table 6).
Figure 12 shows the simulation results at 3 m/s and the accuracy of the cart with the designed active
controller was about 92% success in adjusting the position of cart according to the reference pattern
with very marginal offsets.

The third pattern tested to evaluate the controller performances was a Zigzag pattern with more
abrupt changes along the path. The position control of the cart in comparison with passively controlled
system improved significantly, but the combination of increased speed and complex pattern reduced
the accuracy far more than in the aforementioned patterns Figures 11 and 12. The simulation results
of the zigzag pattern at 5 m/s is shown in Figure 13. This demonstrates the reciprocal relationship
between speed of running agricultural operations and accuracy of performing. Figure 13 shows that
the proposed controller corrects the cart position for average of over 90% (at all speeds). The controller
performance degrades in the peaks and valleys of pattern to ~2-3 cm. Without the proposed controllers,
the cart had an average offset of 5-10 cm from the reference pattern and about 50% of accuracy.

— © —Reference
Tractor

0.25

————— Cart without controller
---------- Cart with controller

Y [m]

-0.05 . :
0 50 100 150

X [m]

Figure 13. Performance of tractor-cart position control system under a Zigzag pattern at 5 [m/s].

The last generated pattern was a pattern with a combination of three previously considered
patterns to assess the performance of the system control in a more complex pattern of plant rows.
Figures 14-16 indicate the cart behavior with and without a controller at three different speeds (2,
4 and 9 m/s). Figure 14 demonstrates that, in the case of a complicated pattern in lower speed (<5 m/s),
the controller could adjust the cart position according to the given path with the accuracy of ~2-3 cm
and over 90% of accuracy for the whole simulation duration. Figure 15 shows the effect of higher
speeds in reducing the accuracy of controller. The performance of the controller deteriorates, as it gets
closer to the end of the pattern and almost loses a track of the row pattern in the final 25 m of simulation.
Simulations in the highest speed at 9 m/s shown in Figure 16 show that the efficiency of the controller
dropped significantly. The position accuracy of the cart with the controller dropped to 5 ... 10 cm in
magnitude and the accuracy without a controller was about 7-13 cm. A low controller accuracy with
the increase of tractor’s driving speed and in abrupt row pattern changes were in agreement with the
study results of Benson et al. [35]. Benson et al. [35] indicated that controllers of tractor-cart systems
are quite effective at low speeds, i.e., up to 10 km/h (2.77 m/s) in maize, where the course is limited to
straight rows, and the system could only be used on curved rows in slower speeds.



Appl. Sci. 2020, 10, 5223 15 0f 19

0.25 (™ © —Reference
Tractor

————— Cart without controller
---------- Cart with controller

0.15

Y [m]
o

0.05

0¢

-0.05 : :
X [m]

Figure 14. Performance of tractor-cart position control system under a Mixed pattern in 2 [m/s].
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Figure 15. Performance of tractor-cart position control system under a Mixed pattern in 4 [m/s].

The accuracy of the controller in finding the right path was calculated. The chosen range for the
x-axis was —10 cm to 10 cm and —1 cm to 1 cm for the y-axis. Any reading beyond these ranges was
not counted as an accurate reading (Table 6).

The proposed control model performances were compared with the results of other studies in a
similar domain. Table 7 reports the comparison results of the studies reported by other researchers
and the present work. Most of the proposed controllers in other studies for off-road vehicles were
only able to control the tractor-trailer system up to 4.47 m/s. The proposed controller in this study
could correct the position of cart accurately up to 5-7 m/s depending on the complexity of the reference
pattern, which compared to other studies in Table 7, is a very good improvement. In most of the
previous studies, the running speed of the tractor was considered as a major limitation of the controller,
while the proposed fuzzy logic controller in this study is able to control the tractor-cart system up
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to 7 m/s. Another advantage of the proposed model is that it is simple and efficient in terms of the
computation and processing time for optimal and adaptive control.

Table 6. Coverage percent (without controller/with controller).

Speed 1 3 5 7 9

[m/s] [m/s] [m/s] [m/s] [m/s]
Pattern
Sinusoidal 75/97 75/95 73/93 72/93 72/92
Pulse 68/96 68/95 65/92 64/89 61/89
Zig zag 54/96 53/96 51/93 51/92 48/91
Mixed 45/93 45/91 43/60 42/57 39/55
025" © —Reference :
Tractor
————— Cart without controller
-------- Cart with controller

0.2 a

0.15 b

E 0.1 b

>
0.05 \ N
\
‘\\
008 (]
-0.05 L L
0 50 100 150

X [m]

Figure 16. Performance of tractor-cart position control system under a Mixed pattern in 9 [m/s].

Table 7. Comparison of previous studies and present work.

Controller Max Speed Reported Accuracy (cm) and Errors Reference
Controlling tractor-trailer Maximum displacement in position in
with feed-forward + backward motion: 14 cm for
feed-back based on 0.33 m/s pole-placement, 9 cm for optimal control.  Junyusen et al., 2005 [36]
pole-placement technique No significant difference in final positional
and optimal control error between the two feedback types.
Controlling tractor with Max1mum l'ateral gnd heading error in
. . Straight line trajectory: 0.1026 (m),
feed-back rapid prototyping 1.1023 (deg). And for curve trajectory:
controller based on Iterative 2.23 m/s and 4.47 m/s N 8 or curve trajectory: Liu., 2013 [37]
. e 0.8384 (m), 4.0178 (deg) at 4.44 m/s. Model
Learning Identification (ILI) 5 AR
identified is accurate enough for the
model of tractor .
controller design.
Cor.ltrolhng 't'ractor-t'raﬂer Standard deviation of the errors smaller
with Nonlinear Model than 10 cm. Active joint in trailer drawbar
Predictive Control (NMPC) 222 m/s i} J Backman et al., 2009 [38]
. . was found to be valuable and NMPC was
based on a full kinematic able to smoothly control curves
model of the tractor-trailer y ’
Mean value of Euclidian error with respect
Controlling tractor-trailer to the straight-line trajectory is 3.33 cm and
with fast distributed 3.22 cm for tractor and trailer respectively. .
nonlinear model predictive } Capable of driving tractor—trailer system to Kayacan etal, 2014 [39]
control algorithm any desired trajectory with high accuracy
and robustness.
Controls the cart motion with the accuracy
Controlling tractor-trailer of up 'to 96% of the trajectory mn lower
with an adaptive fuzzy logic driving speeds up to 5 m/s with the
1-10 m/s maximum offset of 3 cm and accuracy of up Current study

controller using the
kinematic bicycle model

to 72% of trajectory in higher running
speeds from 5 to 10 m/s with the maximum
error of 10 cm in magnitude.
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7. Conclusions

The equation of motion of the tractor-cart system was modeled using a kinematic bicycle model
approach. Furthermore, to simplify the system models for small angular and low speed motions,
Taylor Series expansion was introduced to substitute trigonometric functions in the system model.
An 81 Fuzzy Logic (FL) rules-based controller for the tractor steering and cart hydraulic hitch was
developed. The FL rules were designed to compute an adequate value of the steering angle and required
flow rate from pump to hydraulic cylinders of cart’s hitch to change the position of cart and control
its direction with respect to the actual row pattern of plants. The steering algorithm and designed
controller were validated with different trajectory patterns via simulations in MATLAB/Simulink.
The simulation results showed that the proposed fuzzy logic controller improves the behavior of cart
up to 96% in lower driving speeds up to 5 m/s and up to 72% in higher running speeds 5 to 10 m/s in
comparison to a passively controlled system. The best performance of the controller was observed in
1-4 m/s in a “sinusoidal” pattern, which is a running speed in most agricultural operations. Therefore,
it was concluded that the computed values of controller parameters for u1(6) and u,(«) with the FL
system were appropriate (for low speed and simple path) with respect to the computed error margins
of the system trajectory. However, the main disadvantage of the fuzzy logic system is, for higher
accuracy, more fuzzy rules are required to be designed, which require evaluation of the optimal rule
values before hardware design.

The simulation results of the new hydraulic drive design showed that the retracting and extending
speed of the hydraulic cylinder with respect to the provided flow rate from tractor’s hydraulic pump
was adequate to turn the hitch arm with respect to the FL based controller output. The selected cylinder
size was sufficient to meet the system requirements and taking the action with acceptable small-time
delays in responses.

One of our future studies will be dedicated to implementing our proposed controller of the hitch
arm to design a hydraulic cylinder and pump system with respect to the overall system parameters
and field conditions. In the future studies, terrain and environment aspects will be considered in the
system model equations. Another crucial study is to compare the result of designed fuzzy inference
system (FIS) controller in this study with other common adaptive and model predictive controllers
with applications of evolutionary algorithms, ANN, ANFIS-PSO, etc. or combination of these methods
to validate and improve the performance of the proposed controller.
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