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Luleå, Sweden

Abstract: This article describes the steering system implemented on the tractor IceMaker I. No direct position
feedback is used for the steering angle of the front wheels. Instead, the steering angle is estimated by a motion
model of the vehicle using gyro and odometer information. This estimated angle is used as feedback to a
regulator that controls the steering system. The operator sets the requested steering angle and the regulator
controls the hydraulic steering system to maintain the requested steering angle. Within certain limits, the tractor
can be expected to behave according to the motion model irrespective of the surface conditions. The tractor
can be teleoperated from a remote computer through a wireless network, WLAN. To enable teleoperation, the
tractor has been equipped with a computer, some sensors, and other necessary equipment. During teleoperation,
the operator controls the steering angle of the front wheels and the speed of the tractor using a joystick. The
steering system has been tested both during winter conditions on a low friction surface and also on dry asphalt.
The results indicates good performance when teleoperating the tractor. When driving carefully it is possible
to operate the tractor up to full speed (25km/h). However, the steering regulator tends to exaggerate the real
steering angle during sharp turns when driving on very slippery surface.

Key words: teleoperation, gyro, hydraulic steering

I INTRODUCTION

This article gives a description of the steering system
implemented on the tractor IceMaker I, seen in Figure
1. At first, we give a brief description of the tractor
and how the steering system on the tractor works. We
then give a more detailed view of the implemented al-
gorithms. Finally we show some results and discuss
the pros and cons of our work.

I.1 The steering system

The steering angle of the front wheels of the tractor is
controlled by a hydraulic actuator. During teleopera-
tion, this actuator is controlled by an on board com-
puter via an electrically manoeuvred hydraulic pro-
portional valve. When the computer operates the hy-
draulic valve, it controls the flow of oil to the actuator
which thus changes the steering angle. In other words,
the computer controls the steering angle velocity of
the front wheels of the tractor.

No direct position feedback is used for the steering
angle of the front wheels. Instead, the steering angle
of the tractor is estimated by a motion model, using
vehicle velocity and gyro information as input. One
advantage with this setup is the lack of need to mount
any sensor in the demanding environment outside in
the front wheel suspension of the tractor.

Since the steering angle of the tractor is controlled
via a motion model it can be expected to behave as
such. This means that even if there is some slip on the
front wheels the steering regulator will strive to make
the tractor move as the model. This is useful both
when driving manually with a joystick and when im-
plementing a higher order control of the tractor. Within
certain limits, the tractor can be expected to behave ac-
cording to the motion model irrespective of the surface
conditions.

Figure 1: The teleoperated tractor IceMaker I. The
photograph is shot at a test track located on an ice cov-
ered lake in Swedish Lapland.
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I.2 Design considerations

We aim to implement a steering system that can handle
a large range of different operating conditions on the
tractor.

The hydraulic steering system is feed with hydraulic
power from a hydraulic pump. This pump also sup-
plies power to the driving wheels as well as to the
power outlet in the rear of the tractor. The capacity
of the pump is dependent on the rpm of the tractor en-
gine. These facts make it almost impossible to antic-
ipate the available hydraulic power. Hence, the steer-
ing system must be tolerant to shifts in both hydraulic
pressure and maximum available hydraulic flow.

Furthermore, minor simplifications in the control
algorithm can be justified when using a disturbance
tolerant steering system as they can be seen as distur-
bances in the system.

I.3 General Background

The tractor shown in Figure 1 is part of a research
project with the object to support the vehicle test in-
dustry in the northern part of Sweden. The develop-
ment of the tractor is performed in collaboration be-
tween Luleå University of Technology and IceMakers,
Arjeplog.

The tractor, named IceMaker I, is intended to re-
move snow and prepare test tracks on thin lake ice.
IceMaker I is a John Deere 4720 compact tractor. It is
lightweight, (less than 2ton). Therefore, it can be used
on relatively thin ice without breaking through. How-
ever, to not risk any persons life, there are high safety
margins on the thickness of the ice.

The motivation to develop a driverless tractor is the
possibility to prolong the winter test season, and also
to improve the safety for the employees that prepares
test tracks on thin lake ice.

II METHOD

Our intention is to make our tractor move according to
a motion model. As we show in this paper, this can to
a large extent be achieved without knowing the exact
dynamic behaviour of the tractor. The ideas behind the
steering implementation presented in this paper is sim-
ilar to the ones published in [1]. Though our method
is much more simplified. As an example, we do not
consider the vehicle mass, nor do we measure the lat-
eral or longitudinal acceleration. In Table 1 we give a
short description of all the variables used in the equa-
tions presented in this paper.

Variable Name
ω Vehicle angular velocity
v Vehicle forward velocity
l Vehicle wheelbase
αrequest Requested steering angle
αmodel Calculated steering angle
ya Regulator output signal
yth Actuator control signal threshold
R Actuator control signal ratio
yout Actuator control output signal

Table 1: Variables used in the equations.

II.1 The front wheel steering system

The steering angle of the front wheels of the tractor is
controlled by a hydraulic actuator. During teleopera-
tion, this actuator is controlled by the on board com-
puter via an electrically manoeuvred hydraulic pro-
portional valve. When the computer operates the hy-
draulic valve, it controls the flow of oil to the cylinder
which thus changes the steering angle. In other words,
the computer controls the steering angle velocity of
the front wheels of the tractor.

A simplified overview of the steering system is
shown in Figure 2. In the figure, the Ackermann steer-
ing geometry is not shown. This geometric arrange-
ment solves the problem that the wheel on the inner
and outer side traces different radii when making a
turn [2]. We do not process this geometry since we
are not interested in the steering angle of the individ-
ual wheels, nor the length of the hydraulic actuator.

Figure 2: Overview of the front wheel setup on Ice-
Maker I. The shaded parts is fixed to the chassis of the
tractor.

II.2 Motion model of the vehicle

No direct position feedback is used for the steering
angle of the front wheels. Instead the steering angle is
estimated by a motion model of the vehicle using gyro
and odometer information. The motion model used is
a three wheeled bicycle model. The vehicle velocity
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v is the velocity of the reference point in the middle
between the two rear wheels, see Figure 3.

Figure 3: Motion model used for controlling the trac-
tor.

The steering angle of the vehicle model can be cal-
culated with

αmodel = arctan(
ωl

v
). (1)

The calculated steering angle does only represent the
true steering angle when there is no slip between the
wheels and the surface. However, in our application
this difference is disregarded.

II.3 Steering system regulator

The steering system consists of a hydraulic actuator,
controlled by an electrical proportional hydraulic valve.

The velocity of the hydraulic actuator is very much
dependent on the engine rpm and also if other hy-
draulic equipment requires much hydraulic oil flow.
Therefore, it is justified to use a regulator that is tol-
erant to the changing working conditions. Changes in
the hydraulic system can, when using a simple propor-
tional regulator, be seen as changes in the gain of the
regulator.

We utilise a proportional regulator with the output
signal ya. The regulator uses the difference between
the requested angle αrequest and the angle calculated
according to the motion model αmodel

ya = k(αrequest − αmodel). (2)

The parameter k is the gain in the regulator.

II.4 Hydraulic steering system properties

The proportional valve controls the flow of oil to the
hydraulic actuator. The active piston area, and hence
the volume in the cylinder of the actuator, is larger dur-
ing extension than retraction, see Figure 4. Therefore,
the same amount of oil flow causes a lower cylinder
speed during extension than in the retraction direc-
tion [3]. The ratio R is used to compensate for the

Figure 4: Hydraulic actuator with the active retraction
and extension areas marked.

speed difference. It is calculated as

R =
ExtendArea

RetractArea
(3)

where ExtendArea and RetractArea are the active
cylinder areas shown in Figure 4.

Finally, there is a dead band in the steering actuator
system. The absolute value of the control signal yout

has to be larger than a specific threshold value before
the hydraulic actuator starts to move. Therefore the
parameter yth is added (or subtracted, dependent on
the sign of yout) to the output signal.

if ya ≥ 0
yout = ya + yth

else
yout = ya/R− yth

III RESULTS AND DISCUSSION

The steering system has been tested both during sum-
mer on dry asphalt and also during winter on a test
track on an ice covered lake.

During tests on dry asphalt the estimated steering
angle follows the requested angle quite well, as seen in
Figure 5. This indicates that the regulator controlling
the steering system works as expected.

The response time of the steering system, when
driving on asphalt, can be estimated to approximately
0.5s, see Figure 6. The delay originate from several
different sources. The proportional valve is one source
since it has a specified response time. The hydraulic
system is another source, it takes some time to acceler-
ate the flow of oil and to move the hydraulic cylinder.

Figure 7 shows the driving performance of the trac-
tor when driving straight ahead on dry asphalt. It can
be noticed that there is a small oscillation in the es-
timated steering angle. When driving the tractor at
higher speeds it does wiggle slightly back and forth
due to non damped movements in the large tyres of
the tractor. This wiggling effect is measured by the
gyro and hence propagates into the estimated steering
angle. The small oscillation can also in part be a result
of a slightly high gain in the steering regulator.
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Figure 5: Reference steering angle (dotted) vs esti-
mated steering angle (solid) when driving on dry as-
phalt. Vehicle velocity was approximately 3km/h.

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
−10

−5

0

5

10

15

20

25

30

Time/[s]

A
ng

le
/[d

eg
re

e]

Figure 6: Steering angle response with a pulse input.
It takes approximately 0.5s for the estimated steering
angle (solid) to start to change from that the reference
angle (dotted) changes. The vehicle was driving on
asphalt with a velocity of approximately 10km/h.

III.1 Reflections from low friction tests

During the tests on the frozen lake the tractor was
equipped with chains on the rear wheels, and ordinary
tyres in the front. This causes the tractor to understeer
quite much when driving on the low friction surface.
Since there is no sensor that measure the real steering
angle there is no possibility to confirm how well the
estimated steering angle corresponds to reality. How-
ever, the steering regulator tends to exaggerate the real
steering angle during sharp turns when driving on a
low friction surface. This is generally not a problem
as long as the real and estimated steering angle does
not differ too much. However, if the difference get to
large the tractor may understeer even more and hence
exacerbate the problem. If so, the front wheels of the
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Figure 7: Estimated steering angle (solid) when driv-
ing straight on asphalt for a few seconds. Vehicle ve-
locity was approximately 10km/h.

tractor will end up being turned completely to one of
the end positions.

III.2 Future work

During very slippery conditions the wheels can turn
to the end position without the operator having any
control of what happens. This has to be supervised
and prevented in some way. Possibly by adding limit
switches at the end positions of the front wheel steer-
ing motion.

Another interesting problem to dig in to is how
to include the steering brakes in the control system.
The breaks on the tractor is separated into two differ-
ent systems, one for each rear wheel. This makes it
possible to apply break force separately to each of the
rear wheels. When driving manually on low friction
surfaces a skilled driver does apply break force on the
inner rear wheel during sharp turns. This drastically
increase the manoeuvrability of the tractor. Especially
when using chains on the rear wheels.
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