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Abstract: Reducing costs and time spent in experiments in the early development stages of vehicular
technology such as off-road and agricultural semi-autonomous robots could help progress in this
research area. In particular, evaluating path tracking strategies in the semi-autonomous operation of
robots becomes challenging because of hardware costs, the time required for preparation and tests,
and constraints associated with external aspects such as meteorological or weather conditions or
limited space in research laboratories. This paper proposes a methodology for the real-time hardware-
in-the-loop emulation of path tracking strategies in low-cost agricultural robots. This methodology
enables the real-time validation of path tracking strategies before their implementation on the robot.
To validate this, we propose implementing a path tracking strategy using only the information
of motor’s angular speed and robot yaw velocity obtained from encoders and a low-cost inertial
measurement unit (IMU), respectively. This paper provides a simulation with MATLAB/Simulink,
hardware-in-the-loop with Qube-servo (Quanser), and experimental results with an Agribot platform
to confirm its validity.

Keywords: hardware-in-the-loop emulation; agricultural robots; path tracking; trajectory tracking;
autonomous ground vehicles (AGVs); differential wheeled robots; autonomous mobile robots (AMRs);
kinematics models; pure pursuit; PI control

1. Introduction

Zero hunger, affordable and clean energy, innovation, infrastructure modernization,
and industry appear as important priorities according to the Sustainable Development
Goals (SDGs) of the United Nations [1]. Following these objectives, the modernization
of farming by introducing clean and affordable energy and machinery can be a huge
contribution to humanity [2]. Thus, developing sustainable semi-autonomous robots
and off-road electric or hybrid vehicles could help to eradicate poverty and hunger and
prevent climate change. Some hybrid drive technology considers using non-electrical
elements including hydraulic or air pressure actuators and mechanical energy storage [3].
As mentioned in [2], hybrid systems with biomass and hydrogen technologies could also
be useful for implementing sustainable machinery.

Agricultural robots (Agribots) can be seen as unmanned ground vehicles (UGVs) that
must accomplish specific tasks in outdoor (fields) or indoor (greenhouses) scenarios. It is
necessary to highlight that when used in fields, these vehicles require better stability and
precision to adapt their behaviour to abrupt changes on the ground, ambient conditions,
and driving modes. Likewise, using electric vehicles for these implementations requires
analyzing recharging modes and adopting control methods that consider previously men-
tioned changes [4], and make them smarter. As a particular case, electric agricultural
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tractors represent zero-emission ecological solutions. These advances are led by countries
such as Germany and Italy [5]. According to a Custom Market Insights (CMI) report,
in 2021 the global electric tractor market size was estimated at USD 118 million, and it is
expected to reach 250 million by 2030.

Current research and development are focused, principally, on autonomous operation,
motion prediction, and correction of trajectories [6–9]. Likewise, there are works related
to vehicle route planning [10], optimization of routes, and vehicle routing [11]. Here, it is
important to mention that the research oriented on UGV navigation for indoor and outdoor
applications [12], Ref. [13] requires the integration of multiple sensors [14–16]. On the
other hand, there are road and off-road applications focused on integrating hybrid systems
which can improve the favourability and the energetic vehicle performance using clean
sources [17,18]. A good example of a solar PV electric vehicle charging ecosystem is studied
in [19]; this research shows the advantages and limitations related to the production of
electricity by a photovoltaic carport for recharging electric vehicles (EVs). Considering
the stability of UGVs and autonomous mobile robots (AMRs), it is possible to find works
focused on dynamic analysis and non-linear control to prevent problems such as rollover
in trajectory tracking and path following [20], and the presence of lateral and longitudinal
slips of wheels [21]. Recent works consider the use of model predictive control (MPC),
dynamic adaptive control [22], disturbance rejection methods [23], backstepping, adaptive
neural networks, adaptive fuzzy control [24,25], sliding mode control [26], and observers
to mitigate the effect of non-linear characteristics and perturbations [21].

Independently of the application, modelling such robots and vehicles is one of the
first steps in their development and control. This process is based on considerations for
describing the kinematic and dynamic behaviour of the system [27,28]. It is possible to make
these models using parameters such as the type and disposition of wheels and the shape of
the vehicle’s frame. This information can determine posture, restrictions, and degree of
mobility and manoeuvrability (steerability). After estimating the model parameters, they
can be used in feedback loops to design and implement control strategies such as path
tracking and energy estimation and management [29–31]. Thus, kinematic and dynamic
models are fundamental for developing electric off-road vehicles and Agribots [32].

Considering a semi-autonomous outdoor operation of Agribots, as a particular case of
UGVs, evaluating path tracking strategies could be challenging, time-consuming, and ex-
pensive. These difficulties can be accentuated in the early stages of development, where the
incertitude of measurements, power electronics, and program behaviour is high. In some
cases, this evaluation can be complicated by external factors such as meteorological con-
ditions and space limitations in academic research laboratories. Simulation can also be
time-consuming and, in some cases, limited by the accuracy and details of models. Un-
der this perspective, the hardware-in-the-loop (HIL) emulation could be an intermediate
solution to reduce costs and burdens and make it possible to evaluate control strategies
in the early stages of Agribots development [33]. In the Industry 4.0 concept, as proposed
in [34], digital twins technology, which includes physical and digital parts, can facilitate the
test of AMRs under different operating environments. Digital twins and HIL technologies
could help to accelerate the implementation of smarter AMRs.

In this paper, we address the problem of preliminary validation of path tracking strate-
gies in Agribots by proposing a methodology for real-time hardware-in-the-loop emulation
using a Qube servo from Quanser (https://www.quanser.com) and MATLAB/Simulink.
The main contributions of this work are the proposition of a methodology of real-time
hardware-in-the-loop emulation itself that allows the preliminary evaluation of path track-
ing strategies, saving time and infrastructure costs, as well as the proposition and experi-
mental validation of a low complexity kinematic-based strategy that allows path tracking
implementation with acceptable path offset in outdoor scenarios and using low-cost hard-
ware. More specifically, this paper details hardware and software implementation for
emulation and experimental evaluation using a real Agribot platform with a differential
drive and dc motors controlled by an embedded microcomputer programmed using Python.

https://www.quanser.com
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We propose implementing the path tracking strategy based only on the kinematic model
and the information on the motors’ angular speed and the robot’s yaw velocity. These
pieces of information are obtained from two encoders, one for each motor and a low-cost
inertial measurement unit (IMU), respectively.

The paper is organized to present, in Section 2, the theoretical background describing
the mathematical formulation of the kinematics model, the speed controllers, and the path
tracking strategies; in Section 3, the proposed methodology for real-time hardware-in-the-
loop emulation; in Section 4, the experimental results of the hardware-in-the-loop and the
experimental tests with the Agribot platform; and in Section 5, a discussion of the results
obtained in the previous section. The paper ends with concluding remarks in Section 6.

2. Theoretical Background and System Modelling

This section introduces the base knowledge of kinematics modelling of the agricultural
robot system under study and the considerations for implementing angular speed control
and path tracking.

2.1. Kinematic Analysis

A wheeled vehicle, whatever its design and configuration, can be modelled in terms
of one local reference frame and taking into account its main characteristics and wheels
configuration. Figure 1 shows the first approach of the description of a vehicle across the
global reference frame due to the X and Y axes, a local reference frame (x and y-axis), and
an inertial point (P).

Y
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Figure 1. General scheme of posture for a vehicle [27].

Modelling the motion in the global reference frame, from the origin (O) to P as the ~OP
vector ( ~OP = x~X + y~Y), it is possible to define the vehicle’s posture (p), considering the
local reference frame, in terms of the x, y, and θ variables [27].

p(t) =

x(t)
y(t)
θ(t)

 (1)

Note that θ is the orientation angle, in [rad], between the local and global reference
frames. In the case under study, the vehicle in Figure 1 corresponds to a standard model
with two front-fixed wheels with independent traction and two rear-type castor-free wheels.
There, point C represents the center of mass, d is the distance between P and the wheels
across the y-axis, and l is the distance between P and C.
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Once the orientation, θ, and the movement, ẋ and ẏ, of the vehicle are referenced to
the local reference frame, it is possible to define the linear velocity of the vehicle as:

v =
√

ẋ2 + ẏ2 (2)

where ẋ and ẏ are the velocities, in [m/s], across each axis, and they are defined as:

ẋ = v cos(θ) (3)

ẏ = v sin(θ) (4)

Taking into account the trigonometrical relations, it is easy to find that the orientation
of the vehicle can be defined as

θ = tan−1
(

ẏ
ẋ

)
(5)

Likewise, it is possible to define the equations of angular velocity, in [rad/s], for each
wheel as:

ωR =
R
r
(v + ω · d) (6)

ωL =
R
r
(v − ω · d) (7)

where r [m] is the radius of wheels, R is the speed reduction ratio, ω [rad/s] is the angular
yaw velocity of the vehicle across the global reference frame (ω = θ̇) view from P, which
can be defined as:

ω = r
ωR − ωL

2dR
(8)

Likewise, it is possible to define v in terms of ωL and ωR.

v = r
ωR + ωL

2R
(9)

Now, substituting (9) in (3) and (4) the equations of ẋ and ẏ can be expressed in terms
of the angular velocity of the wheels. Then, the equations related to the inverse kinematics
of the vehicle are:

ẋ = r cos(θ)
ωR + ωL

2R
(10)

ẏ = r sin(θ)
ωR + ωL

2R
(11)

One can use these equations to implement feedback control considering perfect con-
ditions on the ground and on the robot’s behaviour. However, in realistic scenarios,
information from additional sensors must be employed to implement closed-loop position
control with acceptable performance.

2.2. DC Motors Modelling and Angular Speed Control

The dynamics of the dc motor can be described by using the following second-order
formulation

Lm
dim(t)

dt
= vm − im · Rm − ωm · Kv (12)

Jm
dωm(t)

dt
= im · Kt − ωm · Bm − TL (13)

that allow the following transfer function to be obtained

ωm(s)
Vm(s)

=
Kt

((Jms + Bm) (Lms + Rm) + Kv · Kt)
(14)
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where ωm is the angular speed in [rad/s], Vm is the voltage applied by the dc–dc converter
in [volts], Jm is the inertia constant in [kg m2], Bm is the friction constant in [Nm/(rad/s)],
Lm and Rm are the inductance and resistance of the motor in [H] and [Ohms], respectively,
Kt is torque constant in [Nm/A], and Kv is the voltage constant in [volts/(rad/s)].

This formulation can be adapted to a first-order approximation by neglecting the
effects of the inductance and the friction constant and considering the possible transport
delays (L) present in the system.

ωm(s)
Vm(s)

=
1

Kv
Rm ·Jm
Kv ·Kt

s + 1
e−Ls =

K
τs + 1

e−Ls; (15)

In an operational context, which can include dc–dc converters, measurement systems,
data acquisition, and electronic control units, K, τ, and L can be obtained by means of
open-loop tests. These results can be used to confirm the voltage constant Kv, and to
obtain Jm, if the resistance and the voltage and torque constants are known. Typically,
manufacturers provide the information of these parameters, Rm and Kt.

The first-order approximation with the transport delay of (15) can be employed to
obtain the gains of the classic PID controllers using Ziegler–Nichols [35] or Cohen–Coon [36]
empiric rules. The first one is well adapted and recommended for systems with L < τ/2,
and the second when L < 2τ; otherwise, the dead-time rule is needed. When L becomes
significant compared to τ, i.e., L > τ/2, the system becomes more challenging to control,
and PI is preferred over PID to keep stability. Using the Ziegler–Nichols rule, the PI gains
can be obtained using,

KC =
0.9 τ

K · L
(16)

ti =
L

0.3
(17)

On the other hand, using the Cohen–Coon rule, one can estimate

KC =
τ

K · L

(
0.9 +

L
12τ

)
(18)

ti =
L
(

30 + 3L
τ

)
9 + 20L

τ

(19)

Likewise, using the dead-time tuning rule it is possible to calculate,

KC =
0.36

K · SM
(20)

ti =
L
3

(21)

where SM determines the stability margin, typically between 1 and 4. A high value of SM
allows a reduction of the overshoot but slows the response.

2.3. Path Tracking Strategy

We initially consider the path tracking strategy proposed in [37], with control parame-
ters kr, kθ , and kβ tuned to reduce position and orientation angle errors. In this strategy,
the actual robot orientation (yaw) angle θ, and the desired angle β between the actual (x, y)
and the final position, (x̂, ŷ), are used to define the angular velocity correction, ω̂, using

ω̂ = kθ · (β − θ) + kβ · β (22)
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β = tan−1
(

ŷ − y
x̂ − x

)
(23)

and, the linear velocity correction, v̂, can be defined by,

v̂ =
√
(x̂ − x)2 + (ŷ − y)2 · kr (24)

using these angular and linear velocity correction terms, ω̂ and v̂, it is possible to define
the angular speed to be imposed on each motor, ω̂R and ω̂L, as follows

ω̂R =
R
r
(v̂ + ω̂ · d) (25)

ω̂L =
R
r
(v̂ − ω̂ · d) (26)

This method can be easily implemented in digital processors using the atan2 function;
however, the interpretation of the result of tan−1 in (23) must be correctly handled when
the result of the angle β is higher than ±180◦. A misinterpretation of angle correction
results in abnormal or chaotic behaviour of the robot.

To correct this problem, we propose to obtain the signal for the angular velocity
correction, ω̂, by using

ω̂ = kc,θ · θerr (27)

with,

θerr =


γ0 + 2π if γ0 < −π & β0 < π

3

γ0 − 2π if γ0 > π & β0 > 5π
3 & θ0 < π

3

γ0 otherwise

(28)

β0 = mod(tan−1
(

ŷ − y
x̂ − x

)
+ 2π, 2π) (29)

θ0 = mod(θ, 2π) (30)

γ0 = β0 − θ0 (31)

Notice that the system, for angle control purposes, can be approximated to a transfer
function with an integral term (s1 = 0) and a time constant (s2 = − 1

τω
), as follows

θ

ω̂
=

1
τωs2 + s

(32)

where τω is the equivalent time constant of the angular speed controller of wheels; the
system dynamics includes a delay L, as described in (15). Under this assumption, using a
simple proportional controller with gain kc,θ , as proposed in (27), the closed-loop transfer
function will produce zero steady-state errors. To keep stability, it is recommended to set
the gain kc,θ to obtain enough phase (and delay) margin to tolerate the delays mentioned
in (15). Normally, this gain will produce a response with a small overshoot or over-damped.

The control signal for the linear velocity correction, v̂, is generated similarly to (24),
and it can be obtained by using

v̂ =
√
(x̂ − x)2 + (ŷ − y)2 · kc,v · cos γ0 (33)

Notice that the linear velocity correction by using proportional gains in (24) and (33)
produces a non-zero steady-state error. Thus, the robot keeps a distance from its actual
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position to the next point of the trajectory. This prevents the robot from turning in circles
when it surpasses the destination position. The term cos γ0 in (33) produces a reduction
of linear velocity (v̂) when a high angle correction is needed, contributing to the stable
behaviour of the robot. In that case, and similarly to (32), the system can be approximated
to a first-order transfer function as follows

v
v̂
=

1
τωs + 1

(34)

The reference of angular speed, ω̂R and ω̂L, is generated using (25) and (26) from the
references of angular ω̂ and linear v̂ velocities, obtained by (27) and (33).

Figure 2 presents a simplified block diagram of the proposed path tracking strategy
and control loops.

Figure 2. Simplified diagram of the proposed path tracking strategy and control loops.

2.4. Localization of the Agribot

Localization of the Agribot can be achieved using different approaches [38]; in this
study, the posture of the robot (1) for emulation purposes can be obtained by the formulation
of the inverse kinematics model formulation of x, y, and θ, which are defined, respectively,
by (10), (11), and (5).

For experiments with the Agribot, we employ an inertial measurement unit (IMU)
from WitMotion (https://witmotion-sensor.com/) to obtain the yaw angular velocity ω of
the robot, which allows us to compute the robot’s orientation (yaw) angle θ by integration.
We also use two encoders, from USDigital (https://www.usdigital.com/), to obtain the
angular velocity of each wheel, ωR and ωL; from this information and the orientation, we
can establish the actual position x, y, of the robot using the inverse kinematics model, (10)
and (11). Thus, we can close the loop and control the robot’s position.

3. Real-Time Emulation of Agribot

The proposed HIL real-time emulation methodology is depicted in Figure 3. In this
approach, the kinematic model and controllers are implemented in MATLAB/Simulink
(R2021a), and the motors of each wheel of the robot are emulated using two Qube servo 2
and the Quanser Real-Time Control (QUARC-V.4.1.363, 2021 SP1), toolbox from Quanser
(https://www.quanser.com). The idea behind this HIL model is to enable the preliminary
tests of path tracking strategies under conditions near a real scenario of robot operation.

https://witmotion-sensor.com/
https://www.usdigital.com/
https://www.quanser.com
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Figure 3. MATLAB/Simulink diagram of the implemented model for real-time emulation using
Qube servo 2 from Quanser (https://www.quanser.com).

3.1. System Description and Characterisation

Table 1 summarizes some characteristics of this experimental platform,
and Figure 4 presents a real view and depicts the main functional blocks of the Agri-
bot. For emulation purposes, we use the characteristics of the motor of the Qube servo 2,
Kv = 0.042 volts/(rad/s), Rm = 8.4 Ohm, Lm = 1.16 mH, and Jm = 2.3 × 105 kgm2. These
parameters give a time constant τ = 0.13s, and a static gain K = 23.8rad/s/volts.

Table 1. Components and specifications of the Agribot [39].

Element Description

Wheel radius (r) 0.1524 m (6 in)
Gearbox ratio (R) 16
Axle track (2d) 0.8128 m (32 in)
Total mass (m) 42 kg
Inertial measurement unit (IMU) WTGAHRS2 MPU9250
Wheel encoders US Digital E3-500-375-NE-E-D-3
Main microprocessor ARM Cortex-A72 processor
Main microcontroller Atmega 328p
Motor controller AF160
Motors Ampflow E30-150-12-G16
Battery 12 V 20 Ah SLA
Auxiliary solar PV source RNG-KIT-STCS-100D-VOY20

100 W, 12 V
Current sensor LEM CAS 25-NP

16:1
Gearbox

16:1R
Filter RC  

Left DC 
  Motor

Right DC 
  Motor

Motor 
Driver

AF160

Right encoder

Left encoder
influxdb
       

Database

  ꞷ
Gearbox

  ꞷL

D6

D5
PWM  

PWM  

Arduino 
  Nano

Raspberry 
    Pi 4
Model B (v , i)  

A2 A0

 i  

  Voltage and
current sensors

 v  

Serial communication

  12 V - 5V Buck
      Converter

    12 V    5Ah
Lead Acid Battery

Trajectory
Reference

     IMU
WTGAHRS2  

Xref

Yref

Figure 4. Real view and simplified diagram of the hardware configuration of the Agribot.

For experimental validation, we performed open-loop tests to obtain the parameters
of each motor–gearbox–wheel subsystem of the Agribot. These tests allowed the following

https://www.quanser.com
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parameters to be obtained for the approximation of the first-order transfer function with
transport delay described by (15)

ωm(s)
Vm(s)

=
49.3

0.15s + 1
e−0.2s (35)

Notice that the static gain from the data sheet (Ampflow dc motors) is K = 52.77 rad/s/V.
The time constant and transport delay must be obtained from measurements because they
depend on the utilization conditions of the system. Figure 5a shows a sample of model
validation. In this test, repeated step changes in the control signal (voltage) were performed
using the Agribot and then applied to the model tuned from measurements and computed
from the data sheet using (15). The real system, composed of the drive, motor, and gear-
box, also exhibits a non-negligible non-linearity consisting of a dead zone (dead-band),
as presented in Figure 5b. This non-linearity imposes that the motor starts only when the
controller’s control signal exceeds ±20% of its nominal value. Otherwise, it remains locked.
We added the behaviour of the dead zone and the transport delay (35) to the model for
emulation. It is common to intentionally implement this kind of dead zone directly in the
drive to prevent the robot from moving when unnecessary and in case of wrong or biased
zero calibration.

(a)

50 Hz RC control signal width [microseconds]50 Hz RC control signal width [microseconds]

RC width 
for zero speed 

_
_

_
_

_
_

_
_
_ _

(b)

Figure 5. Sample of open-loop test results and the motors’ model validation. (a) Simulation of
angular speed versus measurements on the Agribot; (b) Angular speed of motors versus RC control
signal width.
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3.2. Implementation of Motors’ Speed Control

Considering the presence of non-negligible delays in the transfer function of the
motors, we opted to use proportional and integral controllers (PI) for the speed control.
The discrete version of each speed controller has been implemented using

vm(k) = e(k) · KC + ei(k)
KC
ti

(36)

with
e(k) = ω̂(k)− ω(k) (37)

and

ei(k) = ei(k − 1) +
(e(k) + e(k − 1)) · Ts

2
(38)

where vm(k) is the voltage to be applied to the motor, e(k) and ei(k) are the instantaneous
and integral speed errors, Ts is the sampling period of the controller, and KC and ti are
the controller parameters obtained using (16) and (17), (18) and (19), or (20) and (21). Two
sets of parameters have been obtained, with the first set using the characteristics of the
Qube servo 2 and the second using the characteristics of the motors of the Agribot, adding
the transport delay observed in the real system. We employ the first-order approximation
defined by (15) for the initial tuning of controllers.

3.3. Implementation of Path Tracking Strategy

The path tracking strategy has been implemented based on the formulation presented
in (27) and (33), and considering trajectories predefined using MATLAB and recorded in a
CSV file as column vectors for x̂, ŷ. The file entry defining the path to be followed by the
robot is read using an index k, controlled by a finite-state machine (FSM) with four states
representing four working modes for the robot: 0: starting, 1: tracking, 2: idle, and 3: fault,
as shown in Figure 6.

3
Fault

0
Starting

1
Tracking

2
Idle

t01 t12

t13 t32

t20

Figure 6. Finite-state machine (FSM) to control the working modes of the Agribot.

In the starting mode, the reference, x̂, ŷ, is fixed to the first point of the planned
trajectory, and the controllers of the angular speed of motors and the controller of linear
velocity are enabled. The controller of yaw velocity is disabled to prevent an uncontrolled
start. The FSM evolves to tracking mode when the robot starts moving (t01). In the
tracking mode, the reference, x̂, ŷ, is updated using the sampling time of the controller,
Ts, by increasing the index, k, allowing the subsequent points of the trajectory to be
read. The controllers of the angular speed of motors and the controllers of linear and
yaw velocities are enabled. The FSM evolves from tracking to idle mode when the robot
approaches the end position of the trajectory or when it covers a predefined distance (t12).
The system remains ready to restart with the same or a new trajectory by moving to the
starting mode (t20). If the position error or the angular or linear speed exceeds predefined
maximum values, the FSM evolves from tracking to fault mode (t13). The system remains
in fault mode until the robot operator provides an acknowledgement signal. Then, the FSM
evolves to idle mode (t32). In idle mode, the reference, x̂, ŷ, is set to the robot’s actual
position, all controllers are disabled, and the control output of the angular speed of motors
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is set to zero. The FSM enables the implementation of multiple sequences of movement and
stationary work that could be particularly useful when the robot must accomplish tasks
including periods of operations at specific locations, e.g., taking samples, measuring some
parameters of soil, or performing a local intervention on crops.

4. Experimental Results

We present in this section the results of the angular speed control, the path tracking in
HIL real-time emulation, and the experimental test using the Agribot.

4.1. Real-Time Emulation and Experiments of Angular Speed Control

We employed the same formulation used in the previous section for tuning speed
controllers using the parameters of the robot as defined in Table 1, and the first-order
transfer function approximation with transport delay (35) obtained for the Agribot and the
emulation using the Qube servo 2. We evaluated the response by using the three tuning
methods mentioned in the previous section, as shown in Figure 7, and for this specific
case, the Ziegler–Nichols and the dead-time rules allow acceptable step responses with
similar settling times to be obtained, the first with over-damped and the second with under-
damped behaviours. From the results obtained, the Cohen–Coon rule gives a controller
tuning with a higher proportional gain that results in a response with significant overshoot
and slow damping. It is therefore worth highlighting that implementing a controller with
high proportional gain could be problematic when the sample time is long, as in the case
under study.

Figure 7. Comparison of angular speed control using different tuning methods (Ts = 150 ms).

The results for the control of the two motors of the robot by imposing different speed
profiles are presented in Figure 8.

These results were obtained by fine-tuning from Ziegler–Nichols rule initial tuning,
which allowed us to obtain a faster response. It can be observed that the results obtained
by emulation fit with those of experiments using the Agribot platform. In these tests,
the sample period of the speed controller was set to Ts = 150 ms, and the controller was
tuned using the Ziegler–Nichols rule. We employed the Ziegler–Nichols rule in the next
tests; however, the dead-time rule could be a good choice for speed control in systems with
significant delays as was the case with the robot under study.
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Figure 8. Comparison of angular speed control results by emulation and by experiments with the
Agribot using Ziegler–Nichols tuning of PI controllers.

4.2. Real-Time Emulation of Path Tracking

To validate the model and the path tracking strategy before testing it on the robot, we
implemented and evaluated different trajectories, including saw-tooth, spiral, rectangular,
circular, and eight-shaped paths.

Figure 9 presents the saw-tooth path tracking results in emulation using different
sampling periods (Ts). These results confirm that the system keeps an acceptable dynamic
behaviour even when using a high sampling period, i.e., Ts = 500 ms. It can be observed
that the robot deviates from the reference at the corners of the trajectory, but it is reoriented
to follow the desired path. We employed in these tests the formulation from (22) and (24),
with the following parameters : kr = 0.5, kβ = 0.05, and kθ = 0.40. These parameters were
tuned from those proposed in [37].

Figure 9. Real-time emulation results for saw-tooth trajectory tracking using the formulation from
(22) and (24) for path tracking.

As a second test, we implemented a trajectory in the form of a spiral that imposes
heading angles in all quadrants. This test ed us to verify the correct operation of the path
tracking strategy as described in the previous section, using the formulation from (27) and
(33). The controller gains were set to kc,θ = 3 and kc,v = 0.5. This tuning for angle control
allows tolerating delays of 0.425 s higher, enough compared to the transport lag of the
system (L = 0.2 s). As illustrated in Figure 10, the system remains stable even for kc,θ = 5.
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Figure 10. Bode plot for different tuning of angle control gain kc,θ .

However, the delay margin is reduced too close to the transport lag of the system
(Lmargin = 238 ms, LSystem = 200 ms). In this case, the controller causes the robot to move
forward as expected but zigzag around the trajectory. This also produces higher control
effort, i.e., abrupt changes in control signals (speed references and voltages). The results of
spiral trajectory tracking using the formulation from (27) and (33) for orientation and linear
velocity control are presented in Figure 11. These results confirm the proper trajectory
tracking in simulation and HIL real-time emulation.

Figure 11. Real-time emulation results of robot position for spiral trajectory tracking using the
formulation from (27) and (33) for path tracking.

We implemented and tested circular and eight-shaped (Lissajous) paths as examples
of closed trajectories commonly employed to validate the performance of path tracking
strategies. The eight-shaped Lissajous path was implemented as x̂ = A0sin(ω0t) and
ŷ = A0sin(2ω0t), where 2A0 is the amplitude of displacement in x and y, and ω0 the veloc-
ity in rad/s. Figure 12a presents path tracking results for a circular shape and Figure 12b
for an eight-shaped trajectory (with A0 = 20 m), confirming the robot’s correct and almost
perfect behaviour.
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(a) (b)

Figure 12. Real-time emulation results of robot position tracking using the formulation from (27) and
(33) for path tracking. (a) Circular trajectory; (b) Eight-shaped trajectory.

We can observe a transient deviation of 5 cm and a steady-state error of 2.5 cm. These
errors are negligible compared to the robot’s size with an axle track (2d) of 81.28 cm. It is
worth highlighting that in emulation, we neglect the effects of the robot’s dynamics and
external parameters and perturbations, e.g., changes in friction coefficient and slope and
imperfections of ground. These assumptions allow, in emulation, significant performances
that can not be obtained using the real setup.

4.3. Experiments of Path Tracking with the Agribot

After evaluating the correct behaviour of the implemented strategy in simulation and
HIL real-time emulation, we performed several tests using the Agribot platform in outdoor
operation at the University of Quebec at Trois-Rivieres campus. We present, in Figures 13–15,
three samples of experimental results compared to the HIL emulation results.

(a) (b)

Figure 13. Cont.
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(c) (d)

Figure 13. Experimental results for rectangular trajectory. (a) Path tracking; (b) Linear velocity of the
Agribot; (c) Angular speed of the motors; (d) Path offset computed using dynamic time warping.

(a) (b)

(c) (d)

Figure 14. Experimental results for circular trajectory. (a) Path tracking; (b) Linear velocity of the
Agribot; (c) Angular speed of the motors; (d) Path offset computed using dynamic time warping.
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(a) (b)

(c) (d)

Figure 15. Experimental results for eight-shaped trajectory. (a) Path tracking; (b) Linear velocity of
the Agribot; (c) Angular speed of the motors; (d) Path offset computed using dynamic time warping.

The first example corresponds to a rectangular trajectory, the second to a circular
trajectory, and the third to an eight-shaped trajectory. For the three cases, the sample
time was set to TS = 200 ms, and the trajectories were generated to obtain, in steady
state, a mean linear velocity of 0.3 m/s. The plots for each test show the robot’s position
(x, y) and desired path (x̂, ŷ), the robot’s linear velocity (v), the motors’ angular speed
(ωL and ωR), and the path tracking error presented as a path offset. As observed in the
plots of Figures 13a, 14a and 15a, the pathtracking is performed well in the three cases,
and the robot can follow the planned trajectory. It is evident, from these results, that the
path tracking error is more significant in the rectangular path because of the right angle
changes the robot must accomplish. This is also reflected in the linear velocity (Figure 13b),
which is reduced while the robot turns. In contrast, for the circular path (Figure 14b), once
the robot reaches the correct alignment, it keeps an almost constant linear velocity close
to the expected 0.3 m/s. Furthermore, for the eight-shaped path (Figure 15a), the linear
velocity reflected the correct behaviour of the robot, as is presented in Figure 15b. Following
the same consideration, as illustrated in Figures 13c, 14c and 15c, the changes in the angular
speed of motors are more significant for the rectangular trajectory. It is worth highlighting
that, for the circular path, important changes in the angular speed appear while the robot is
in the starting phase, but in the tracking phase, the motor speeds present small changes.
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5. Discussion

This work allowed us to verify the advantage of using real-time hardware-in-the-
loop emulation of agricultural robots for the preliminary evaluation of path tracking
strategies using only the information of the angular speed of motors and yaw angular
velocity of the robot. The experiments with an Agribot platform confirmed the results
obtained by real-time HIL emulation with high similarity. Thus, using the HIL emulation
to prepare and test control strategy variants and tuning before the evaluation using real
hardware is not only possible but trustworthy. However, we must mention that it is
almost impossible to reproduce in emulation external conditions that can affect the robot’s
behaviour in a real environment. The proposed and implemented path tracking strategy
works well for different types of trajectories, e.g., circular, eight-shaped, rectangular, spiral,
and saw-tooth. In fact, in experimental tests for outdoor operation, the steady-state error of
tracking is limited to values lower than the axle track of the robot (2d). To confirm this, we
computed the path offset corresponding to the distance between desired path and the one
followed by the robot using dynamic time warping (DTW) [40,41]. We plotted the results
in Figures 13d, 14d and 15d. We include in this analysis a second tuning (Test #2 in each
figure) for the angular speed controllers by increasing the integral constant (3KC/ti) and
by reducing the proportional gain (KC/2). The results suggest that improving the inner
loop of angular speed control by fine-tuning accelerates the response and reduces the mean
path tracking error. However, it produces more effort control.

The performance of the path tracking was compared to recent research works that
considered similar applications and provided experimental result data. We must admit
that the comparison is not easy to make because the characteristics of the vehicles and
the type of tests are different from one publication to another. We have normalized the
tracking error (path offset) with respect to the vehicle’s width (axle track) to facilitate the
comparison and presented it as a relative path offset (39).

Relative path offset =
Maximum observed path offset

Vehicle’s width
(39)

We compared the results of this work with those obtained by using an adaptive
dynamic controller with parameters updating [22], an active disturbance rejection controller
with observer based on an extended Kalman filter [23], a Takagi–Sugeno–Kang (TSK) type-2
fuzzy neural network (T2FNN) with sliding mode control (SMC) [24], a robust adaptive
fuzzy variable structure [25], and a fuzzy dynamic sliding mode controller [26]. The results
of this comparison are summarized in Table 2. We can corroborate that the proposed path
tracking strategy performs similarly or better than more sophisticated methods reported in
the literature. It is worth highlighting that some works used small robots and tested the
strategies in indoor conditions that favour path tracking [22,25,26].

Table 2. Comparison of relative path offset using different path tracking strategies.

Control Method Trajectory Vehicle Maximum Relative Outdoor
Type Width [m] Path Offset Path Offset Tests

Adaptive dynamic controller with Circular 0.381 0.17 0.446 No
parameters updating [22] Eight-shaped 0.05 0.131 No

Active disturbance rejection Rectangular 0.305 0.40 1.31 Yeswith extended Kalman filter [23]

Takagi–Sugeno–Kang (TSK) type-2
Eight-shaped 1.16 1.1 0.784 Yesfuzzy neural network (T2FNN)

with sliding mode control (SMC) [24]

Robust adaptive fuzzy variable Eight-shaped 0.66 0.21 0.318 No
structure controller [25]

Fuzzy dynamic sliding mode Rectangular 0.42 0.26 0.619 No
controller [26] Circular 0.20 0.476 No

Kinematic-based controller Rectangular 0.81 0.16 0.196 Yes

(implemented in this work) Circular 0.15 0.184 Yes
Eight-shaped 0.42 0.516 Yes
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6. Conclusions

This paper proposed a methodology for real-time HIL emulation of path tracking in
agricultural robots (Agribot). The proposed emulation employs MATLAB/Simulink for
the implementation of the kinematic models, angular speed controllers, and path tracking
strategy, as well as the Qube servo 2, from Quanser, for the emulation of the traction system
of the robot. This study provides details for implementing a path tracking strategy using
only three pieces of information: the angular speeds of wheels from encoders, and the yaw
angular velocity of the robot, from an inertial measurement unit (IMU). It also brings the
analysis of controller tuning in the case of low-latency control applied to traction systems
with non-linearities and non-negligible transport delays. Experiments using an Agribot
platform operated outdoors confirmed the simulation and real-time HIL emulation results.

Based on the emulation and experimental results and the comparative analysis pre-
sented in the previous section, it is possible to confirm, on the one hand, that the proposed
HIL emulation can be used for the preliminary evaluation of path tracking strategies in
Agribots. On the other hand, it can also be confirmed that the proposed low-complexity
kinematic-based strategy using low-cost hardware allows us to obtain comparable or better
results than those obtained with more sophisticated control strategies.

Current research includes the analysis of the impact of environmental changes and
perturbations on path tracking, their automated detection and mitigation by low-complexity
control strategies. These works focus on improving the precision of path tracking in semi-
autonomous agricultural robots while keeping low-cost implementation and adapting
online models and controllers’ tuning. We consider in the next steps the implementation of
controllers using software/hardware co-design to reduce latency issues associated with
pure software solutions.
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