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A B S T R A C T

Mobile robots are a pillar of technologies that support agriculture 4.0, tracked mobile robots in particular are
very suitable for agricultural applications. In this paper, the development of the multibody model of a tracked
vehicle for agricultural applications is described, with the main goal to create a tool for the design of motion
planning and control strategies in realistic conditions, in particular taking into account the characteristics
of the terrain (terramechanics). Thanks to the modular approach enabled by the object-oriented modelling
language Modelica, the complete suspension system as well as the interaction of tracks and grousers with the
terrain have been described with a high level of accuracy. An extensive campaign of validation experiments
has been carried out, mainly focused on the steering dynamics: on a rigid surface in indoor experiments and
on a deformable surface in outdoor experiments. In indoor experiments the actual position of robot center of
mass and its angular orientation were measured very accurately through a VICON motion capture system and
an Inertial Measurement Unit (IMU), in outdoor experiments the motion capture system was replaced by a
Real-Time Kinematic (RTK) Global Positioning System (GPS). This validation campaign has demonstrated the
accuracy of the proposed model in representing the vehicle dynamics, clearly stating that it can be profitably
adopted as a tool to design and validate novel planning and control strategies for agricultural robots.
1. Introduction

Over the last decade, agriculture has undergone a transformation
known as Agriculture 4.0 (Liu et al., 2021). This revolution is driven
by various factors, including climate change, population growth, land
degradation, increasing resource scarcity, labour shortages, economic
recession, and de-globalization, with a primary focus on minimizing
agriculture’s environmental impact.

Agriculture 4.0 is built upon two key components: precision agri-
culture and smart farming, both of which harness modern informa-
tion and communication technologies. Precision agriculture, as defined
by Pierce and Nowak (1999), involves ‘‘the application of farming
strategies and methodologies to do the right thing, in the right place,
at the right time’’, thereby optimizing resource use – such as water,
agrochemicals, arable land, and fertilizers – while maintaining yield
and minimizing environmental harm. Smart farming (Gebbers and
Adamchuk, 2010) employs sensing technologies, software applications,
communication systems, positioning tools, hardware, and data analyt-
ics to enhance both the quantity and quality of agricultural products
while optimizing labour requirements.

Among the various technologies under the umbrella of smart farm-
ing, mobile robots and autonomous vehicles play a pivotal role
(Bascetta and Ferretti, 2024; Goel et al., 2021; Subeesh and Mehta,

∗ Correspondence to: Politecnico di Milano, Cremona Campus, Via Sesto, 39, 26100 Cremona, Italy.
E-mail address: gianni.ferretti@polimi.it (G. Ferretti).

2021; Marinoudi et al., 2019). These innovations significantly boost
production efficiency without compromising environmental sustain-
ability (Said Mohamed et al., 2021). In addition to improving environ-
mental outcomes, these technologies also enhance working conditions
for farmers, reducing the risk of musculoskeletal disorders associ-
ated with physically demanding tasks (Fathallah, 2010; Proto and
Zimbalatti, 2010; Zhang et al., 2019b). Furthermore, they contribute
to increased profitability, product quality, and crop yields, particu-
larly when applied to tasks such as crop monitoring, harvesting, and
pruning (Zhang et al., 2019c).

Extensive reviews (Botta et al., 2022; Yépez-Ponce et al., 2023;
Tiozzo Fasiolo et al., 2023; Droukas et al., 2023) highlight the diverse
applications of mobile robots and autonomous vehicles across various
agricultural tasks, including weed control, seeding, fertilizing, pest
management, crop harvesting, sowing, planting, pruning, thinning, and
disease monitoring (Slaughter et al., 2008; Bechar and Vigneault, 2017;
Zhang et al., 2019a).

Among the different types of available robots, tracked mobile plat-
forms are very suitable for agricultural applications
(Elaoud and Chehaibi, 2011; Kutzbach, 2000), and can be classified
into two main categories: vehicles with rigid or flexible tracks. In the
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first category the track belts structure consists of a solid chain track
made of steel plates, whereas in the second category the track belts
are made of rubber reinforced with steel wires along the longitudinal
length. A common aspect of the two types of tracks is the capability to
deform upon contact with the soil and adapt to it to some extent, and
his makes the dynamic modelling of a tracked robot more complex

with respect to the wheeled one, in particular, the description of the
interaction with the terrain calls for a distributed model of the track
belt (Ferretti and Girelli, 1999).

In order to design planning and motion control strategies, an ac-
curate model of the tracked robot is needed. In the literature several
approaches are reported, where the simplest one focuses on kinematics
only, while the most accurate approach for the description of the
dynamics of a tracked robot is based on multibody models. In turn,
multibody models of tracked robots can be mainly classified based on
the adopted multibody environment:

• MSC ADAMS® (Automated Dynamic Analysis of Mechanical Sys-
tems) (Mocera and Nicolini, 2018; Nicolini et al., 2018; Mocera
et al., 2020; Grazioso et al., 2022b, 2023);

• Simulink® (Özdemir, 2016; Özdemir et al., 2016, 2017; Grazioso
et al., 2022a; Miller, 2024);

• object-oriented modelling environments
(Ferretti and Girelli, 1999), and the model developed in this work.

Another important classification of multibody models can be based
on the model of the terrain, either rigid (Özdemir, 2016; Özdemir et al.,
2016, 2017; Mocera and Nicolini, 2018; Grazioso et al., 2022b, 2023;
Miller, 2024) or deformable (Ferretti and Girelli, 1999; Nicolini et al.,
2018; Mocera et al., 2020; Grazioso et al., 2022a).

One of the most accurate multibody model of a tracked vehicle de-
eloped in the MSC ADAMS® environment is the one created by Mocera

and Nicolini (2018). This study concerns the modelling of a small size
arming tracked vehicle with rigid tracks and moving on hard ground,

as a preliminary step for a future Hardware-In-the-Loop simulation of
a full vehicle on a mechatronic real time test bench (Bosso et al., 2013;
Mocera and Soma, 2017). In this study the rigid tracks are modelled as
a series of 40 rigid links connected together with low friction rotational
oints. The model’s behaviour was then compared with the kinematic
ehaviour considering three different scenarios: a forward motion on a
orizontal terrain, a mixed case where the vehicle approached a slope
f 20 degrees after a horizontal start, and a pivot turn, to investigate
he lateral behaviour; no experimental data were collected.

Another study performed in the MSC ADAMS® environment is the
one of Nicolini et al. (2018). This paper is mainly focused on the
modelling of the interaction between the tracks of the farming tracked
ehicle considered in Mocera and Nicolini (2018) and a deformable

soil, also in this case the model was developed for a future design
of control strategies. Simulations considered first a rigid ground and
the same three different scenarios considered in Mocera and Nicolini
(2018), then the case of a deformable terrain was considered, focusing
in particular on the pressure distribution under the tracks, the track
sinkage, the trend of the vertical force acting on different links when
the vehicle approaches an obstacle on sand, and the traction force-slip
curves; also in this case no field experiments were performed.

Another study of Mocera et al. (2020), using the same farming
racked vehicle considered in Mocera and Nicolini (2018) and Nicolini
t al. (2018), investigates the effect of the presence of the grousers on
he traction force-slip curves, assuming a deformable terrain. A track

model without grousers was first considered, taking into account a rigid
round and the same three different scenarios selected in Mocera and
icolini (2018), then a deformable terrain was introduced to study the
ormal pressure distribution, the track sinkage and the traction force-
lip curves. Finally, the complete model of the tracked vehicle with the
rousers moving over a soft sandy terrain and over a compact terrain
as simulated, in this case the sinkage for different grouser heights and

he traction force-slip curves was analysed. As expected, in the case of
2

a soft sandy terrain, the maximum traction force developed by a track
ith grousers was greater than the one developed by smooth tracks,
hile in the case of compact agricultural soil the maximum value of the

raction force was smaller than the value reached with smooth grousers,
his is due to the fact that soil stiffness does not allow the grousers to
ink completely; no experiment was anyway performed.

Other two studies based on the MSC ADAMS® environment are the
nes of Grazioso et al. (2022b, 2023). In this case a multibody model
f an agricultural tracked robot with flexible (rubber) tracks was devel-
ped, modelling each rubber track through the finite volume approach,
y dividing it into 56 discrete segments. In both papers the virtual
ultibody model, once validated, is used to evaluate the performance

f the suspension system. Experimental tests and simulations have been
erformed on hard terrain only.

The Matlab/Simulink® environment was adopted in the works
f Özdemir (2016) and Özdemir et al. (2016, 2017), mainly focused on

the development of a general transient steering model and of a general
ransient contact and slip model for tracked vehicles on flat and hard
round. The modelled vehicle has rigid tracks, and each contact area
f the track links is divided in four cells. The experiments performed
n field tests were a circular steering with a step input, a double lane
hange, and a pivot turn. The comparison between field tests and
imulations for circular steering with step input and double lane change
anoeuvrers showed a very good agreement of the trajectories, while

or pivot turn the error for a complete turn was 9.8%, the yaw rate of
he tested vehicle was slower than the one obtained in simulation.

In the paper of Grazioso et al. (2022a) a multibody model of a
track, still developed in the Matlab/Simscape® environment, is used
to evaluate the pressure distribution upon contact with a deformable
terrain. More precisely, the vehicle considered in this paper consists of
a rear-wheel axle and a wheel/track reconfigurable front axle, which
can adjust the contact area with the ground. The model was mainly
developed to quantify the pressure distribution along the contact area
nd to use this quantification to design the contact area based on the
oil conditions to minimize soil damage, while considering the rolling
esistance and traction performance.

The Matlab/Simscape® environment is also adopted in a very recent
work concerning the multibody modelling of a tracked vehicle (Miller,
2024), where a package containing two multibody models has been
eveloped: a model of an excavator tracks and a model of an articulated

tracked vehicle, in both cases the vehicles are moving on an uneven
rigid soil.

The work of Ferretti and Girelli (1999) is focused on the modelling
f an agricultural tracked vehicle moving on a deformable terrain,
ith the main goals of motion analysis and control system design.

A partial differential equation (PDE) describing the variation of the
hear displacement with respect to longitudinal position on track and
ime is derived, and, under the assumption of linear distribution of the
hear along the length of the track, an ordinary differential equation
ODE) describing the dynamics of a single mean value of the shear dis-
lacement along length of the track were derived. The main feature of
his study is the adoption of a modelling and simulation environment,
OSES, based on object-oriented tools and techniques (Maffezzoni and

Girelli, 1998).
In this work a 3D, multibody dynamic model of an agricultural

robot with flexible tracks is developed in the modelling language Mod-
elica (Mattsson et al., 1998), which is an object-oriented, declarative,
multi-domain modelling language for component-oriented modelling
of complex systems. The Modelica language greatly helps a modular,
causal approach to modelling, which is necessary when discretizing
he system into its components (the assembly is performed by the
oftware).

The developed model, consisting of about 300 000 equations and
variables, considers both soft and hard grounds, and is contained in
an open-source package. In particular, each flexible rubber track belt
was modelled with a finite volumes approach by dividing it into 80
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Fig. 1. AGILEX BUNKER PRO.
Fig. 2. Model top level.
discrete segments,1 each discrete element is in turn divided along the
transversal direction into two parts. Thanks to the modular approach
enabled by the Modelica language, the complete suspension system
as well as the interaction of tracks and grousers with the terrain
(terramechanics) have been described with a high degree of accuracy.

The most popular Modelica-based simulation environments are Dy-
mola (Dempsey, 2006) and OpenModelica (Fritzson et al., 2020), the
last one is open-source while Dymola is commercial. In this work,
the Dymola software was used as, for huge systems of equations, it is
more numerically efficient than OpenModelica (Dahlquist et al., 2013;
Dorado-Rojas et al., 2020), especially during the compilation phase.
Furthermore, Dymola allows parallelization to increase computational
efficiency (Elmqvist et al., 2014).

Today many different models and simulation environments are
available, but only a few of them are suitable to accurately describe
the motion of a tracked vehicle on a realistic agricultural soil, as done
by the one here described. Though in many situations a simplified
simulation of the vehicle, exploiting a skid-steering kinematic model,
is sufficient, there are also important applications where an accurate

1 The subdivision in finite elements of the track belt can be done for an
arbitrary number of elements, and it is not constrained by the number of
grousers.
3

model is needed. Among many, it is important to mention the devel-
opment and validation of state estimators (e.g., slip estimators), the
validation of model-based trajectory tracking controllers (e.g., MPC
controllers or feedback linearizing controllers) especially in the case
of complex scenarios (e.g., driving through sloping or low-friction
terrains), the optimization of the design of the locomotion system and
its validation, and the assessment of the changes to the soil hydraulic
and mechanical properties produced by the tracks.

The aim of this work is thus to propose a modular, efficient, and ac-
curate dynamic model of a tracked vehicle for agricultural applications
that is able to support all these activities.

An extensive campaign of validation experiments has been carried
out, mainly focused on the steering dynamics: on a rigid surface in in-
door experiments, and on a deformable surface in outdoor experiments.
In indoor experiments the actual position of the robot center of mass
and its angular orientation were measured very accurately through a
VICON motion capture system and an Inertial Measurement Unit (IMU),
in outdoor experiments the motion capture system was replaced by a
Real-Time Kinematic (RTK) Global Positioning System (GPS).

The paper is organized as follows. Section 2 first introduces the
hierarchical modular structure of the model, then goes into the details
describing the suspension model and the interaction of the track with
the suspensions on one side, and with ground on the other side.
Section 3 illustrates some validation experiments, both indoor on
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Fig. 3. Track suspension system model.
rigid ground and outdoor on deformable ground. Section 4 draws some
conclusions and foresees some extensions and possible applications.

2. Model of the tracked vehicle

The tracked vehicle considered in this work is the AGILEX BUNKER
PRO (Fig. 1 shows the robot equipped with the animal feeding tool and
with a Light Detection and Ranging (LiDAR) sensor used for navigating
in barns), a heavy-duty robot boasting a high IP67 rating, endowed
with a multi-link advanced suspension system and reinforced shocks
and able to move in difficult environments such as soft terrains, steep
slopes, puddles.

The model has been developed in Dymola (Dempsey, 2006), a
component based modelling and simulation tool based on Model-
ica (Mattsson et al., 1998), an object-oriented, equation based mod-
elling language that enables component and system models to be
defined in a general way without considering the causality required
in a particular simulation problem.

Furthermore, the model was developed in a hierarchical way, and
the top level (Fig. 2) is made by the following (sub)models (objects),
all connected through multibody connectors:

• Chassis: instance of the bodyshape (rigid body) class of the
Modelica Standard Library (MSL);

• Absolute_orientation: model extracting the absolute ori-
entation of the robot;

• IMU: model of the Inertial Measurement Unit;
• trackterrain_grouser_R and
trackterrain_grouser_L: models of the track suspension
system for the right and left track, respectively;
4

• contact_t_R and contact_t_L: models of the track-terrain
interaction;

• Surface: model describing the terrain elevation and defining
the physical proprieties of the terrain;

• world: model defining the absolute reference frame and the
gravity field.

Finally, the two CombiTimeTable blocks on the top are used to
impose on the angular velocities of the right and left sprocket the values
recorded on the real robot during the validation experiments.

Most of the geometric parameters were taken from the CAD model
of the robot, apart form few ones obtained from direct measurements.
The computation of all masses and inertia tensors was performed
considering the total mass of the robot reported in the user manual, the
total mass of the rubber track, the density of wheel material, the density
of the vulcanized rubber of the track, the total number of elements of
the discretized track, and the total number of grousers.

The main sub models will be illustrated in the following subsections.

2.1. Track suspension system model

The components of the model of the track suspension system (mod-
els trackterrain_grouser_R and trackterrain_grouser_L
) are summarized in Fig. 3a, while Fig. 3b shows the relevant Modelica
scheme.

Models numbered from 1 to 8, relevant to sprocket, wheels and
idlers, are instances of the bodyshape class of the MSL multibody
package, as well as the rotational joints connecting them to the chassis,
and the models from 10 to 12, modelling suspension springs. Model 13
describes the chain transmission system between the DC servomotor
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Fig. 4. Track.

and the shaft of the sprocket, while models 16 and 17 describe the
rotational stops that act on the two carts of the road wheels.

The suspension stiffness values were obtained from data-sheets, the
damping coefficients were set as the value of the stiffness divided by
ten, while the un-stretched lengths of the springs were derived by
comparing the real and simulated pose of the robot at rest.

Models 14,2 15, described in the next subsections, define the con-
tact between the rolling bodies (idlers, wheels and sprocket) and the
discretized track model defined by component 9.

It can be pointed out that, since the track has been discretized into
several elements, the multibody connectors connecting models 14, 15
to model 9 are vector connectors, connecting the rolling bodies to all
elements of the track.

2.2. Track model

The track has been modelled with a finite volume approach, where
each volume, depicted in red in Fig. 4 and from now on called element,
represents a section of the track and it is considered as a rigid body.

Each element exchanges a system of forces/torques with the adja-
cent elements and with the ground, sprocket, idler and rollers (blue
arrows in Fig. 4), and has 4 connectors (Fig. 5). Two connectors,
𝑊 , 𝐸, are used to model the exchange of elastic forces along the
track, connector 𝑁 is used to model the exchange of forces with
rolling elements, while connector 𝑆 is used to model the contact
with ground. Model bodyShape accounts for element’s mass proper-
ties, while model bush_element implements the exchange of elas-
tic forces between two elements. Models fixedTranslation2 and
grouser1 are conditional components, thus they are conditionally
instantiated only when a section of the grouser is attached to the
element (there_is_grouser = true).

The frames (𝑂𝐴, 𝐱𝐴, 𝐲𝐴, 𝐳𝐴) and (𝑂𝐵 , 𝐱𝐵 , 𝐲𝐵 , 𝐳𝐵) of connectors 𝐴
and 𝐵 of the bush element have their origin in the middle of the section
of adjacent elements (Fig. 6), each section having a height of ℎ and a
width of 𝑏, while the length is 𝑙.

The balance of forces and torques is defined as:
𝐴𝐟𝐴 + 𝐴𝐀𝐵

𝐵𝐟𝐵 = 𝟎
𝐴𝐭𝐴 + 𝐴𝐀𝐵

𝐵𝐭𝐵 + 𝜹 × 𝐴𝐀𝐵
𝐵𝐟𝐵 = 𝟎 (1)

where 𝐴𝐟𝐴, 𝐴𝐭𝐴 and 𝐵𝐟𝐵 , 𝐵𝐭𝐵 are the forces and torques exerted at
connectors, 𝐴𝐀𝐵 is the rotation matrix from frame 𝐵 to frame 𝐴, and 𝜹
is the deformation vector from frame 𝐴 to frame 𝐵:

𝜹 = 𝐴𝐀𝐵
𝐵𝐩𝐵 − 𝐴𝐩𝐴

𝐴𝐩𝐴 and 𝐵𝐩𝐵 are the vector positions, referred to the frames 𝐴 and
𝐵 respectively, from the origin of the absolute frame to the origins of
frames 𝐴 and 𝐵, respectively. However, the contribution of 𝜹 in (1) is
neglected.

The elastic forces/torques are defined as in (Qin et al., 2014):
𝐴𝐟𝐴 = −diag(𝐾𝑥, 𝐾𝑦, 𝐾𝑧)𝜹 − diag(𝐷𝑥, 𝐷𝑦, 𝐷𝑧)𝜹̇

2 Only one is denoted for the sake of clarity.
5

Fig. 5. Element model.

Fig. 6. Bush element frames.

𝐴𝐭𝐴 = − (

𝐓𝑏(𝜽𝒃)−1
)𝑇 [

diag(𝐾𝛼 , 𝐾𝛽 , 𝐾𝛾 )𝜽𝑏 + diag(𝐷𝛼 , 𝐷𝛽 , 𝐷𝛾 )𝜽̇𝑏
]

where 𝐾𝑖 and 𝐷𝑖 are the stiffness and damping parameters,

𝜽𝑏 =
[

𝛼𝑏 𝛽𝑏 𝛾𝑏
]𝑇

is the vector of the Cardan angles between the frames, and 𝐓𝑏(𝜽𝒃) is
the transformation matrix defined in (2). In particular, the stiffness
parameters can be calculated as:

𝐾𝑥 = 𝐸 𝐴
𝑙

= 𝐸 ℎ𝑏
𝑙

𝐾𝑦 = 𝐾𝑧 =
𝐺 𝐴
𝑙

= 𝐺 ℎ𝑏
𝑙

𝐾𝛼 = 3𝐺 𝑏ℎ3
𝑙

𝐾𝛽 =
𝐸 𝐼𝑦
𝑙

= 𝐸 ℎ𝑏3
12𝑙

𝐾𝛾 =
𝐸 𝐼𝑧
𝑙

= 𝐸 𝑏ℎ3
12𝑙

where 𝐸 is the Young’s modulus, 𝐺 is the shear modulus, 𝐴 is the area
of the element section, 𝐼𝑦 is the moment of inertia around 𝑦 axis, while
𝐼𝑧 is the moment of inertia around 𝐳 axis.

The rotation matrix 𝐴𝐀𝐵 can be expressed as:
𝐴𝐀𝐵 = 𝐑𝑥(𝛼𝑏)𝐑𝑦(𝛽𝑏)𝐑𝑧(𝛾𝑏)

with 𝐑𝑥(𝛼𝑏), 𝐑𝑦(𝛽𝑏), 𝐑𝑧(𝛾𝑏) being the basic rotation matrices along 𝐱,
𝐲, 𝐳 axis. The Cardan angles 𝜽𝑏 can be computed by considering the
relation between the time derivative 𝜽̇𝑏 and the angular velocity 𝐴𝝎𝐴𝐵
of frame 𝐵 with respect to frame 𝐴, referred to frame 𝐴:

𝐴𝝎𝐴𝐵 =
⎡

⎢

⎢

⎣

1 0 sin 𝛽𝑏
0 cos 𝛼𝑏 − sin 𝛼𝑏 cos 𝛽𝑏
0 sin 𝛼𝑏 cos 𝛼𝑏 cos 𝛽𝑏

⎤

⎥

⎥

⎦

𝜽̇𝑏 = 𝐓𝑏(𝜽𝑏)𝜽̇𝑏 (2)
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Fig. 7. Track-sprocket and track-idler contact.
Fig. 8. Position of frame 𝑆.
Fig. 9. Track sub-element.

since det 𝐓𝑏(𝜽𝑏) = cos 𝛽𝑏 and the angles 𝛼𝑏 and 𝛽𝑏 are small, 𝜽̇𝑏 can be
always computed from (2) and the Cardan angles 𝜽𝑏 can be computed
by integration (Boudon et al., 2019):

𝜽̇𝑏 = 𝐓𝑏(𝜽𝑏)−1
(𝐴𝐀𝐵

𝐵𝝎𝐴𝐵
)

where the product 𝐴𝐀𝐵
𝐵𝝎𝐴𝐵 is the angular velocity 𝐴𝝎𝐴𝐵 of frame 𝐵

with respect to frame 𝐴, referred to frame 𝐴, and 𝐵𝝎𝐴𝐵 is the angular
velocity of frame 𝐵 with respect to frame 𝐴, referred to frame 𝐵, that
can be computed from the absolute angular velocities 0𝝎𝐴 and 0𝝎𝐵 of
frames 𝐴 and 𝐵, respectively, in this way:
𝐵𝝎𝐴𝐵 = 𝐵𝐀0

(0𝝎𝐵 − 0𝝎𝐴
)

where 𝐵𝐀 is the rotation matrix from the absolute frame to frame 𝐵.
6

0

Fig. 10. Deformation of the track element and terrain.

2.3. Model of the contact between rolling elements and track

The contact is identified by the relative distance between the origin
of the frame 𝑁 (𝑂𝑁 , 𝐱𝑁 , 𝐲𝑁 , 𝐳𝑁 ) of the connector 𝑁 depicted in Fig. 5
and attached to the element in the center of the upper surface, and the
origin of the frame 𝐴 (𝑂𝐴, 𝐱𝐴, 𝐲𝐴, 𝐳𝐴) of the connector 𝐴, attached to
the rotating element in the center of the rotation axis, referred to frame
𝑁 (Fig. 7a):

𝐝 = 𝑁𝐀0(0𝐩𝐴 − 0𝐩𝑁 )

where 𝑁𝐀0 is the rotation matrix from the absolute frame to frame
𝑁 , while 0𝐩𝐴 and 0𝐩𝑁 are the vector positions from the origin of the
absolute frame to the origins of frames 𝐴 and 𝑁 respectively, both are
referred to the absolute frame. In particular, contact holds when
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Fig. 11. Shear forces.

{

|

|

𝑑𝑥|| = |

|

𝐝 ⋅ 𝑁𝐱𝑁 |

|

≤ 𝑙𝑒∕2
|

|

|

𝑑𝑦
|

|

|

= |

|

𝐝 ⋅ 𝑁𝐲𝑁 |

|

≤ 𝑅

with 𝑙𝑒 being the length of the element and 𝑅 the radius of the rolling
component. However, instead of resorting to conditional models while
avoiding numerical chattering, the contact is modelled by multiplying
the expression of the contact forces (see below) by a smoothing function
𝑠(|
|

𝑑𝑥|| ,
|

|

|

𝑑𝑦
|

|

|

):

𝑠(|
|

𝑑𝑥|| ,
|

|

|

𝑑𝑦
|

|

|

) =
t anh

(

−𝜅(||
|

𝑑𝑦
|

|

|

− 𝑅)
)

+ 1
2

t anh (−𝜅(|
|

𝑑𝑥|| − 𝑙𝑒∕2)
)

+ 1
2

where parameter 𝜅 is selected according to a trade-off between effi-
ciency and accuracy, in this case 𝜅 = 103.

Fig. 7b shows the contact forces and torques acting on the origin
f frame 𝑁 , the forces and torques acting on the origin of frame 𝐴 are
iven by the balances of forces and torques defined by (3) and (4).

The normal force 𝑁 𝐟𝑛 acting on the origin of frame 𝑁 , with reference
to frame 𝑁 , is given by:
𝑁 𝐟𝑛 = −𝑓𝑛𝑁𝐲𝑁

= −𝑠(|
|

𝑑𝑥|| ,
|

|

|

𝑑𝑦
|

|

|

) max
[

0,−
(

𝐾𝑛(𝑑𝑦 − 𝑅) +𝐷𝑛𝑑̇𝑦
)]𝑁𝐲𝑁

In the case of track-idler contact (model contact), the tangential force
𝑁 𝐟𝑡 acting on the origin of frame 𝑁 , with reference to frame 𝑁 , is the
friction force:
𝑁 𝐟𝑡 = 𝜇(|𝑣𝑟|)𝑓𝑛sign(𝑣𝑟)𝑁𝐱𝑁

while, in the case of track-sprocket contact (model
contact_sprocket), the tangential force 𝑁 𝐟𝑡 is given by:
𝑁 𝐟𝑡 = 𝑠(|

|

𝑑𝑥|| ,
|

|

|

𝑑𝑦
|

|

|

)𝐷𝑡𝑣𝑟
𝑁𝐱𝑁

where 𝑣𝑟 is the relative velocity at the contact point along 𝐱𝑁 axis:

𝑣𝑟 = 𝑁𝐱𝑁 ⋅
{𝑁𝐀0

[0𝐯𝐴 − 0𝐀𝑁
(

𝑅𝑁𝐲𝑁
)

× 0𝝎𝐴 − 0𝐯𝑁
]}

0𝐯𝐴, 0𝝎𝐴 and 0𝐯𝑁 are the linear and angular velocities of frame 𝐴,
and the linear velocity of frame 𝑁 , respectively, 0𝐀𝑁 is the rotation
matrix from frame 𝑁 to the absolute frame, 𝑅 is the radius of the
rolling component, 𝐾𝑛 and 𝐷𝑛 are stiffness and damping parame-
ters along the normal direction, 𝐷𝑡 is the damping parameter along
the tangential direction that assumes very high values in order to
model the absence of sliding at the contact point in the case of track-
procket contact, and 𝜇(|𝑣𝑟|) is the function considered for the friction
oefficient (Oestersötebier et al., 2014):

𝜇(|𝑣𝑟|) = 𝛾1
(

t anh(𝛾2|𝑣𝑟|) − t anh(𝛾3|𝑣𝑟|)
)

+ 𝛾4 t anh(𝛾5|𝑣𝑟|) + 𝛾6|𝑣𝑟|

The lateral force 𝑁 𝐟𝑙 acting on the origin of frame 𝑁 , referred to frame
𝑁 , is computed as:
𝑁

| |

| |

( ̇ )𝑁
7

𝐟𝑙 = 𝑠(
|

𝑑𝑥| , |
|

𝑑𝑦|
|

) 𝐾𝑙𝑑𝑧 +𝐷𝑙𝑑𝑧 𝐳𝑁
with 𝑑𝑧 = 𝐝 ⋅ 𝑁𝐳𝑁 , while 𝐾𝑙 and 𝐷𝑙 are stiffness and damping param-
ters. The torques 𝑁 𝐭𝑡, 𝑁 𝐭𝑛 and 𝑁 𝐭𝑙 acting on the origin of frame 𝑁 ,
eferred to frame 𝑁 , are computed as (see Fig. 7):
𝑁 𝐭𝑡 = 𝐶 𝐭𝑡
𝐭𝑛 = 𝐶 𝐭𝑛 + (𝑑𝑥𝑁𝐱𝑁 ) × 𝑁 𝐟𝑙

𝑁 𝐭𝑙 = 𝐶 𝐭𝑡 + (𝑑𝑥𝑁𝐱𝑁 ) × 𝑁 𝐟𝑛

where 𝐶 𝐭𝑡, 𝐶 𝐭𝑛 and 𝐶 𝐭𝑙 are the contact torques acting on the contact
oint 𝐶 (the orientation of the frame centred in 𝐶 coincides with the
rientation of frame 𝑁) (Qin et al., 2014):

⎡

⎢

⎢

⎣

𝐶 𝐭𝑡
𝐶 𝐭𝑛
𝐶 𝐭𝑙

⎤

⎥

⎥

⎦

=
(

𝐓𝑡(𝜽𝑡)−1
)𝑇

⎡

⎢

⎢

⎢

⎢

⎣

𝑠(|
|

𝑑𝑥|| ,
|

|

|

𝑑𝑦
|

|

|

)
(

𝐾𝑥𝛼𝑡 +𝐷𝑥𝛼̇𝑡
)

𝑠(|
|

𝑑𝑥|| ,
|

|

|

𝑑𝑦
|

|

|

)
(

𝐾𝑦𝛽𝑡 +𝐷𝑦𝛽̇𝑡
)

0

⎤

⎥

⎥

⎥

⎥

⎦

the vector 𝜽𝑡 =
[

𝛼𝑡 𝛽𝑡 𝛾𝑡
]𝑇 is the vector of the Cardan angles

defining the orientation of frame 𝐴 with respect to frame 𝑁 , and the
matrix 𝐓𝑡(𝜽𝒕) is the transformation matrix that maps 𝜽̇𝑡 to the angular
velocity 𝑁𝝎𝑁 𝐴 of frame 𝐴 with respect to frame 𝑁 , referred to frame
𝑁 . Since 𝛼𝑡 and 𝛽𝑡 are small angles and det (𝐓𝑡(𝜽𝑡)) = cos 𝛽𝑡, the vector
𝜽̇𝑡 can be always computed from the mapping:

𝑁𝝎𝑁 𝐴 =
⎡

⎢

⎢

⎣

1 0 sin 𝛽𝑡
0 cos 𝛼𝑡 − sin 𝛼𝑡 cos 𝛽𝑡
0 sin 𝛼𝑡 cos 𝛼𝑡 cos 𝛽𝑡

⎤

⎥

⎥

⎦

𝜽̇𝑡 = 𝐓𝑡(𝜽𝑡)𝜽̇𝑡

and the Cardan angles can be computed by integration as in (Boudon
et al., 2019):

𝜽̇𝑡 = 𝐓𝑡(𝜽𝑡)−1
(𝑁𝐀𝐴

𝐴𝝎𝑁 𝐴
)

where the product 𝑁𝐀𝐴
𝐴𝝎𝑁 𝐴 is the angular velocity 𝑁𝝎𝑁 𝐴 of frame 𝐴

ith respect to frame 𝑁 , referred to frame 𝑁 , and 𝐴𝝎𝑁 𝐴 is the angular
elocity of frame 𝐴 with respect to frame 𝑁 , referred to frame 𝐴, that
an be computed from the absolute angular velocities 0𝝎𝑁 and 0𝝎𝐴 of
rames 𝑁 and 𝐴, respectively, in this way:
𝐴𝝎𝑁 𝐴 = 𝐴𝐀0

(0𝝎𝐴 − 0𝝎𝑁
)

where 𝐴𝐀0 is the rotation matrix from the absolute frame to frame 𝐴.
The forces and torques acting on the origin of frame 𝐴, referred to

frame 𝐴, can be computed from the following balance of forces and
torques:

𝐴𝐟𝐴 + 𝐴𝐀𝑁
𝑁 𝐟𝑁 = 𝟎 (3)

𝐭𝐴 + 𝐴𝐀𝑁
[𝐶 𝐭𝑡 − (𝑅𝑁𝐲𝑁 ) × 𝑁 𝐟𝑙 𝐶 𝐭𝑛 (𝑅𝑁𝐲𝑁 ) × 𝑁 𝐟𝑡

]𝑇 = 𝟎 (4)

where 𝑅 is the radius of the rolling component and 𝐴𝐀𝑁 is the rotation
atrix from frame 𝑁 to frame 𝐴, defined as:

𝐴𝐀𝑁 = 𝐑𝑧(𝛾𝑡)𝐑𝑦(𝛽𝑡)𝐑𝑥(𝛼𝑡)

2.4. Track-terrain interaction

The frame (𝑂𝑆 , 𝐱𝑆 , 𝐲𝑆 , 𝐳𝑆 ) of the connector 𝑆 introduced in Fig. 5,
is located as in Fig. 8. The lower surface of the track element (rotated
by 90◦ in Fig. 9) is divided along the 𝐳𝑆 axis in 𝑛 parts, and for
ach area two vectors, 0𝐝𝑖,1 and 0𝐝𝑖,2, are computed, namely the vector
ositions from the origin of the absolute frame to the points 𝑂𝑖,1 and
𝑖,2, respectively, both referred to the absolute frame, with 𝑂𝑖,1 being

he center of the area not occupied by the grouser, and 𝑂𝑖,2 being the
enter of the contact area of the grouser:

𝑆𝐝𝑖,𝑙1 =
⎧

⎪

⎨

⎪

⎩

[

cm1 0 𝑤𝑒
𝑖−0.5
𝑛

]𝑇
if there_is_grouser

[

0.5𝑙𝑒 0 𝑤𝑒
𝑖−0.5
𝑛

]𝑇
otherwise

𝑆𝐝𝑖,𝑙2 =
⎧

⎪

⎨

⎪

[

cm2 −ℎ𝑔 𝑤𝑒
𝑖−0.5
𝑛

]𝑇
if there_is_grouser

[

0 0 0
]𝑇

otherwise

⎩
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0𝐝𝑖,1 = 0𝐝𝑆 ,𝑖 + 0𝐀𝑆

𝑆𝐝𝑖,𝑙1 = 0𝐝𝑆 ,𝑖 + 0𝐝𝑖,𝑙1

0𝐝𝑖,2 =
⎧

⎪

⎨

⎪

⎩

0𝐝𝑆 ,𝑖 + 0𝐀𝑆
𝑆𝐝𝑖,𝑙2 = 0𝐝𝑆 ,𝑖 + 0𝐝𝑖,𝑙2 if there_is_grouser

[

0 0 0
]𝑇

otherwise

where the parameters cm1 and cm2 are the coordinates of the points
𝑂𝑖,1 and 𝑂𝑖,2 in frame 𝑆 along the 𝐱𝑆 axis, the parameter
there_is_grouser is a boolean parameter equal to true if the
track element includes the grouser, false otherwise, 0𝐀𝑆 is the ro-
tation matrix from frame 𝑆 to the absolute frame, 𝑤𝑒 and 𝑙𝑒 are the
width and the length of the track element, and ℎ𝑔 is the height of the
grouser (Fig. 9).

The contact condition for point 𝑂𝑖,𝑘 (𝑘 = 1, 2) is identified by the
sign of the sinkage 𝑠𝑖,𝑘:

𝑠𝑖,𝑘 = 𝑓𝑒
(0𝐝𝑖,𝑘 ⋅ 0𝐱0, 0𝐝𝑖,𝑘 ⋅ 0𝐳0

)

− 0𝐝𝑖,𝑘 ⋅ 0𝐲0 , 𝑘 = 1, 2
where 𝑓𝑒 is a function that returns the elevation of the surface at point
𝑂𝑖,𝑘 (see next subsection).

It is now possible to define the speeds of slip 𝑣𝑥𝑂 𝑖,𝑘 and 𝑣𝑧𝑂 𝑖,𝑘, and
the shear displacements 𝑗𝑥𝑂 𝑖,𝑘 and 𝑗𝑧𝑂 𝑖,𝑘 of points 𝑂𝑖,𝑘, assuming that
both are in contact with ground:

𝑣𝑥𝑂𝑖,𝑘
=

d
(0𝐝𝑖,𝑘

)

d𝑡 ⋅ 0𝐱𝑆 , 𝑘 = 1, 2

𝑣𝑧𝑂𝑖,𝑘
=

d
(0𝐝𝑖,𝑘

)

d𝑡 ⋅ 0𝐳𝑆 , 𝑘 = 1, 2

𝑗𝑥𝑂𝑖,𝑘
= ∫

𝑡

𝑡𝑖,𝑘
𝑣𝑗 𝑥𝑂𝑖,𝑘

(𝜏) d𝜏 , 𝑘 = 1, 2

𝑗𝑧𝑂𝑖,𝑘
= ∫

𝑡

𝑡𝑖,𝑘
𝑣𝑗 𝑧𝑂𝑖,𝑘

(𝜏) d𝜏 , 𝑘 = 1, 2

where 𝑡𝑖,𝑘 is the time instant in which contact is established between
point 𝑂𝑖,𝑘 and ground. To reset the value of the shear displacements
to zero when contact is lost (𝑠𝑖,𝑘 = 0), the Modelica reinit op-
erator could be used. However, since an excessive slowdown of the
simulation was experienced, it was preferred to reset to zero the shear
displacement through a very fast dynamics:
d
(

𝑗𝑥𝑂𝑖,𝑘

)

d𝑡 = −𝜅𝑗𝑗𝑥𝑂𝑖,𝑘
, 𝑘 = 1, 2

d
(

𝑗𝑧𝑂𝑖,𝑘

)

d𝑡 = −𝜅𝑗𝑗𝑧𝑂𝑖,𝑘
, 𝑘 = 1, 2

with 𝜅𝑗 = 1000.
The total sinkage 𝑠𝑖,𝑘 of point 𝑂𝑖,𝑘 is the sum of two terms (Fig. 10):

𝛥𝑧𝑂𝑖,𝑘
, the sinkage of the deformed rubber element, and 𝛥𝑙𝑂𝑖,𝑘

cos (𝜃),
representing the deformation of the rubber element of the track, with
cos (𝜃) being the cosine of the angle between 0𝐲0 and 0𝐲𝑆 :

𝑠𝑖,𝑘 = 𝛥𝑧𝑂𝑖,𝑘
+ 𝛥𝑙𝑂𝑖,𝑘

cos (𝜃)

In turn, both terms 𝛥𝑧𝑂𝑖,𝑘
and 𝛥𝑙𝑂𝑖,𝑘

are related to the pressures 𝑝𝑂𝑖,𝑘
exerted in point 𝑂𝑖,𝑘. 𝛥𝑧𝑂𝑖,𝑘

through the Bekker equation (Bekker,
1969):

𝑝𝑂𝑖,𝑘
=
(

𝑘𝑐
𝑏

+ 𝑘𝜙

)

𝛥𝑧𝑛𝑂𝑖,𝑘
+ 𝑘𝑣𝑡

d
(

𝛥𝑧𝑂𝑖,𝑘

)

d𝑡

while 𝛥𝑙𝑂𝑖,𝑘
by defining a linear elastic behaviour of the rubber, intro-

ducing a compliance 𝑘𝑟 and a damping coefficient 𝑘𝑣𝑟:

𝑝𝑂𝑖,𝑘
= 𝑘𝑟𝛥𝑙𝑂𝑖,𝑘

+ 𝑘𝑣𝑟
d
(

𝛥𝑙𝑂𝑖,𝑘

)

d𝑡
The physical parameters of the terrain are summarized in Table 1,
where the numerical values refer to a dry sandy loam, the terrain
considered for outdoor experiments (Sections 3.2.1 and 3.2.2).

Consider now the computation of the shear forces, starting from
the generally accepted empirical approach proposed in Janosi and
8

Fig. 12. Bulldozing and traction forces.

Fig. 13. Point on face.

Table 1
Parameters defining the physical properties of the terrain.

Parameter Symbol Unit Value

Friction coefficient 𝜇𝑠 – 0.9
Cohesive modulus of soil deformation 𝑘𝑐 N/m𝑛+1 52.53
Frictional modulus of soil deformation 𝑘𝑓 N/m𝑛+2 1127.97
Exponent of soil deformation 𝑛 – 0.9
Damping coefficient of the soil 𝑘𝑣𝑡 Ns/m3 530.1
Soil cohesion 𝑐 Pa 0
Tangent of the friction angle t an(𝜙) – t an(20◦)
Shear deformation parameter 𝐾 m 0.025
Terrain specific weight 𝛾𝑠 N/m3 11

Hanamoto (1961) to relate the total shear stress 𝜏 with the total shear
displacement 𝑗 and the pressure 𝑝 through an exponential function:

𝜏 = 𝜏max (𝑝)
(

1 − 𝑒−|𝑗|∕𝐾
)

(5)

where 𝐾 is the shear deformation modulus, 𝑗 is the total shear displace-
ment, while the maximum shear stress 𝜏max (𝑝) is given by the minimum
between the maximum shear strength 𝜏max,𝑠(𝑝) at which the soil fail and
the maximum shear strength 𝜏 𝑝 between the track element and
max,𝑡𝑠 ( )
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Fig. 14. Robot and VICON motion capture system.
the soil. The value of 𝜏max,𝑠 (𝑝) can be computed by using the Mohr–
Coulomb failure criterion for which 𝜏max,𝑠 (𝑝) depends on the apparent
cohesion of the soil 𝑐, on the pressure 𝑝 and on the angle of internal
shearing resistance of the soil 𝜙 (Wong, 2001):

𝜏max,𝑠 (𝑝) = 𝑐 + 𝑝 t an𝜙
while the value of 𝜏max,𝑡𝑠 (𝑝) can be approximated as a function of the
pressure 𝑝 and of the friction coefficient 𝜇𝑠:

𝜏max,𝑡𝑠 (𝑝) = 𝜇𝑠𝑝

the maximum shear stress 𝜏max (𝑝) defined in (5) is therefore (Harnisch
et al., 2005):

𝜏max (𝑝) = min
(

𝜏max,𝑡𝑠 (𝑝) , 𝜏max,𝑠 (𝑝)
)

= min
(

𝜇𝑠𝑝, 𝑐 + 𝑝 t an𝜙)

The computation of the total shear displacements 𝑗𝑂𝑖,𝑘
(𝑘 = 1,2),

of the shear forces 𝑆𝐓𝑥𝑂𝑖,𝑘
(𝑘 = 1, 2) and 𝑆𝐓𝑧𝑂𝑖,𝑘

(𝑘 = 1, 2), and of the
normal force 𝑆𝐏𝑂𝑖,𝑘

(𝑘 = 1, 2) acting on points 𝑂𝑖,𝑘 (𝑘 = 1, 2) can be now
performed based on Fig. 11 (Wong, 2001):

𝑗𝑂𝑖,𝑘
=

√

𝑗2𝑥𝑂𝑖,𝑘
+ 𝑗2𝑧𝑂𝑖,𝑘

, 𝑘 = 1, 2

sin
(

𝛿𝑖,𝑘
)

=
𝑣𝑗 𝑧𝑂𝑖,𝑘

√

𝑣2𝑗 𝑥𝑂𝑖,𝑘
+ 𝑣2𝑗 𝑧𝑂𝑖,𝑘

, 𝑘 = 1, 2

cos
(

𝛿𝑖,𝑘
)

=
𝑣𝑗 𝑥𝑂𝑖,𝑘

√

𝑣2𝑗 𝑥𝑂𝑖,𝑘
+ 𝑣2𝑗 𝑧𝑂𝑖,𝑘

, 𝑘 = 1, 2

𝜏𝑂𝑖,𝑘
= 𝜏max

(

𝑝𝑂𝑖,𝑘

)

(

1 − 𝑒−
𝑗𝑂𝑖,𝑘
𝐾

)

, 𝑘 = 1, 2

𝜏𝑥𝑂𝑖,𝑘
= 𝜏𝑂𝑖,𝑘

cos
(

𝛿𝑖,𝑘
)

, 𝑘 = 1, 2
𝜏𝑧𝑂𝑖,𝑘

= 𝜏𝑂𝑖,𝑘
sin

(

𝛿𝑖,𝑘
)

, 𝑘 = 1, 2
𝑆𝐓𝑥𝑂𝑖,𝑘

= −𝜏𝑥𝑂𝑖,𝑘
𝐴𝑘

𝑆𝐱𝑆 , 𝑘 = 1, 2
𝑆𝐓𝑧𝑂𝑖,𝑘

= −𝜏𝑧𝑂𝑖,𝑘
𝐴𝑘

𝑆𝐳𝑆 , 𝑘 = 1, 2
𝑆𝐏𝑂𝑖,𝑘

= 𝑝𝑂𝑖,𝑘
𝐴𝑘

𝑆𝐲𝑆 , 𝑘 = 1, 2
where 𝐴𝑘 = 𝐴𝑓 if 𝑘 = 1 (area of the surface not occupied by the grouser)
while 𝐴𝑘 = 𝐴𝑔 if 𝑘 = 2 (area of the grouser).

Refer now to Fig. 12, where a single part for the lower surface of
the track element has been considered for simplicity (𝑛 = 1), for the
computation of the lateral forces due to the bulldozing effect, 𝑆𝐅 ,
9

𝑏𝑒
𝑆𝐅𝑔 𝑒, 𝑆𝐅𝑏𝑏, and 𝑆𝐅𝑔 𝑏, and the traction forces 𝑆𝐅𝑡𝑟,𝑖 and 𝑆𝐅𝑡𝑙 ,𝑖 due to the
grousers.

Defining

𝑁𝜙 = t an
(

𝜋
4
+

𝜙
2

)2

𝐹𝑏𝑖,𝑘 =
⎛

⎜

⎜

⎝

1
2
𝛾𝑠 min

(

𝛥𝑧𝑂𝑖,𝑘

cos (𝜃)
, ℎ𝑒

)2

𝑁𝜙 + 2𝑐min

(

𝛥𝑧𝑂𝑖,𝑘

cos (𝜃)
, ℎ𝑒

)

√

𝑁𝜙

⎞

⎟

⎟

⎠

𝑙𝑒

𝐹𝑔 𝑖,𝑘 =
⎛

⎜

⎜

⎝

1
2
𝛾𝑠 min

(

𝛥𝑧𝑂𝑖,𝑘

cos (𝜃)
, ℎ𝑔

)2

𝑁𝜙 + 2𝑐min

(

𝛥𝑧𝑂𝑖,𝑘

cos (𝜃)
, ℎ𝑔

)

√

𝑁𝜙

⎞

⎟

⎟

⎠

𝑙𝑔

𝐹𝑡,𝑖 =
⎛

⎜

⎜

⎝

1
2
𝛾𝑠 min

(

𝛥𝑧𝑂𝑖,2

cos (𝜃)
, ℎ𝑔

)2

𝑁𝜙 + 𝑝𝑂𝑖,1
min

(

𝛥𝑧𝑂𝑖,2

cos (𝜃)
, ℎ𝑔

)

𝑁𝜙 +

+ 2𝑐min

(

𝛥𝑧𝑂𝑖,2

cos (𝜃)
, ℎ𝑔

)

√

𝑁𝜙

)

𝑤𝑒
𝑛

⎛

⎜

⎜

⎝

1 − 𝑒

|

|

|

|

𝑗𝑥𝑂𝑖,2
|

|

|

|

𝐾

⎞

⎟

⎟

⎠

where 𝛾𝑠 is the specific weight of the terrain, the lateral forces are given
by (Wong, 2001):

𝑆𝐅𝑏𝑒 = −𝐹𝑏𝑛,1

(

sign
(

𝑣𝑗 𝑧𝑂𝑛,1

)

+ 1
)

2
𝑆𝐳𝑆

𝑆𝐅𝑏𝑏 = 𝐹𝑏1,1

(

sign
(

−𝑣𝑗 𝑧𝑂1,1

)

+ 1
)

2
𝑆𝐳𝑆

𝑆𝐅𝑔 𝑒 = −𝐹𝑔 𝑛,2

(

sign
(

𝑣𝑗 𝑧𝑂𝑛,2

)

+ 1
)

2
𝑆𝐳𝑆

𝑆𝐅𝑔 𝑏 = 𝐹𝑔1,2

(

sign
(

−𝑣𝑗 𝑧𝑂1,2

)

+ 1
)

2
𝑆𝐳𝑆

while the traction forces are given by (Nicolini et al., 2018):

𝑆𝐅𝑔 𝑟,𝑖 =
⎧

⎪

⎨

⎪

⎩

−𝐹𝑡,𝑖

(

1+sign
(

𝑣𝑗 𝑥𝑂𝑖,2
))

2
𝑆𝐱𝑆 if fr

𝟎 otherwise

𝑆𝐅𝑔 𝑙 ,𝑖 =
⎧

⎪

⎨

𝐹𝑡,𝑖

(

1+sign
(

−𝑣𝑗 𝑥𝑂𝑖,2
))

2
𝑆𝐱𝑆 if fl
⎪

⎩

𝟎 otherwise
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Fig. 15. Step steering: comparisons between simulations (red line) and experiments (blue line). (a) Trajectories of the center of mass in the horizontal plane (o and 𝑥 denote the
start and end of the trajectories); (b) yaw angle, TIC = 0.004; (c) velocity of the center of mass along the 𝑥 axis, TIC = 0.039; (d) velocity of the center of mass along the 𝑦 axis,
TIC = 0.046; (e) linear velocity, TIC = 0.028; (f) angular velocity, TIC = 0.037.
where fr and fl are boolean parameters that are equal to true
if the ahead and back faces of the grouser are inside the element.

The values of the above forces are set to zero when a rigid terrain is
considered, namely when 𝛥𝑧𝑂𝑖,1

∕cos (𝜃) and 𝛥𝑧𝑂𝑖,2
∕cos (𝜃) are lower or

equal to 1 mm.

The total force 𝑆 𝐟𝑆 and torque 𝑆 𝐭𝑆 acting in the origin of frame 𝑆
(Fig. 8) can be then calculated as follows:

𝑆 𝐟𝑆 =
𝑛
∑

𝑖=1

𝑆𝐏𝑂𝑖,1
+

𝑛
∑

𝑖=1

𝑆𝐏𝑂𝑖,2

+
𝑛
∑

𝑖=1

𝑆𝐓𝑥𝑂𝑖,1
+

𝑛
∑

𝑖=1

𝑆𝐓𝑥𝑂𝑖,2
+

𝑛
∑

𝑖=1

𝑆𝐅𝑔 𝑟,𝑖 +
𝑛
∑

𝑖=1

𝑆𝐅𝑔 𝑙 ,𝑖

+
𝑛
∑

𝑖=1

𝑆𝐓𝑧𝑂𝑖,1
+

𝑛
∑

𝑖=1

𝑆𝐓𝑧𝑂𝑖,2
+ 𝑆𝐅𝑏𝑒 + 𝑆𝐅𝑏𝑏 + 𝑆𝐅𝑔 𝑒 + 𝑆𝐅𝑔 𝑏

𝑆 𝐭𝑆 =
𝑛
∑

𝑆𝐝𝑖,𝑙1 ×
(

𝑆𝐏𝑂𝑖,1
+ 𝑆𝐓𝑥𝑂𝑖,1

+ 𝑆𝐓𝑧𝑂𝑖,1

)
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𝑖=1
+
𝑛
∑

𝑖=1

𝑆𝐝𝑖,𝑙2 ×
(

𝑆𝐏𝑂𝑖,2
+ 𝑆𝐓𝑥𝑂𝑖,2

+ 𝑆𝐓𝑧𝑂𝑖,2

)

+ 𝑆𝐝𝑏𝑒 × 𝑆𝐅𝑏𝑒 + 𝑆𝐝𝑏𝑏 × 𝑆𝐅𝑏𝑏

+ 𝑆𝐝𝑔 𝑒 × 𝑆𝐅𝑔 𝑒 + 𝑆𝐝𝑔 𝑏 × 𝑆𝐅𝑔 𝑏

+
𝑛
∑

𝑖=1

𝑆𝐝𝑔 ,𝑖 ×
(𝑆𝐅𝑔 𝑟,𝑖 + 𝑆𝐅𝑔 𝑙 ,𝑖

)

where 𝑆𝐝𝑏𝑒, 𝑆𝐝𝑏𝑏, 𝑆𝐝𝑔 𝑒, 𝑆𝐝𝑔 𝑏, and 𝑆𝐝𝑔 ,𝑖 are the local vectors position
from the origin of frame 𝑆 to the points of application of the forces
𝑆𝐅𝑏𝑒, 𝑆𝐅𝑏𝑏, 𝑆𝐅𝑔 𝑒, 𝑆𝐅𝑔 𝑏, 𝑆𝐅𝑔 𝑟,𝑖, and 𝑆𝐅𝑔 𝑙 ,𝑖, respectively:

𝑆𝐝𝑏𝑒 =
[

cm1 min
(

𝛥𝑧𝑂𝑛,1
cos(𝜃) , ℎ𝑒

)

0.5 𝑤𝑒

]𝑇

𝑆𝐝𝑏𝑏 =
[

cm1 min
(

𝛥𝑧𝑂1,1
cos(𝜃) , ℎ𝑒

)

0.5 0
]𝑇

𝑆𝐝𝑔 𝑒 =
[

cm2 −
(

ℎ𝑔 − 𝛥𝑙𝑂 − min
(

𝛥𝑧𝑂𝑛,1 , ℎ𝑔 − 𝛥𝑙𝑂

)

0.5
)

𝑤𝑒

]𝑇
𝑛,2 cos(𝜃) 𝑛,2
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Fig. 16. Ramp steering: comparisons between simulations (red line) and experiments (blue line). (a) Trajectories of the center of mass in the horizontal plane (o and 𝑥 denote
the start and end of the trajectories); (b) yaw angle, TIC = 0.005; (c) velocity of the center of mass along the 𝑥 axis, TIC = 0.060; (d) velocity of the center of mass along the 𝑦
axis, TIC = 0.048; (e) linear velocity, TIC = 0.021; (f) angular velocity, TIC = 0.044.
𝑆𝐝𝑔 𝑏 =
[

cm2 −
(

ℎ𝑔 − 𝛥𝑙𝑂1,2
− min

(

𝛥𝑧𝑂1,1
cos(𝜃) , ℎ𝑔 − 𝛥𝑙𝑂1,2

)

0.5
)

0
]𝑇

𝑆𝐝𝑔 ,𝑖 =
[

cm2 −
(

ℎ𝑔 − 𝛥𝑙𝑂𝑖,2
− min

(

𝛥𝑧𝑂𝑖,1
cos(𝜃) , ℎ𝑔 − 𝛥𝑙𝑂𝑖,2

)

0.5
)

𝑤𝑒
𝑖−0.5
𝑛

]𝑇

2.5. Terrain model

The geometrical and physical description of the terrain (model
Surface) has been derived from Andres (2009), here extended to de-
fine the elevation also through analytical functions and to characterize
the terramechanics.

The geometric model of the terrain is defined by meshing a surface
of dimension LengthX×LengthZ into nx×nz faces, in turn, the
elevation 𝑦 of each point 𝑃 inside each face is obtained through a
cubic interpolation, based on four 𝑦 values and eight directional partial
derivatives in the vertices (Fig. 13). The physical parameters of the
terrain (Table 1), are also defined for each face.
11
3. Model validation

The linear velocity 𝑉 and the angular velocity 𝜔 of the robot were
assigned as inputs to the robot motion controller, and the angular
velocities 𝜔𝑅 and 𝜔𝐿 of the right and left sprocket were recorded from
the experiments and assigned as inputs to the simulation model.3

The track was discretized into 80 elements with 2 divisions of the
track shoe, a total number of 278 047 equations was obtained. The
solver CVODE was adopted, with a tolerance of 10−3, while exploiting
sparsity and multi-core processing using 20 cores.

The matching between measured and simulated data was estimated
by calculating the Theil’s Inequality Coefficient (TIC) (Decostere et al.,

3 Inverse dynamics computation can be directly performed in Modelica
environment.
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Fig. 17. Robot and GPS system.
2016) (reported in figure captions):

TIC =

√

∑

𝑖
(

𝑦𝑖 − 𝑦𝑖,𝑚
)2

√

∑

𝑖 𝑦
2
𝑖 +

√

∑

𝑖 𝑦
2
𝑖,𝑚

(6)

where 𝑦𝑖 and 𝑦𝑖,𝑚 represent simulated and measured data points, respec-
tively. A TIC value lower than 0.3 indicates a good agreement between
simulation and measured data.

3.1. Indoor experiments

In indoor experiments the actual position of the robot center of mass
and its angular orientation were recorded through a VICON motion
capture system, consisting of 30 cameras placed on the ceiling in
a rectangular perimeter of dimensions 14.8 × 7.3 m (Fig. 14). The
infrared light emitted by the camera illuminators is reflected back by
five retro-reflective markers placed on the robot, allowing the tracking
of the robot motion at a sampling frequency of 120 frames per second,
with a spatial resolution in the millimetre range.

Moreover, the acceleration and yaw rate measurements were col-
lected through an Inertial Measurement Unit (IMU), also placed on the
robot, with a sampling frequency of 100 Hz, a resolution of 5.5×10−5
deg/s on the yaw angular velocity, and an accuracy of 0.1 deg on the
yaw angle.

A shear deformation modulus 𝐾 = 0.02 mm and a friction coefficient
𝜇𝑠 = 0.7 were assumed to characterize the flat, uniform, linoleum
surface, all other parameters reported in Table 1 are ineffective, since
the soil is rigid.

As it is apparent, a very good agreement between simulations and
experiments has been obtained.
12
3.1.1. Step steering
In a first experiment a step to the angular velocity 𝜔 of amplitude

1 rad/s and a step to the linear velocity 𝑉 of amplitude 0.5 m/s have
been commanded to the robot.

Fig. 15 shows the comparisons between simulations and measure-
ments relevant to the trajectory of the center of mass in the horizontal
plane, the yaw angle, the components of the linear velocity in the hor-
izontal plane, the linear and angular velocity (TIC values are reported
in the caption).

The measured angular velocity is affected by a slight oscillation
(about one degree on the angular position), less evident in the following
figures and in the outdoor experiments, influenced, in addition to the
measurement noise, also by the irregularities of the ground. The causes
of this oscillation are currently under investigation, it is assumed that
they may depend on neglected elastic dynamics of the chassis on which
the IMU is fixed and on a non-perfect positioning of the IMU itself in
correspondence with the center of mass.

3.1.2. Ramp steering
In a second experiment a step to the linear velocity of amplitude

1 m/s has been again applied, while a ramp from 0 to 1 rad/s has been
commanded to the angular velocity, causing a spiral trajectory of the
center of mass of the vehicle. Results are reported in Fig. 16.

3.2. Outdoor experiments

In outdoor experiments the actual position of the robot center of
mass is measured through a RTK GPS device. Two receivers are used in
RTK GPS systems, one of them is stationary and it is called base station
(Fig. 17), the other one is fixed on the robot and it is called rover. By
using a local base station in addition to satellite signals, the system can
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Fig. 18. Pivot turn: comparisons between simulations (red line) and experiments (blue line). (a) Trajectories of the center of mass in the horizontal plane (o and 𝑥 denote the
start and end of the trajectories); (b) yaw angle, TIC = 0.012; (c) velocity of the center of mass along the 𝑥 axis, TIC = 0.756; (d) velocity of the center of mass along the 𝑦 axis,
TIC = 0.740; (e) linear velocity, TIC = 0.424; (f) angular velocity, TIC = 0.037.
correct for errors in the GPS data, by comparing the GPS data received
by the base station and the GPS data received by the rover.

Measurements were collected with a sampling frequency of 5 Hz,
a horizontal resolution of 7 mm + 1 ppm and a vertical resolution
of 14 mm + 1 ppm. Accelerations and yaw rate measurements were
collected with the same IMU used in indoor experiments.

It must be pointed out that after a single turn maneuver of the
vehicle the vegetation present is completely uprooted and the soil is
moved, therefore it can be assumed that the outdoor experiments were
carried out on a sandy loam terrain. The values of the characteristic
parameters are reported in Table 1 (see also Wong, 2001), the physical
properties of the terrain were assumed to be uniform across the entire
surface.

Even in outdoor experiments, a good agreement between simula-
tions and measured data is obtained, in spite of the influence of terrain
irregularities.
13
3.2.1. Pivot turn
In a first experiment a pivot turn is applied to the robot, namely, a

zero linear velocity 𝑉 has been selected, while a step of 1 rad/s has
been commanded to the angular velocity 𝜔. Results are reported in
Fig. 18.

A very good agreement has been obtained with reference to the yaw
angle and the linear and angular velocities. The measured trajectory of
the center of mass exhibits a small drift, limited in the range of 10 cm,
which could be due to uncertainty in the position of the center of mass,
terrain irregularities, and GPS resolution.

Although ideally the center of mass during a pivot turn remains
fixed, the elasticity of the suspension probably causes the slight os-
cillation on the linear velocity components, in this case however the
simulation results seem quite consistent with the measurements.
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Fig. 19. Sinkages of the grouser of the 13th element of the left (a) and right (b) track.

Fig. 20. Step steering: comparisons between simulations (red line) and experiments (blue line). (a) Trajectories of the center of mass in the horizontal plane; (b) yaw angle, TIC
= 0.012; (c) velocity of the center of mass along the 𝑥 axis, TIC = 0.216; (d) velocity of the center of mass along the 𝑦 axis, TIC = 0.212; (e) linear velocity, TIC = 0.068; (f)
angular velocity, TIC = 0.080.
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Fig. 21. Overcoming a step: comparisons between simulations (red line) and experiments (blue line). (a) Screenshot of the 3D animation generated by Dymola; (b) pitch angle
rate, TIC = 0.229; (c) pitch angle, TIC = 0.101; (d) longitudinal acceleration, TIC = 0.374.
Of course, in this case the sinkage of grousers plays on important role,
Fig. 19 shows the sinkages of the grouser of the 13th element of the
right and left track.

3.2.2. Step steering
In a second experiment an angular velocity 𝜔 equal to 1 rad/s and a

linear velocity 𝑉 equal to 0.5 m/s were considered. Results are reported
in Fig. 20.

3.3. Overcoming a step

In a last experiment the robot is commanded to move over a step of
height 0.153 m with a linear velocity 𝑉 = 0.5 m∕s on a concrete (rigid)
surface, characterized by a shear deformation modulus 𝐾 = 0.02 mm
and a friction coefficient 𝜇𝑠 = 0.9.

In this case only IMU measurements have been considered.
Fig. 21.a shows a screenshot of the 3D animation generated by

Dymola, Fig. 21.b shows the comparison between the measured and
simulated pitch angle rate, while Fig. 21.c and d are relevant to
the pitch angle and the longitudinal acceleration (all quantities are
expressed in the IMU reference frame). Again, a good agreement is
obtained.

4. Conclusion

This paper describes in detail the dynamic model of a tracked
vehicle for agricultural applications.

This model, consisting of about 300,000 equations, is characterized
by a high accuracy, both in the description of the mechanical structure,
in particular of the suspensions, and, especially, in the description of
the interaction with ground, which can be assumed to be either rigid or
15
deformable. This accuracy was achieved thanks to the adoption of the
object-oriented modelling language Modelica, which allowed a modular
and hierarchical approach, distributing the complexity of the modelling
on the individual components and leaving the interpreter, Dymola,
the task of assembling the overall model. The result is a package that
can also be processed by the open source interpreter OpenModelica,
although for efficiency reasons in this article the commercial interpreter
Dymola has been adopted.

Furthermore, the proposed model has been extensively experimen-
tally validated, both in indoor (rigid terrain) and outdoor (deformable
terrain) conditions, using a VICON motion capture system, consisting
of 30 cameras and an IMU, in the indoor experiments, while a RTK GPS
system was used in the outdoor experiments.

Besides its accuracy in reproducing vehicle dynamics and soil inter-
action, one of the most important strength of the proposed approach
is that Modelica models can be exported, in the form of a Functional
Mockup Unit (FMU) (Junghanns et al., 2021) to many different lan-
guages, e.g., Python, C++, and ROS (Macenski et al., 2022), to support
different tasks, including simulation and optimization, or as a tool to
develop Machine and Deep Learning applications.

For all the aforementioned reasons, the proposed model represents
an important tool for the design and validation of motion planning and
control strategies, and it is currently used for the design of slip estima-
tion algorithms and of feedback linearizing controllers. Furthermore,
the intrinsic modularity of object-oriented modelling languages allows
the adoption of this model also as a tool for the optimization of the
locomotion system of a tracked vehicle, or to assess the change to soil
mechanical and hydraulic properties produced by different tracks in
different soil conditions.

Finally, the main limitation of the approach is related to the com-
putational complexity of the proposed model, that makes simulations a
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Fig. A.22. Geometric parameters.
computationally intensive task. Further developments will include the
use of the model to train a Physics-Informed Neural Network, that will
allow to reduce the simulation time.
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Appendix. Vehicle parameters

See Fig. A.22 and Table A.2.

Data availability

Models and validation data are available online at https://github.
com/ROSETEA-lab/modelica_agilexbunker, a Modelica package has
been created, containing the models of the validation experiments.
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Table A.2
Vehicle parameters.

Parameter Value Unit

Number of wheels 8 –
Mass 180 kg
L 1064 mm
B 574 mm
H 473 mm
W 150 mm
Number of grousers 38 –
Stiffness of suspensions 131.39 N/mm
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