
 
 

   

General Rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners 
and it is a condition of accessing publications that users recognize and abide by the legal requirements associated with these rights. 

 • Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 
 • You may not further distribute the material or use it for any profit-making activity or commercial gain  
• You may freely distribute the URL identifying the publication in the public portal 

If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately and 
investigate your claim. 
 
If the document is published under a Creative Commons license, this applies instead of the general rights. 

This coversheet template is made available by AU Library 
Version 2.0, December 2017 

 

Coversheet 
 
This is the accepted manuscript (post-print version) of the article. 
Contentwise, the accepted manuscript version is identical to the final published version, but there 
may be differences in typography and layout.  
 
How to cite this publication 
Please cite the final published version: 
 
Foldager F.F., Thule C., Balling O., Larsen P. (2021) Towards a Digital Twin - Modelling an 
Agricultural Vehicle. In: Margaria T., Steffen B. (eds) Leveraging Applications of Formal Methods, 
Verification and Validation: Tools and Trends. ISoLA 2020. Lecture Notes in Computer Science, vol 
12479. Springer, Cham. https://doi.org/10.1007/978-3-030-83723-5_8 

Publication metadata 
 
Title: Towards a Digital Twin - Modelling an Agricultural Vehicle 
Author(s): F.F. Foldager, C. Thule, O. Balling, P. Larsen 
Journal: Leveraging Applications of Formal Methods, Verification and Validation: 

Tools and Trends. ISoLA 2020. Lecture Notes in Computer Science, vol 
12479 

DOI/Link: https://doi.org/10.1007/978-3-030-83723-5_8 
Document version: 
 

Accepted manuscript (post-print) 
 

 
Users may view, print, copy, download and text and data-mine the content, for the 
purposes of academic research, subject always to the full conditions of use. Any further 
use is subject to permission from Springer Nature.  



Towards a Digital Twin - Modelling an
Agricultural Vehicle

Frederik F. Foldager1,3 (�), Casper Thule2, Ole Balling1, and Peter Gorm
Larsen2

1 Department of Mechanical and Production Engineering, Aarhus University, Inge
Lehmanns Gade 10, 8000 Aarhus C, Denmark

{ffo,oba}@mpe.au.dk
2 DIGIT, Department of Electrical and Computer Engineering, Aarhus University,

Finlandsgade 22 8200 Aarhus N, Denmark
{casper.thule,pgl}@ece.au.dk

3 Agro Intelligence ApS, Agro Food Park 13, 8200 Aarhus N, Denmark

Abstract. In this work, we present the initial steps in the develop-
ment of a digital twin of the agricultural autonomous vehicle, Robotti.
A model of the vehicle dynamics is initially developed in the open-source
multi-physics code, Chrono, and then wrapped as a Functional Mock-up
Unit. We provide an overview of the envisioned digital twin system and
a description of currently implemented features. The dynamic system of
the vehicle chassis is characterised by the implementation of a revolute
joint that ensures wheel–surface contact in uneven terrain. The vehicle
dynamics model is applied for testing two scenarios describing the loads
on the vehicle as a consequence of this mechanism. Finally, we give point-
ers to future work on modelling the Robotti and the establishment of a
digital twin.

Keywords: Modelling and Simulation · Vehicle Dynamics · Chrono
· Functional Mock-up Interface · Digital Twin · Agricultural robot ·
Robotti

1 Introduction

Model-based approaches are commonly applied to simulate and understand the
behaviour of physical or cyber-physical systems in various fields of engineering.
In this work, we describe the initial steps towards establishing a digital twin of
the autonomous agricultural vehicle, Robotti (Agrointelli, Denmark).

Within the last decade, various autonomous farming robots have emerged
[12], including the Robotti. It is designed for applications such as seeding, weed-
ing and spraying. The robotic system consists of a number of main components
including: navigation, steering control, safety systems, and a modular mechani-
cal system that can be configured with different track widths and different tools
can be mounted. A photo of the vehicle is shown in Figure 1. When operating
in field conditions, the effects of terrain needs to be considered. To comply with
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uneven terrain, the chassis of the vehicle is designed such that the two main-
modules can move independently. The left module is connected to the mainframe
with a revolute joint whereas the right module and the mainframe has a fixed
connection.

To obtain a digital representation of the vehicle, models of the sub-components
such as the mechanical and the control systems are required. Co-simulation [11]
allow for combining models of such components in simulation. Previously, co-
simulations have been conducted of a simple two-dimensional version of the
Robotti [9] and the steering controller [10] using the Functional Mock-up Inter-
face 2.0 (FMI) [2] and the co-simulation engine, Maestro [23]. In this work, a
three-dimensional model of the dynamics is developed and FMI-enabled by gen-
erating a Functional Mock-up Unit (FMU) of the model. The FMU will serve as
one of the components leading towards a digital twin [7]. The dynamic system
is modelled using the open-source multi-physics code Chrono4 [21]. It is a ma-
ture tool for simulating dynamic systems and a suitable choice for modelling the
mechanical framework of the vehicle. Chrono has support for simulating various
advanced features such as soft-soil surface interaction. Such capability is par-
ticularly relevant in the future work of modelling the Robotti operating in field
conditions. Additional applications of Chrono [21] count granular dynamics [16],
solid–fluid interaction [15] and others. A part of this work is to produce an FMU
of such model developed using Chrono.

We demonstrate a single component of the digital twin, a Chrono-based
multibody dynamics and the corresponding FMU. Using the model of the me-
chanical system of the vehicle in three dimensions, the static and dynamic loads
as a consequence of driving across an uneven surface can be computed.

Our objectives are:

(i) To develop a model in Chrono of the agricultural vehicle, Robotti and pro-
duce an FMU of the model.

(ii) To take the initial steps towards a digital twin system with FMI as the
simulation interface.

The rest of this paper is structured such that Section 2 introduces the materials
and methods used in the research presented here. Afterwards, Section 3 presents
the results produced so far from our research. Finally, Section 4 discusses the
results achieved and look ahead for the future work planned.

2 Materials and Methods

In the following section, the fundamentals of the Chrono-based Robotti model
and its relation to a digital twin tool-chain and case study is described. Simula-
tions using FMI will become a central part of the future work on establishing a
digital twin setup of the Robotti.

4 https://projectchrono.org/

https://projectchrono.org/
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Fig. 1. Robotti performing a seeding operation. Photo credit: Agrointelli.

2.1 Functional Mockup Interface

The FMI 2.0 standard [2]1, describes how to represent a component, such that
it can participate in an FMI-based simulation. The FMI standard contains both
FMI for Model Exchange and Co-Simulation, where the contributions of this
manuscript are restricted to the latter. A component adhering to the FMI stan-
dard is referred to as an FMU and is treated as a ‘black box’ in the context of
a simulation, thereby supporting the separation of Intellectual Property (IP).
In practical terms, an FMU implements a C-interface, offers a static description
file of its interface in terms of inputs, outputs and parameters along with offered
functionality, i.e. the possibility of setting and getting state and is packaged in
a particular fashion. This enables a FMI master to set inputs, compute over
simulation intervals, and get outputs from FMUs that may represent different
formalisms, i.e. discrete-event or continuous-time systems. The coordination of
multiple FMUs is done through an orchestration engine [23], which acts as an
FMI master. Such FMI masters have not been standardised, and offer challenges
in both research and practice [18]. However, there is a long list of modelling
and simulation tools that are able to export their functionality as independent
FMUs2. It is even possible to enable easy-to-produce FMUs from popular pro-
gramming languages such as Python as presented in [14].

2.2 Digital Twin Tool-chain

We envision an open platform for creating digital twins that integrate multi-
models (digital system configurations) with data derived from CPS operations.
The platform should also include inductive models learned from such operational
data. The goal of our current work is to create and evaluate such a digital twin,
using platforms that admit, as far as possible, open integration of a wide range
of tools. FMI plays a central role as interfacing technology in the realisation of
such a tool-chain, which is revisited in Section 4.

1 http://fmi-standard.org/.
2 https://fmi-standard.org/tools/.

http://fmi-standard.org/
https://fmi-standard.org/tools/
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Fig. 2. Functionality of a digital twin (from [7])

Figure 2 shows the main features of a digital twin of the kind we envisage.
In operation, the CPS will be interacting with the physical world and human
users, generating additional data related to system commissioning, configuration
or tuning from the administrator side. The twin receives data from the real
CPS, and multi-models developed within design activities. It supports decision-
making, either by having an autonomous supervisory system that automatically
take action in case of irregularities, or having a human operator taking decisions.
This may result in updates to both the operational CPS and consistent updates
to multi-models. Within the digital twin, the following levels of functionality are
delivered:

– Multi-model and Data Storage include the basic handling of multi-
models covering the architecture and interaction between the operational
CPS and the digital twin, recording and maintaining time series data ac-
quired from sensors, correlating it to existing multi-models. The operational
data may for example be transferred to the digital twin using a message
broker as presented in [22].

– Model and Data Processing turns data into information. It includes
static and dynamic analysis on multi-models, via a range of tools, including
co-simulation and model checking. Data Analytics includes the analysis of
time-series data and in particular the use of Machine Learning (ML) tech-
niques to derive models based on the CPS ‘as built’, as well as incident
prediction. Specific ML techniques can be selected depending on the appli-
cation and data characteristics.

– Decision Enabling presents information to decision-makers based on the
model and data processing analyses done on operational data and multi-
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models. This will include decision support through possibilities to carry out
trials, visualisation and Design Space Exploration (DSE).

– The API enables interaction between the digital twin and externals, includ-
ing (potentially) other digital twins.

The tooling to support the different levels outlined above are in development.
Figure 3 gives an impression of the current state and is as follows: The hardware
and logging of time-series data to a database (DB) are in development for a scaled
replica of the realised Robotti (expanded upon in Section 4. The realised Robotti
contains these features). Data via RabbitMQ is an off-the-shelf component5. An
FMU capable of subscribing to such a message broker and making data available
in an FMI-based co-simulation has been developed [22]6. The FMI interface of
the Robotti model has been developed as part of the work carried out in the con-
text of this manuscript7. A controller FMU has been developed for other models
of Robotti and is expected to be applicable to this case with minor modifications
[3]. The Monitor FMU capability and methodology are under development as
part of a project called AgroRobottiFleet8. FMI-based co-simulation is expected
to be carried out with the open-source orchestration engine called Maestro [23].
Finally, an example of an open-source Digital Twin Master to connect the above-
mentioned constituents of a digital twin is under development9.

Fig. 3. Digital Twin functionality realised (checkmark) and in development (question-
mark)

5 Available at https://www.rabbitmq.com/, visited December 14, 2020.
6 Available at https://github.com/INTO-CPS-Association/fmu-rabbitmq, visited

December 14, 2020
7 Available at https://gitlab.au.dk/software-engineering/chronofmu_isola

along with a demonstration, visited January 7, 2021
8 See https://projects.au.dk/agrorobottifleet/, visited December 14, 2020
9 One such tool is being developed at the Centre for Digital Twins of Aarhus Uni-

versity: https://digit.au.dk/centre-for-digital-twins/, visited December 14,
2020

https://www.rabbitmq.com/
https://github.com/INTO-CPS-Association/fmu-rabbitmq
https://gitlab.au.dk/software-engineering/chronofmu_isola
https://projects.au.dk/agrorobottifleet/
https://digit.au.dk/centre-for-digital-twins/
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2.3 The Robotti model

The Robotti is compatible with existing and third-party tools through a stan-
dard three-point linkage positioned on the centre frame. Two modules carry
the propulsion engines and additional hardware. The Robotti can be configured
with different track widths up to 3.5 m. The configurations of different tools and
widths add up to a number of scenarios that affect the dynamic and static loads
on the vehicle which are important both in the design and during operation.
Two scenarios are presented. Using a three-dimensional multi-body dynamics
model of the vehicle, the forces in the system can be computed. The model is
developed using Chrono [4].

The model consists of 13 bodies and 12 constraints including four driving con-
straints. A sketch of the model abstraction is shown in Figure 4. The bodies are:
four wheels (a-d), four wheel fixtures (e-h), a centre frame (i), two main modules
(j-k), a three-point linkage (l) and a payload (m). Four kinematic drivers are ap-
plied as motors positioned at the wheels for imposing kinematic propulsion. Two
drivers are implemented for steering the front wheels. The model is constrained
such that only the revolute joint (Joint A in Figure 4) is free to move. Masses
and inertia are estimated based on a 3D CAD representation of the individual
bodies. The static wheel loads of the unloaded machine are verified by weighing
the actual vehicle. The simulations are conducted using undeformable solid sur-
face and tyres. An FMU is generated of the model with an interface as shown
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Fig. 4. Illustration of the Robotti model, bodies and joints. T is track width, L is the
wheelbase and P is payload. Green arrows indicate hydraulic motors for propulsion.
Dots (•) indicate fixed joints and circles (◦) indicate revolute joints.

in Figure 5. The inputs to the model configuration are the track width of the
Robotti, payload of the tool and steering properties. The outputs are time series
of wheel normal loads, the joint forces, positions and orientation. All constraint
forces, constraint torques and contact forces are available in the model. The me-
chanical configuration affects the dynamic and static loads on the vehicle which
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Width (m)
Tool payload (kg)

Wheel Speed (rad/s)
Steering input

Robotti model

Chrono

Wheel normal loads (N)
Joint forces/torques (N,Nm)
Positions: x,y,z (m)
Orientation: pitch, roll and yaw (rad)

Fig. 5. Model interface.

are examined in two scenarios. A test-track is included in the model for induc-
ing roll motion and hereby relative motion in the revolute joint. The track is
designed to induce both positive and negative roll of the vehicle. A visualisation
of the simulated vehicle on the track is shown in Figure 6. To compensate for
lateral motion, a simple controller is implemented to maintain the orientation of
the vehicle.

A: Initial position
B: Positive roll

C: Negative roll

Fig. 6. Visualisation of the simulated Robotti driving from (A) to (C) across the test
track. (A) is the initial position. Position (B) corresponds to the maximum negative roll.
Position (C) corresponds to maximum positive roll motion. The green box illustrate
the payload.

3 Results

The kinematic and dynamic effects of the terrain-following mechanism are exam-
ined in two scenarios. Initially, we describe the effects of configuring the Robotti
with different track widths. Secondly the effects of loading and unloading are
described.
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3.1 Scenario 1: Changing track width

The first scenario examine how the pitch, roll, and yaw motion of the vehi-
cle are affected when changing track width T of the Robotti. By changing the
width, the mass and inertia of the body describing the centre frame are adjusted
accordingly.

Two simulations are conducted to investigate the kinematic response to
changing the track width of the vehicle using the minimum and maximum pos-
sible track widths, 1.25 m and 3.5 m respectively. The pitch, roll and yaw are
computed during the simulation at the three-point linkage as the result of pass-
ing across the track as shown in Figure 6. The vehicle initiate at point A and
passes through points B and C.

By reducing the width of the vehicle, the roll angle increased consequently as
shown in Figure 7. Similar results could have been obtained by simple kinematics.
However, using the dynamics model we can examine the response of complex
topographical surfaces as a function of time. Additionally, it is observed that
the pitch of the three-point linkage is only introduced in the case of negative roll
for both the wide and narrow configuration. This is an effect of the rotational
joint on the centre frame.

Fig. 7. Pitch, roll and yaw characteristics at the minimum and maximum track width
T .

The pitch angle is relevant to compute since this affects the distance between
the tool and the surface for lift mounted applications. Such kinematic consider-
ations become increasingly important in applications of precision agriculture.
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3.2 Scenario 2: Loading the three-point linkage

In the second scenario, a static load, P , is introduced in the model correspond-
ingly to the load of a carried tool e.g. a sprayer. In this example, the load is
applied at a distance px = 1 m from the centre frame.

The revolute joint at the centre frame changes the normal loads on the wheels
when loaded. The load shift is caused by the moment generated by the payload
which can only be obtained through the fixed connection between the centre
frame and the right module. Contrary to the fixed connection, the revolute joint
can only obtain forces in x and z directions and no moment. The normal loads
on the wheels are coupled to the ability to generate the lateral and longitudinal
forces on the wheel-surface interface needed to manoeuvre the vehicle in both
on-road and off-road applications.

A simulation of the Robotti in a static scenario is conducted. The vehicle is
positioned stationary on a horizontal surface and at steady state, the contact
forces on the wheels are monitored and interpreted as the static normal loads.
To evaluate the influence of the revolute joint on the centre-frame, the vertical
point load P is increased. We normalised the normal loads N by the mean wheel
normal load at P = 0 kg using eq. (1). In Figure 8, the normalised loads n on
each wheel k are shown as a function of increasing P .

nk(P ) =
Nk(P )∑4

k=1 (Nk(P = 0))/4
(1)

The subscript k represent each wheel: front left wheel, front right wheel, rear
left wheel, and rear right wheel. N is the simulated normal load at each wheel
and n is the normalised value.

Fig. 8. Normalized wheel loads at px = 1 m from the centre frame.
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By loading the vehicle at the three-point linkage changes the load distribu-
tion. The load shifts from the right front wheel to the right rear wheel and will
consequently increase with the weight of the tool. However, in an unloaded situ-
ation (P = 0), the normal loads are close to evenly distributed. The wheel loads
are important to the steering and driving performance of the vehicle. The model
can be applied to investigate how a given tool or payload at a given track width
configuration will affect the loads and the overall performance of the vehicle.

In a moving scenario, e.g. driving across an uneven field or in this case the
test track, the contact forces on each body and the constraint forces/torques in
each link are computed. By simulating the dynamic system, such values become
available as a consequence of the dynamic loads from both the applied tool and
the configuration of the machine.

4 Discussion and Future Work

Using the dynamics model of the Robotti, the static effects of loading the vehicle
is computed. A load shift from the front right wheel to the rear right wheel is
identified. However, by recognising this effect it can be compensated for in the
design and operation. Similarly, a load shift would also appear on a conventional
tractor by vertically loading the three-point hitch behind the rear wheels. The
distribution of normal load and stress is not only a relevant topic in understand-
ing the mobility of a vehicle but also important to the soil function and for
minimising the risk of compaction [6].

The pitch, roll and yaw-response corresponding to driving across a test track
are computed. Such considerations become important in applications where the
distance to the ground is of importance since a pitch of the three point link
will impact the distance and angle to the ground of a given tool. Such applica-
tions include camera-based detection of plants [19] or LiDAR-based soil surface
detection [8]. Using co-simulation of FMUs that describe such tools or sensors
combined with the Robotti FMU could elaborate on effects of the interaction
between the tool and the robot.

An FMU is generated of the dynamics model to be compatible with the digital
twin tool chain. However, Chrono has already interfaces to MATLAB, Simulink
(MathWorks, Massachusetts, USA) and a Python-based module PyChrono [1]
that alternatively could have been applied for the integration with the digital
twin tool chain. FMI-enabling Chrono models allow for taking advantage of
both the 3D dynamics capabilities in Chrono and the co-simulation capabilities
through FMI-related tools. By wrapping the model in an FMU, we can co-
simulate our physics-based models with e.g. controllers developed in dedicated
tools such as 20sim (Controllab Products, The Netherlands) or in the VDM-RT
notation [24].

There are several future activities related to modelling the Robotti. Espe-
cially the machine–soil interaction and modelling the control system for future
fleet operations are relevant. Using the model, alternative solutions to the surface
contact mechanisms or suspension systems can be examined. Furthermore, the
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results presented here are purely based on simulations. Experimental calibration
and validation are needed in future studies. Calibration and validation of the
model can be conducted using different methods depending on the scope.

To evaluate the driving performance, a model of the propulsion system needs
to be calibrated via dedicated tests to relate driving torque wheel speed and
hydraulic pressure in the system. Also the steering controller can be calibrated
by performing a series of tests to match the measured and modelled response
[3].

4.1 Soil–machine interaction

In the current model of the Robotti, the tyres and the surface are rigid. However,
a future task involves modelling the performance in soft soil conditions. Chrono
already has support for simulating soft soil using the Soil Contact Model (SCM)
[20]. The SCM is semi-empirical and based on inputs that relates the contact
patch pressure and deformation of the soil. The SCM origins in the classical
terramechanics by [25] and [13].

A so-called drawbar pull test can be conducted to quantify the performance
in off road conditions by measuring corresponding values of pulling force, wheel
torques and slip. Such considerations are often applied to research the mobility
of off-road applications. Another relevant method for including soft soil is the use
of the discrete element method (DEM) [5] where the soil is composed of distinct,
often spherical, bodies that interact via friction and adhesion. The DEM is an
appealing approach in agricultural research since it allows for simulating soil dis-
turbance and reaction forces [17]. However, the results obtained using the DEM
comes with a high computational cost. We intend to apply these capabilities
within agricultural research to better understand the soil–machine interaction
and predict the performance of the Robotti under different soil conditions.

4.2 Co-Simulation and Digital Twins

The FMI is the main simulation interface of the envisioned co-simulation and
digital-twin system. Thus, several tools have been / are being developed with
FMI as an underlying technology, some of which are mentioned next.
So far, we have carried out initial tests in which we have aligned a physical twin
with co-simulation inside a digital twin where the live data is streamed from
the physical twin. For the streaming technologies, we wish to use a number of
different alternatives. Currently, we have FMI-enabled a message queuing tech-
nology using the open-source message broker software RabbitMQ [22]. Addition-
ally, research is ongoing into self-adaptive systems, also related to the Robotti,
where [14] considers a self-adapting tracking model to match the trajectory of
a 2D reference model (mentioned in Section 1). The self-adaption was carried
out when the discrepancy between the models has reached a certain point, at
which a re-calibration of the tracking model is issued. This research also uses
FMI as the simulation interface. An ongoing research topic surrounds how to
best approximate a global state at a specific point in time as sensor data arrives
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Fig. 9. Photo of the Desktop-Robotti. Dimensions: 0.7 m × 0.4 m × 0.2 m (w×l×h).
(Photo: Søren Bak, Agrointelli)

at different points in time. The use of Kalman filtering in conjunction with the
tracking model mentioned above if currently under analysis.

We also expect that it will be necessary to have an additional layer to the
INTO-CPS Application, which acts as a user interface to our co-simulation ef-
forts, such that it enables users of the digital twin to define precisely what
discrepancies can be tolerated between the values measured from the physical
twin and the corresponding predictions made by the co-simulation inside the
digital twin before raising the issue to a higher-level or a human [26].

4.3 Desktop-version of Robotti

The next phase of agricultural robotics contains fleets of robots and control that
can handle multiple cooperating units in a single field. Future research related to
this topic will be conducted through a project called AgroRobottiFleet. In order
to research and develop both digital twin systems and the fleet control manage-
ment system, a light-weight scaled version of the Robotti called Desktop-Robotti
is developed to accommodate indoor tests. The dynamics model presented here
is parameterised such that a corresponding model of the Desktop-Robotti can be
configured. A photo of the Desktop-Robotti is shown in Figure 9. It is equipped
with sensors and actuators such that it can function as the physical version of
the Robotti in related digital twin case studies. Furthermore, an indoor posi-
tioning system capable of detecting the position of the Desktop-Robotti is in
development. Two contemplated case studies are a part of the future work on
the Desktop-Robotti:

1. The Desktop-Robotti manoeuvres around an untested, yet predefined path.
The steering-controller does not perform satisfactorily for the task. To iden-
tify the updates needed to make the Desktop-Robotti capable of manoeu-
vring around the path, the digital representation within the digital twin is
aligned to exhibit the same behaviour as the physical twin. At this stage,
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the steering-controller within the digital twin is updated to accommodate
the desired trajectory. Once this is achieved, the steering-controller of the
Desktop-Robotti is updated similarly, and the motion of the physical twin
is verified.

2. The Desktop-Robotti manoeuvres around a predefined path, yet a monitor
detects discrepancies between the behaviour of the Desktop-Robotti and the
Robotti within the digital twin. In an attempt to identify the cause of the dis-
crepancy, the digital twin is subjected to a number of co-simulation scenarios.
One of these scenarios match the trajectory of the physical Desktop-Robotti
and a possible cause is identified.

4.4 Concluding remarks

In this work, the current state of model-developments concerning the agricultural
vehicle Robotti is presented. A model of the 3D dynamics is constructed in
Chrono and enabled in the context of FMI 2.0 for co-simulation. Based on the
simulation results, we were able to (i) compute the normal loads as a consequence
of loading the vehicle, and (ii) compute the resulting pitch, roll, and yaw response
as a consequence of driving across a virtual test track designed to induce motion
in the revolute joint. We presented two digital twin-related case studies that
employ the Robotti model and a related physical realisation called Desktop-
Robotti along with an overview of the current status of the digital twin support.
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