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ABSTRACT

The usage of Unmanned Ground Vehicles (UGVs) in defence application is increasing, and much research effort is
put into the field. Also, many defence vehicle producers are developing UGV platforms. However, the autonomy
functionality of these systems are still in need of improvement. At the Norwegian Defence Research Establishment
a project for developing an autonomous UGV was started in 2019 and use a Milrem THeMIS 4.5 from Milrem
Robotics as the base platform for achieving this.
In this paper we will describe the modifications made to the vehicle to make it ready for autonomous operations. We have added three cameras and a Lidar as vision sensors, for navigation we have added a GNSS,
IMU and velocity radar, and all sensors get a common time stamp from a time server. All the sensors have
been mounted on a common aluminium profile, which is mounted in the front of the vehicle. The vision and
navigation sensors have been mounted on the common aluminium profile to ensure that the direction the vision
sensors observe is known with as little uncertainty as possible.
In addition to the hardware modification, a control software framework has been developed on top of Milrem’s
controller. The vehicle is interfaced using ROS2, and is controlled by sending velocity commands for each belt.
We have developed a hardware abstraction module that interfaces the vehicle and adds some additional safety
features, a trajectory tracking module and a ROS simulation framework. The control framework has been field
tested and results will be shown in the paper.
Keywords: Unmanned Ground Vehicles, path following, autonomous vehicles, mobile robots, autonomous
unicycle

1. INTRODUCTION
The usage of Unmanned Ground Vehicles (UGVs) in defence application is increasing, much research effort is
put into the field, and many defence vehicle producers are developing UGV platforms. However, the autonomy
functionality of these systems are still in need of improvement. At the Norwegian Defence Research Establishment
(FFI) a project for developing an autonomous UGV was started in 2019, and use a Milrem THeMIS 4.5, produced
by Milrem Robotics, as the base platform for achieving this.
Off-road and military ground robotics is an active research topic among several military and academic institutions. The Defense Advanced Research Projects Agency (DARPA) Grand Challenge of 20041 and 20052 were
two major events in pushing research into outdoor robotics. In the first Grand Challenge the goal was to develop
a mobile robot that could autonomously traverse an outdoor route of 140 miles which ran over dirt roads, trails,
lakebeds, rocky terrain and gullies.3 None of the 15 finalists completed the course and the robot driving the
farthest drove only 7.4 miles. This clearly showed the difficulty in developing a mobile robot for off-road driving.
In the second competition Stanley4 won the competition, and four other teams completed the course.
The European Land Robot Trial (ELROB) is a competition that started in 2006.5 It was designed to test
the capabilities of unmanned systems in realistic scenarios,6 and is a showcase for many academic and military
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researchers. The trial is divided into different scenarios, which include reconnaissance and surveillance mission,
transportation missions which can be carried out by a single vehicle or in a convoy of at least two vehicles. The
autonomous vehicle MuCAR, based on a VW Touareg, has participated in ELROB a number of times,7, 8 and
won the convoy scenario in 2016.9 Another contestant is RTS-HANNA, which is based on the Kawasaki Mule
3010 side-by-side vehicle, and is capable of autonomous obstacle avoidance and object recognition as well as
localization and map building.10
Apart from competitions for outdoor mobile robots several nations has developed their own systems for
autonomous off-road driving for various military applications. The U.S. Army is developing autonomous ground
vehicles, and they have split their development into vehicle specific kits (B-kits) and autonomy kits (A-kits).11
The B-kits include drive-by-wire and safety features. B-kits have been developed for several different platforms,
including HMMWV, MRZR, Jeep Rubicon, John Deere 6x6 Gator and CERV. The autonomy kits focuses on
giving aid to the dismounted soldier. The soldier can order the vehicle to follow waypoints, follow a soldier or to
move in front of a soldier.
The University of Defence in the Czech Republic has developed a system named TAROS.12 It is a mediumsized UGV designed for combat and logistics support, reconnaissance missions, and special forces. A study13
for the Spanish Army has developed a UGV using a military all-terrain vehicle already in service in the Spanish
Army. They have developed two modes, one tele-operated mode and one autonomous mode, as requested by
their military experts. The vehicle is intended for surveillance missions and is capable of following a dirt path. In
a finish study14 a UGV is developed as a capability demonstrator, focusing on achieving a high level of autonomy.
A commercial off-road vehicle was selected as a UGV platform and necessary modifications were made to get
drive-by-wire capabilities. The vehicle was demonstrated to complete a surveillance mission, driving mostly
autonomously and some parts tele-operated.
One of the core capabilities of autonomous vehicle is the ability to follow a path or trajectory given by the
higher level control architecture. The vehicles are broadly divided into two categories; Ackermann vehicles or
car-like vehicles that are modeled as bicycles15, and differential drive or skid-steer vehicles that are modeled as
unicycles16 . However, modelling tracked vehicles as unicycles has some potential problems as variation of the
relative velocity of the two tracks results in slippage as well as soil shearing and compacting in order to achieve
steering.
Different researchers have tried to solve the slippage problem in different ways. In one study17 a path follower
method using a skid-steer wheeled vehicle was presented. This method first designs a controller using the nominal
dynamics of the system and then a disturbance observer is added to the controller to compensate for unmodeled
dynamics and terrain variation. For skid-steer vehicles the Instantaneous Center of Rotation (ICR) is the point
where the motion of the vehicle can be represented by a rotation and no translation occurs, and the location
of this point can be modeled.16 In the studies18, 19 the ICR is estimated using an extended Kalman filter, and
this was used to improve a traditional unicycle control strategy and for online odometry estimation. In another
study20 a traditional unicycle control strategy is extended by modelling and compensating for the longitudinal
slip effect. A Model Predictive Control (MPC) strategy is used in another study.21 Here the slip is modeled
using six parameters and estimated online. These parameters are used in an augmented kinematic model of the
vehicle, and the model is used to predict the control inputs. Active Disturbance Rejection Control is used in
in another study22 to online estimate and compensate for the effect of slip for path following using a skid-steer
tracked vehicle.
In this paper we will describe the modifications made to the Milrem THeMIS to make it ready for autonomous
operations, and transforming it into our test platform Tor. We have added three cameras and a Lidar as
vision sensors, for navigation we have added a Global Navigation Satellite Systems (GNSS) receiver, Inertial
Measurement Unit (IMU) and velocity radar, and all sensors get a common time stamp from a time server. All
the sensors have been mounted on a common aluminium profile, which is mounted in the front of the vehicle. The
vision and navigation sensors have been mounted on the common aluminium profile to ensure that the direction
the vision sensors observe is known with as little uncertainty as possible. In addition to the hardware modification,
a control software framework has been developed on top of Milrem’s controller. The vehicle is interfaced using
ROS2, and is controlled by sending velocity commands for each belt. We have developed a hardware abstraction
component that interfaces the vehicle and adds some additional safety features, a path following component and
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Figure 1: Sensor platform design, assembly and mounting on Milrem THeMIS.

a ROS simulation framework. The path following component use a traditional unicycle controller. The control
framework has been evaluated in simulation and field tests to verify if the traditional controller has adequate
performance. The vehicle is intended as a research platform and possible application of the vehicle include base
defence23, communication relay24, dismounted soldier teaming and Intelligence, Surveillance and Reconnaissance
(ISR) missions.

2. HARDWARE MODIFICATIONS
To make the UGV ready for autonomous operation, we have mounted various equipment, both fabricated inhouse and bought off the shelf. We started off by making a height adjustable sensor rig, that we mounted in the
front part of the UGV on the cargo-bed. On this rig we mounted a vibration and shock isolated rigid platform,
which we in turn mounted our sensors on to. The sensors we have used so far are two monochrome and one
colour machine vision camera, one Lidar, one IMU and one ground speed Doppler radar. More details on the
sensor-rig in Section 2.1.
Some of our goals by designing the sensor load this way, is to 1) make the sensor platform relatively easy to
remove for either transport or for testing in a lab, 2) Easy to adjust sensor height relative to the UGV (560 mm
span in 40 mm steps), 3) all sensors in a known and rigid position relative to each other.
We mounted two rugged computers on the UGV, one for low-level control and the other for scene analysis,
as well as two GNSS-antennas, one as time-source and the other for navigation. We also mounted a rugged time
synchronization server, and a self made Data Synchronization Unit (DSU), that uses a FPGA to timestamp
raw data from the sensors without this capability built in. More details on the sensors themselves are found in
Section 2.2, and other hardware in Section 2.3.

2.1 Sensor rig
A CAD-drawing of the sensor rig is shown in Figure 1a. The sensor platform is mounted on the sensor rig with
silicone-rubber vibration and shock dampeners (blue), seen in Figure 1b. The whole assembly is also seen bolted
to the cargo bed on Tor in Figure 1c.
The rig itself is fabricated in-house by the prototype workshop. The sensor platform, that the sensors are
attached to, is made of an industrial extruded anodized aluminium profile∗ , that measures 860 × 160 × 40 mm.
∗

Profile 8, 160x40. MB building kit system, from item Industrietechnik GmbH.
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Make
FLIR
FLIR

Model
BFS-PGE-31S4C-C
BFS-PGE-23S3M-C

Edmund Optics

Stock #68-669

Ouster

OS-1-64

RADARXSENSE

RXS-SOG-10

Honeywell
uBlox

HG9900
NEO M8T

Description
Blackfly S colour camera, 3.1 MP, Gigabit Ethernet interface
Two Blackfly S monochrome cameras, 2.3 MP, Gigabit Ethernet interface
Three 3.5mm FL Wide Angle Low Distortion Lenses, used on
all cameras
Lidar, 64 beams, 850 nm, ±16.6◦ vertical field of view, 360◦
horizontal field of view
Ground speed radar, 11◦ × 11◦ beam, mounted with −10◦
downward tilt, measurement range ±80 m/s, minimum speed
measured 0.1 m/s, accuracy ±0.5%
IMU used for inertial navigation
GNSS receiver
Table 1: Sensors

2.2 Sensors
A close up image of the sensor platform with annotations can be seen in Figure 1b. Table 1 lists all sensors
mounted with intended function, make and model. Table 2 lists other autonomy hardware mounted.
The cameras and Lidar are communicating directly with the scene analysis computer via Gigabit Ethernet.
The cameras are powered via PoE† -enabled ports. The Lidar is powered by a FFI-made Power/Ethernetsplitter, which contains a DC/DC converter that feeds the Lidar with 24 V DC converted from the UGVs native
28 V DC. The IMU and radar are powered from, and communicating with, a FFI-made DSU. More on this unit
in Section 2.3.

2.3 Other hardware
Table 2 lists other hardware things mounted on Tor, excluding sensors which are listed in Table 1. We have
mounted two computers on Tor. One for scene analysis, and the other for low level control. The computers are
both running Ubuntu 20.04 LTS Desktop version.
A rugged time synchronization server is also mounted, and receives time from GNSS if possible. This server
also contains a OCXO‡ oscillator that enables the unit to serve reliable time even in GNSS-denied environments.
The time synchronization server is the master clock for the whole system, and serves time both via Ethernet by
NTP and PTP protocols, NMEA-0183 serial link and/or frequency like 1P P S.
The DSU, which powers and communicates with the IMU and radar sensors, is running headless embedded
Linux. It contains FPGA-logic that timestamps the raw data from IMU and radar, before sending the data to the
scene analysis computer via Ethernet. It also runs navigation software that calculates position and orientation
based on input from GNSS and IMU data.
Two GNSS-antennas are mounted directly to the chassis on Tor. The reason for not placing them with the
other sensors on the sensor platform was to avoid radio shadows caused by the sensor-rig and -platform, and that
we experienced poor reception when GNSS antennas was placed too close to other sensors with high frequency
data transfers in an earlier project. One of the antennas gives GPS-time to the time synchronization server, and
the other serves positioning data to the DSU.
The cameras are all mounted in IP67-classified camera enclosures, and the IMU is mounted in a sound
dampened solid aluminum box, for physical protection and audible noise reduction.
†
‡

Power over Ethernet
Oven Controlled crystal (Xtal) Oscillator
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Make
Onlogic

Model
K700-X2

Description
Scene analysis computer. Rugged computer with Nvidia RTX2060 GPU, Intel i7 CPU and PoE-ports that powers the cameras. Cameras and Lidar are directly connected, IMU and
ground speed radar are connected via DSU that timestamps
the raw data first.
SDK Embedded Systems SDK-A77RMG Control computer. Rugged IP67 certified computer. Runs
ROS, which is used to control Tor.
FFI
DSU
Data Synchronization Unit. Unit using custom FPGA to
timestamp raw data from IMU and ground speed radar, before
sending the data on to the scene analysis computer. Time received from Time synchronization server. Also running navigation SW that calculates position using input from both GNSSantenna and IMU data.
Oriola
VersaSync
Time synchronization server. Rugged GPS and frequency
Master-clock source, that provides time via ethernet using
NTP og PTP protocols, frequency like e.g. 1 PPS, or by serial
link using NMEA-0183.
Tallysman
TW3972
Two GNSS antennas. One is connected to the time synchronization server, the other to the DSU. Can receive Beidou,
Galileo, GLONASS and GPS signals.
autoVimation GmbH
Salamander
Three Compact IP67 camera enclosures for each camera in
Table 1, profile M, IR coated mirrors. Bodies anodized black,
lids painted due to rubber seals.
Table 2: Other equipment used for autonomy purposes

3. SOFTWARE MODIFICATIONS
In this section we will describe the software addition we have made to the Milrem THeMIS platform. This
paper only describes the foundation for making the THeMIS autonomous, and will be incorporated into a larger
autonomy framework. Figure 2 shows the planned framework, and build upon previous work25 at FFI. The solid
boxes are components described and evaluated in this paper, while dashed boxes are components that will be
integrated in the future. The Robotic Operating System (ROS) is used as a middleware in the system.
In this section we will start with the Low-level controller. In this case the Milrem THeMIS’ proprietary
controller is used, and we have created a software abstraction layer between the Milrem THeMIS interface, which
is based on ROS2, and our software framework, which is based on ROS1. Next is the Localization component,
which is responsible for finding the vehicle’s local and global position. The Path follower component is responsible
for ensuring that the vehicle is located on the planned path. It receives a set of positions and headings and makes
a continuous path between the received waypoints. In addition to the components in Figure 2 we have created a
simulator that emulates the Milrem THeMIS. The above mentioned components will be described in the following
section.
Later we will add further autonomy components to the system. The Motion planning component will be
based on the Traversability Hybrid A*26 method, with some adaptions. This component receives a route from
the Decision making which the vehicle should follow, and plans a local path based on a traversability map. The
map is created in the Perception components, which process sensor data into the map.27
The Decision making component will be using the Hybrid Autonomy Layer (HAL),28 which is a hybrid
control system architecture with two layers. The top layer is a discrete task layer which decompose a complex
task into a task tree. The bottom layer is a continuous behavior layer which execute different behaviors at a
fixed update frequency, for instance control laws or monitoring.
The vehicle will also be compliant with the UGV Interoperability Profiles (IOP), using an IOP Bridge, which
is based on the work done in the NATO group IST-149.29 The bridge converts between ROS messages and UGV
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Figure 2: Software architecture. Components in solid lines are covered in this paper, while components in dotted
lines are planned extensions.
IOP messages. Using the bridge it is possible for UGV IOP compliant Operator Control Units (OCUs) to control
the robot.

3.1 Vehicle abstraction
Milrem Robotics has provided a set of ROS2 messages for communicating with the vehicle. The ROS2 messages
gives us the same possibilities for controlling the vehicle as with Milrem Robotics’ remote controller. The
messages make it possible to steer the vehicle, turn the diesel generator on and off and select different modes,
control the lights and IOs, etc. We have created an abstraction software between the vehicle’s software and our
autonomy software that simplify the control of the vehicle so that the autonomy software only have to turn the
vehicle on and send commands. The abstraction software keeps the vehicle alive and hide all vehicle specific
commands. We also want to control the vehicle with our own remote controller and using IOP. The different
controllers are managed by a MUX that is controlled by the Decision Making software. Figure 3 shows the
vehicle abstraction software, called THeMIS Controller. The abstraction software is divided into three parts, a
user interface, a logical layer and a vehicle interface. The user interface converts different controller inputs to
a set of known commands. The vehicle interface talks with the vehicle and convert the commands into vehicle
messages. The logical layer is receiving all user commands and sending them to the vehicle interface. The logical
layer handles the vehicle status, i.e. if the vehicle is off, on or in emergency stop. Figure 4 shows the states that
represents the vehicle in the logical layer. The abstraction software publishes only messages to the vehicle when
it is in OFF or ON.

3.2 Localization
The navigation system consists of a Inertial Measurement Unit (IMU) and a Global Navigation Satellite System
(GNSS) that are processed in the Inertial Navigation System (INS) NavP. At the vehicle, a Honeywell HG9900
IMU and a u-Blox NEO M8T GNSS receiver are installed. NavP is developed at FFI and is a real time solution
of NavLab,30 and it has been used for years in the FFI’s Autonomous Underwater Vehicle (AUV) HUGIN. The
INS gives a high accuracy position and orientation for the vehicle control and perception system at 300 Hz.
Data from the INS is sent in UDP messages that are received in a ROS-node that redistribute the data as the
standard ROS messages. The messages consists of a global position, i.e. latitude and longitude represented in
WGS84 and height represented in Mean Sea Level (MSL) and a global orientation of the vehicle’s body frame
(front-right-down – FRD) to the local level frame (North-East-Down – NED).
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Figure 3: Vehicle Interface
UNDEFINED
Vehicle state is unknown

While receiving messages from THeMIS While not receiving messages from THeMIS

NORMAL_OPERATION
Vehicle state is known

EMERGENCY_STOP
THeMIS is in emergency stop

OFF
High Voltage is oﬀ. Listen to commands from UI

ON
High Voltage is on. Listen to commands from UI

Figure 4: Vehicle states

3.3 Path following
The path following module operates in a local Cartesian frame and accepts a set of waypoints. The waypoints
are Cartesian x and y positions and a vehicle heading θ, all in an East-North-Down (ENU) frame. The module
interpolates a path between the waypoints, and ensures that the vehicle follows this path. Currently the vehicle
has a constant forward velocity while following the path, but in the future the vehicle should adapts its forward
velocity. The module consist of two parts, one for interpolating a path between the waypoints and one for
following the path.
The path following module assumes the unicycle model
ẋ = v cos θ

(1a)

ẏ = v sin θ

(1b)

θ̇ = ω

(1c)

where x, y and θ are the configuration variables of the system. The two first represents the vehicles position
in a Cartesian space and the last represents the vehicle’s heading. The control inputs v and ω are the forward
velocity and rotational velocity respectively. These values need to be converted into the speed for each belt, and
this will be explained later in this section.
3.3.1 Path representation
Finding a path between the waypoints depends on the waypoints, and three different cases are considered in this
paper; driving forward, driving backwards and neutral turn. The interpolation scheme, or path representation,
depends on the case, and two different representations taken from31 has been used.
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Cartesian polynomials For driving forward and backwards the Cartesian polynomials are used for interpolating between two waypoints. Given an initial state xi = [xi , yi , θi ]T and a final state xf = [xf , yf , θf ]T the
path between these two waypoints is given as31

x(s) = s3 xf − (s − 1)3 xi + αx s2 (s − 1)2 + βx s(s − 1)2
3

3

2

2

(2a)

2

y(s) = s yf − (s − 1) yi + αy s (s − 1) + βy s(s − 1)

(2b)

where s ∈ [0, 1] and represents the vehicle’s position on the path and
αx = k cos θf − 3xf

αy = k sin θf − 3xf

βx = k cos θi + 3xi

βy = k sin θi + 3xi

(3a)
(3b)

Because x(s) and y(s) are flat outputs for the unicycle the heading, forward velocity and rotational velocity can
be calculated based on these functions, and are given as
p
(4a)
vn = (x0 (s))2 + (y 0 (s))2
ωn =

y 00 (s)x0 (s) − x00 (s)y 0 (s)
(x0 (s))2 + (y 0 (s))2

(4b)

The above equations hold both for driving forward and backwards. In the later case the sign of the velocity is
changed, and the heading is in the opposite direction(e.g by adding π to the heading).31
The parameter k is a free parameter and influences the path. The parameter can be considered a geometric
velocity parameter, and the higher the parameter is the longer will the vehicle follow the initial heading direction
in the beginning of the path. In the current implementation of the method we have chosen to scale k with the
distance between the waypoints, but at the same time limit k to a maximal value kmax . This is achieved with
the following equation


q
1
k = max kmax ,
(xi − xf )2 + (yi − yf )2
(5)
2
Chained form The above path representation does not permit neutral turns. If two consecutive waypoints
are located in the same position, the above method would send the vehicle in a circle. Instead a method using
the chained form is used for this particular case. In this case the change in heading is explicitly represented as
a linear function of s. The transformation we use in this paper, from the unicycle model to the chained form,
incorporates the initial position of the vehicle and the final heading, and is given as31
z1 = θ − θf

(6a)

z2 = (x − xi ) cos θ + (y − yi ) sin θ

(6b)

z3 = (x − xi ) sin θ − (y − yi ) cos θ

(6c)

Given the above equations the initial state xi and final state xf is converted to the chained form initial state zi
and final state zi . The path between these points are given as
z1 (s) = z1,f s − (s − 1)z1,i
3

3

(7a)
2

2

z3 (s) = s z3,f − (s − 1) z3,i + α3 s (s − 1) + β3 s(s − 1)

2

(7b)

where
α3 = z2,f (z1,f − z1,i ) − 3z3,f
β3 = z2,i (z1,f − z1,i ) − 3z3,i
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(8a)
(8b)

Figure 5: A sample set of waypoints and path between them.
In this case z1 (s) and z3 (s) are flat outputs for the unicycle, and the remaining state is found as z2 (s) =
The control input is converted to the chained for by the following transform.

z30 (s)
z10 (s) .

vn = v2 + z3 v1

(9a)

ωn = v1

(9b)

The transformed control input can be found with the flat outputs as
v1 (s) = z10 (s)

(10a)

z300 (s)
z10 (s)

(10b)

v2 (s) =

With the above equations the path, configuration states and control inputs for the unicycle are uniquely defined
between the two points xi and xf .
Generating a path from a discrete set of points The path following module receives a list of waypoints
that is should follow, and each waypoint consist of a position and heading. After receiving the list of waypoints,
a path is generated in the module. Each two consecutive waypoints is checked if they are co-located. If this is
the case then the chained form representation is used, and the parameters for this representation calculated and
stored.
For the other waypoints the Cartesian polynomials representation is used, but a check is needed to determine
if the vehicle should drive forwards or backwards. If the second waypoint lies behind the first waypoint, then the
vehicle should reverse. Behind is defined by the direction of the heading of the first waypoint. A line tangent to
the heading direction of the first waypoint, which pass through the position in the first waypoint, defines which
points that are behind or in front of the first waypoint. After this check the parameters for the path is calculated
and stored.
In Figure 5 the three cases are shown. The first waypoint located in (0,0) with a heading of 0 and shown
in blue, the second is located in (1,1) with a heading of π2 , and shown in red. Between these waypoints the
Cartesian polynomials representation is used and the vehicle drives forward. The path is shown in blue. The
third waypoint is located in (1,1) with a heading of π, and shown in green. The chained form representation is
used between the second and third waypoint, because the waypoints are co-located. The fourth and last waypoint
is located in (2,0) with a heading of π2 and shown in black. As the fourth waypoint lies behind the third, the
vehicle will reverse using the Cartesian polynomials representation. The path is shown in green.
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Figure 6: Error definitions with regards to the unicycle model.
3.3.2 Path following
The path following method used in this paper is found in Chapter 34.4.2 in the Handbook of Robotics32. The
kinematic model for our system is given in (1) where v is the commanded forward velocity and ω is the commanded
rotation velocity of the vehicle. Both these values are converted to velocity for each belt and then sent to the low
level proprietary controller. First the path following method will be described, and then the method for scaling
the velocity sent to the low level controller will be described.
Path following controller The path following method assumes a reference vehicle that is subject to the same
constraints as the actual vehicle. The reference vehicle’s position, orientation and control inputs are obtained
from the paths described in the previous section, but how the reference vehicle’s location on the path is updated
will come later in this section. The errors are shown in Figure 6, and include the lateral error ye , longitudinal
error xe , heading error θe . Based on the reference vehicle, the error dynamics using the reference vehicle frame
have been found to be32
ẋe = ωn ye + v cos(θe ) − vn
ẏe = −ωn xe + v sin(θe )
θ̇e = ω − ωn

(11a)
(11b)
(11c)

where subscript e denotes errors and subscript n denotes nominal values from the reference vehicle. xe represents
how far the vehicle is behind the reference vehicle, ye represents the off track error and θe represents the heading
error (i.e. θ − θn ), vn represents the nominal forward velocity and ωm represents the nominal rotation velocity.
Using the following change of coordinates and control variables
z1 = xe

(12a)

z2 = ye

(12b)

z3 = tan(θe )

(12c)

w1 = v cos(θe ) − vn
ω − ωn
w2 =
cos2 (θe )

(12d)
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(12e)

yields the system
ż1 = ωn z2 + w1

(13a)

ż2 = −ωn z1 + vn z3 + w1 z3

(13b)

ż3 = w2

(13c)

The following non-linear controller has been previously proposed and shown to give a globally asymptotically
stable system32
w1 = −k1 |vn | (z1 + z2 z3 )

(14a)

w2 = −k2 vn z2 − k3 |vn | z3

(14b)

In this paper we will use the above method as a path following method, rather than a trajectory tracking method,
i.e. that we do not require the vehicle to be at a specific point at the trajectory at a specific time, but rather
wants the vehicle to follow the path using a reference velocity. This means that we can disregard w1 and only
use w2 for controlling the rotation velocity ω. Rearranging for ω yields the controller
ω = w2 cos2 (θe ) + ωn

(15)

This means that the reference rotation velocity ωn is used as a feed forward action and that proportional controller
given in w2 is scaled depending on the heading error θe . The controller will stop working if the heading error
exceeds π2 .
Determining reference vehicle position In order to calculate the control input the reference vehicle’s
location on the path must be found. Since we are using the method as a path following method we cannot use
time to shift the reference vehicle position along the path. Instead we iterate over the possible positions on the
path, and find the first position that has closeness to the path below a certain threshold and satisfies a set of
safety constraints. The closeness to the path can be two different factors depending on which path representation
that is used. When the Cartesian polynomials representation is used, the vehicle is driving forward or backwards
and the longitudinal error xe is used to determine closeness. When the chained form representation is used, the
vehicle is performing a neutral turn and the heading error θe is used to determine closeness. The threshold is
xe,max in the first case and θe,max in the second case.
The location on the path also has to satisfy two safety constraints. The total position difference between the
actual vehicle and the reference vehicle must be below the threshold re,saf e and the heading error θe have to be
below the threshold θe,saf e .
When finding the new location on the path the parameter s is increased for each iteration, and the conditions
are checked. If the conditions are not satisfied the parameter is increased by sstep . For new paths s start at zero,
while for existing paths s from the previous time step of the controller is used.
Converting to belt speed and scaling velocity The control method finds the control input for a unicycle,
namely forward velocity v and rotational velocity ω, while the Milrem THeMIS proprietary velocity control
require velocity for each belt. Let vb,r and vb,l be the velocity for the right and left belt, and the following
conversions are used31
vb,r = ω

L
+v
2

vb,l = 2v − vb,r

(16)

where L is the distance between the tracks.
While following a path the vehicle is commanded to hold a constant forward velocity vcmd . The nominal
control input from the path is scaled according to this before it is used in the controller. When scaling the
control input, both the forward and rotational velocity needs to be multiplied with a scaling factor. In this case
the scaling factor is | vcmd
vn |.
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Figure 7: Illustration of data data flow.
After the control input is calculated from the controller, a series of checks are made to ensure that the velocity
commands sent to the vehicle is below certain thresholds. If they are above the threshold the control input is
scaled so that the velocity is at the threshold. First the rotational velocity is checked if it is above ωcmd . If it is,
forward velocity v and rotational velocity ω are scaled down. If the vehicle performs a neutral turn then ωcmd
will be the rotational velocity in that turn. After this check the control input is converted to belt speed. If one
or both of the belt speeds are above vb,max the velocity is scaled down.

3.4 Simulation
In order to ease test and development of ROS-nodes on Tor, we have built a Software-In-the-Loop (SIL) simulation
environment where Tor is simulated in a 2D world. An illustration of the components and data flow in the SIL
simulation environment can be seen in Figure 7. In the SIL simulation environment, the behaviour and ROS2
interface of the Milrem THeMIS controller is simulated by the node THeMIS Simulator. In particular THeMIS
Simulator publishes rotation speed of the two tracks which is being used by the ROS2 robot physics simulator
Veranda33, 34 to do a 2D physics simulation of Tor. In Veranda Tor is being modelled as a two wheeled robot
where the density of the two "wheels" have been tuned such that the simulated behaviour in Veranda is similar
to Tor driving on an even grass field. In Veranda some physics coefficients like the friction-coefficient is set to 1
which means that the simulated friction forces can essentially be tuned by tuning the density. The parameters
used for simulating Tor in Veranda are listed in table 4. Veranda also generates simulated GPS and IMU data
which are used by the localization node to publish position and orientation messages.

4. EXPERIMENTS
This section describes the experiments conducted to verify the path following methods presented in the previous
section. First the simulations are presented, then the real world experiments.

4.1 Simulations
Two different experiments are conducted in simulation. In the first experiment the simulated vehicle is commanded to drive three straight paths. The first path starts at the same point as the vehicle and points in the
same direction and extends 30 m forward. The second and third paths are similar, but the vehicle has an offset
of 0.5 m and 2 m to the side of the path, and the path is 30 m and 40 m long, respectively. The first path
will check if the controller manages to follow the path, while the second and third will check how the controller
manages a large position deviation.
The second experiment will check how the controller performs with a longer path. Since the first experiment
only uses the Cartesian polynomials representation and is going forward, this second experiment will also include
reverse and neutral turns. The path consist of nine waypoints, and is more than 160 m long and is shown along
with the results.
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Parameter
xe,max
θe,max
sstep
re,saf e
θe,saf e
kmax
vcmd
ωcmd
vb,max
k2
k3

Value
0.05 m
0.01
0.005
5.0 m
π
2
†

5
1 m/s
1
8π
6 m/s
0.1
0.7

Comment
Max position error when searching for a new reference vehicle position
Max orientation error when searching for a new reference vehicle position
Step size of s when searching for a new reference vehicle position
Position safety constraint for new reference vehicle position
Orientation safety constraint for new reference vehicle position
Pseudo-velocity parameter for Cartesian polynomials representation
Reference forward velocity
Max rotational velocity, and reference rotational velocity for neutral turns
Max belt velocity
Control gain for position error
Control gain for orientation error

Table 3: Parameters for path following methods used in the experiments
Wheel radius [m]
0.5

Wheel width [m]
0.3

Wheel density [m−2 ]
10

Base width [m]
2

Base height [m]
2.4

Table 4: Parameters for the THeMIS 2D physics model used in Veranda.
The parameters used for the path following method in the simulation is given in Table 3 and the parameters
used for simulating the vehicle is given in Table 4. Note that in the second simulation the parameter kmax is set
to infinite (and therefore marked with †), as this gives smoother paths when the distance between the waypoints
is long.

4.2 Real world experiments
For the real world experiments the first simulation experiment is repeated. The vehicle was driven in a snowy
field, with approximately 10 cm of wet snow. It was also a slight upwards slope. The vehicle was commanded
to follow a straight line, using an offset of 0 m, 0.5 m and 2 m and a line length of 30 m, 30 m and 40 m. The
same parameters was used as in the simulation, given in Table 3.

5. RESULTS
5.1 Simulations
The results of the three paths driven in the simulations are given in Figure 8. The blue line (−k2 ye ) indicates
the control action caused by a cross track error, the orange line (−k3 tan θe ) indicates the control action caused
by a heading error, and the green line (w2 ) indicates the combined control action, as given in (14). Since the
nominal velocity equals one, this term is removed in the plot’s legends. From (15) we see that the control action
w2 is scaled down by cos2 (θe ), and this is most relevant when there are large heading errors. The red line (ωn )
shows the nominal control action. As the control gain k2 equals 0.1, we get the position error in meters from the
blue line by multiplying the y-axis by ten.
The path driven in the second simulation experiment is given in Figure 9. When arriving to the position
(20,40) the vehicle performs a neutral turn and is then driven backwards up to (20,50). The rest of the path is
driven forward. The maximal cross track error (ye ) and heading error (θe ) while following the path were 0.26 m
and 0.177 rad (10.14◦ ), respectively.
Figure 10a shows the control actions when driving, and Figure 10b shows the control velocities. After driving
in approximately 75 s, the vehicle starts to perform a neutral turn, and one can see that the rotational velocity
is approximately 0.4 rad/s and the forward velocity 0 m/s. After approximately 90 s the vehicle starts to reverse
and the forward velocity is -1 m/s. At some points the forward velocity is reduced. This is when the rotational
velocity exceeds the velocity limit ωcmd . This happens in the transitions between waypoints, as the rotational
velocity does not have any constraint at the waypoints. Increasing the parameter k will mitigate this, as one
would get a longer slope towards the waypoint and thus reduce the rotational velocity.
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5.2 Real world experiments
The results of the three paths driven in the real world experiment are given in Figure 11. The plots are identical
to the simulated case, except for using the real world data. One thing to note is that the nominal rotational
velocity has a large negative value in the beginning of the path and a large positive value in the end of the
path. This occurs sometimes with the Cartesian polynomials representation method, and is discussed in the next
section.

6. CONCLUSION AND FURTHER WORK
In the result of the first simulation experiment, where the vehicle should follow a straight line, one clearly sees
that the errors goes to zero. In the real world experiment the errors are also going towards zero, but there is
more noise in the signals. An INS is used in the real world experiment, and this is the main cause of the noise.
The position errors are within the errors from the INS system.
In the transitions between waypoints, and sometimes in the beginning or end of a path, there is sometimes
a large nominal rotational velocity. This comes from the Cartesian polynomials representation. It is a third
order polynomial, meaning that the derivatives of the positions are second order functions. This also causes the
velocity to increase in the beginning of the segment and decrease towards the end of the segment. When two of
the parameters in the polynomial match, they will cancel each other out and make a linear nominal rotational
velocity. A way to mitigate this unwanted behavior is to choose a different k parameter. If we use the distance
between the waypoints, rather than half the distance, the forward velocity will likely be around the parameter
k rather than increase. Increasing k further will cause the forward velocity to decrease in the beginning of the
segment and increase at the end. Further work is needed to verify and test these suggestions.
The second simulation experiment, where the vehicle drove a longer path, shows that the path following
method presented in this paper is able to drive forward, backwards and perform neutral turns, and has a
relatively low maximum position error. It is likely that this error can be further decreased if the issue mentioned
in the above paragraph is solved.
In this paper we have presented the hardware and software modification we have made to a Milrem THeMIS
platform in order to make i ready for autonomous operations. We have added perception and localization sensors
and computers and made a sensor platform to mount all the sensors on. We have also implemented a path
following module and created a ROS2 simulator of the Milrem THeMIS. Some verification of the performance of
the path following module has been shown in this paper, and further work will be to field test the method more
extensively.
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(a) 0 m offset

(b) 0.5 m offset

(c) 2 m offset

Figure 8: Simulation results of driving a straight line with and without an offset in the vehicle’s starting position
perpendicular to the line.
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Figure 9: Path driven in the second simulation experiment. When arriving to the position (20,40) the vehicle
performs a neutral turn and then driven backwards up to (20,50). The rest of the path is driven forward.

Proc. of SPIE Vol. 11758 117580S-16
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 19 Apr 2021
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

(a) Control actions

(b) Control velocities

Figure 10: Simulation results when driving a longer path.
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(a) 0 m offset

(b) 0.5 m offset

(c) 2 m offset

Figure 11: Real world experiment results of driving a straight line with and without an offset in the vehicle’s
starting position perpendicular to the line.
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