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1. INTRODUCTION

Due to inaccurate safe navigation estimates, maritime 

accidents have been occurring consistently. In order to solve 

this, the precise positioning technology using carrier phase 

information is used, but due to tall buildings near inland 

waterways or inclination, satellite signals might become 

weak or blocked for some time. Currently, the air clearance 

of ship is determined by estimating approximately based on 

the draft of a ship when the ship passes through a marine 

bridge or facility such as suspension bridges and bridges 

connecting islands while sailing on the shore or inland 

waterways. Inaccurate estimates lead to secondary damages 

including huge restoration expenses for damages of bridges 

and power supply units as well as environmental pollution. 
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ABSTRACT

Due to inaccurate safe navigation estimates, maritime accidents have been occurring consistently. In order to solve this, the 
precise positioning technology using carrier phase information is used, but due to high buildings near inland waterways or 
inclination, satellite signals might become weak or blocked for some time. Under this weak signal environment for some 
time, the GPS raw measurements become less accurate so that it is difficult to search and maintain the integer ambiguity 
of carrier phase. In this paper, a method to generate code and carrier phase measurements under this environment and 
maintain resilient navigation is proposed. In the weak signal environment, the position of the receiver is estimated using an 
inertial sensor, and with this information, the distance between the satellite and the receiver is calculated to generate code 
measurements using IGS product and model. And, the carrier phase measurements are generated based on the statistics for 
generating fractional phase. In order to verify the performance of the proposed method, the proposed method was compared 
for a fixed blocked time. It was confirmed that in case of a weak or blocked satellite signals for 1 to 5 minutes, the proposed 
method showed more improved results than the inertial navigation only, maintaining stable positioning accuracy within 1 m.
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Therefore, it is necessary to determine the air clearance for 

safe navigation using the precise positioning technology.

Carrier phase measurements should be used together 

with code measurements for precise positioning. For 

the pseudorange measurements, the distance between 

the satellite and the receiver on the ground is predicted 

using the time delay of C/A code, but for the prediction of 

distance by carrier phase measurements, changes in carrier 

phase generated by the satellite is used. Since the wave 

length of carrier is significantly shorter than the length of 

C/A code, the distance measured using the carrier phase 

is more precise than the distance measured using codes. 

But, Integer ambiguity which is carrier phase wavelength 

value existing between the satellite and the receiver in the 

carrier phase measurements, and It is necessary to obtain 

this integer ambiguity to measure an accurate distance. It 

is important to obtain and maintain the integer ambiguity 

in the carrier phase based precise positioning (Parkinson 

& Spilker 1996). But, a satellite signal may become weak or 

blocked for some time due to high buildings and mountain 
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1. INTRODUCTION

Agriculture is characterized by diverse and unstructured 
dynamic environment, and thus the possibility of the intro-
duction of unmanned or automated systems was consid-
ered skeptical. However, with the development of machin-
ery, electronics, and software technologies, the scope of 
unmanned and automated systems has expanded ranging 
from the stationary automated equipment for controlled 
agriculture to the autonomous robots for open field cultiva-
tion, and the use of state-of-the-art navigation systems (e.g., 
image processing and GPS) has been generalized.

In fact, the unmanned operation of agricultural machines 
has been attempted since the 1920s, as shown by the pat-
ent application of the steering control device for automated 
operation by Willrodt (1924) and by circle plowing of Sis-
sons (1939). However, it was not until the early 1960s that 
guidance cable type unmanned agricultural machines were 
introduced. In the 1980s, Turk et al. (1988) successfully 
performed the unmanned operation test of a vision guid-
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Autonomous agricultural machines that are operated in small-scale farmland frequently experience turning and changes in 
direction. Thus, unlike when they are operated in large-scale farmland, the steering control systems need to be controlled 
precisely so that travel errors can be minimized. This study aims to develop a control algorithm for improving the path tracking 
performance of a steering system by analyzing the effect of the setting of the waypoint, which serves as the reference point for 
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performed by modeling a 26-hp tractor steering system and by applying the equations of motion of a tractor, with the use of 
a computer. Path tracking errors could be reduced using an algorithm which sets the waypoint for steering on a travel path 
depending on the radius of curvature of the path and which then controls the speed and steering angle of the vehicle, rather 
than by changing the steering speed or steering ratio which are dependent on mechanical performance.
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ance based tractor, and Zhang et al. (1988) proposed an 
electronic control steering system for automated operation. 
Thus, many researchers became interested in unmanned 
agricultural machines. In the late 1990, with the advent 
of precise agricultural technology based on GPS position 
information, the autonomous navigation of agricultural ma-
chines and the unmanned farm work technology have rap-
idly developed (Reid et al. 2000). Benson et al. (2003) and 
Murakami et al. (2006) had made advance in applicability 
of autonomous travelling device based on vision and im-
age processing as navigation system for farm machinery. In 
2004, John Deere commercialized a tractor that is equipped 
with high-precision Starfire GPS and an auto steering sys-
tem, which increased the convenience of the operation of 
manned agricultural machines. Since then, many agricul-
tural machinery manufacturers in the United States and Eu-
rope have commercialized agricultural machines equipped 
with autonomous navigation systems. However, they are 
mostly targeted at large-scale farms (e.g., more than several 
hectares), and are not appropriate for the farming environ-
ment in Korea, which has small farmland. Especially, for the 
farming environment in Korea, where the sizes of farmland 
are approximately 100 m × (30 ~ 100 m) and the planting in-
tervals of crops are generally less than 30 cm though it varies 
depending on the type of crops, agricultural machines with 
autonomous navigation should have a small turning radius, 
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and should be able to track planned work paths precisely. 
Therefore, for the autonomous agricultural machines to be 
used for farming in Korea, the ability to recognize external 
environment and the performance of a steering algorithm 
which can precisely track the path that has been planned 
based on the perceived environment are very important.

A steering system generally consists of electrical and 
mechanical elements for controlling the direction of a mov-
ing object. To make an agricultural machine perform un-
manned farm work, a steering system, which has been man-
ually operated, should be controlled by a control algorithm 
and electrical signals. An autonomous agricultural machine, 
which is operated in small-scale farmland, frequently expe-
riences turning and changes in direction. Thus, unlike when 
it is operated in large-scale farmland, the steering control 
system needs to be controlled precisely so that travel errors 
can be minimized.

This study aims to develop a control algorithm for im-
proving the path tracking performance of a steering system 
through the setting of a variable waypoint, considering the 
mechanical characteristics of the moving parts and the con-
trol characteristics of the electronic control steering system, 
by analyzing the effect of the setting of the waypoint, which 
serves as the reference point for steering when an autono-
mous agricultural machine moves along a path or a coordi-
nate, on control errors.

2. OVERVIEW OF TEST EQUIPMENT AND 
METHOD

2.1 Design of the Tractor Steering Actuator

Traditionally, wheeled vehicles have been based on 

the Ackermann steering mechanism (Morgan, 1958). 

However, with the development of computer-based 

design technology, Zhang et al. (1988) devised a method 

for designing a steering system so that it satisfies the 

Ackermann geometrybased on kingpin angles and caster 

angles considering the characteristics of a tractor (Sarhan 

et al. 2009). In the present study, a tractor with an outer 

steering angle of ±30 degs. was considered, and the steering 

actuator was made to have a steering angle resolution of less 

than 1 degree so that the errors from steering could be less 

than 10 cm even at the maximum speed of the tractor. For 

the front wheel, the design objective was to make it rotate 

the entire range from -35 degs. (left) to +35 degs. (right) 

within 1.8 seconds, in order to simulate the steering pattern 

of a skilled tractor operator. To achieve this, a motor and a 

reducer were selected by calculating the maximum steering 

torque of the 20-kW tractor, as shown in Eq. (1).
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vision and image processing as navigation system for farm machinery. In 2004, John Deere 
commercialized a tractor that is equipped with high-precision Starfire GPS and an auto steering system, 
which increased the convenience of the operation of manned agricultural machines. Since then, many 
agricultural machinery manufacturers in the United States and Europe have commercialized agricultural 
machines equipped with autonomous navigation systems. However, they are mostly targeted at large-
scale farms (e.g., more than several hectares), and are not appropriate for the farming environment in 
Korea, which has small farmland. Especially, for the farming environment in Korea, where the sizes of 
farmland are approximately 100 m × (30 ~ 100 m) and the planting intervals of crops are generally less 
than 30 cm though it varies depending on the type of crops, agricultural machines with autonomous 
navigation should have a small turning radius, and should be able to track planned work paths precisely. 
Therefore, for the autonomous agricultural machines to be used for farming in Korea, the ability to 
recognize external environment and the performance of a steering algorithm which can precisely track the 
path that has been planned based on the perceived environment are very important. 

A steering system generally consists of electrical and mechanical elements for controlling the 
direction of a moving object. To make an agricultural machine perform unmanned farm work, a steering 
system, which has been manually operated, should be controlled by a control algorithm and electrical 
signals. An autonomous agricultural machine, which is operated in small-scale farmland, frequently 
experiences turning and changes in direction. Thus, unlike when it is operated in large-scale farmland, the 
steering control system needs to be controlled precisely so that travel errors can be minimized. 

This study aims to develop a control algorithm for improving the path tracking performance of a 
steering system through the setting of a variable waypoint, considering the mechanical characteristics of 
the moving parts and the control characteristics of the electronic control steering system, by analyzing the 
effect of the setting of the waypoint, which serves as the reference point for steering when an autonomous 
agricultural machine moves along a path or a coordinate, on control errors. 
 
2. OVERVIEW OF TEST EQUIPMENT AND METHOD 
 
2.1 Design of the Tractor Steering Actuator 
 

Traditionally, wheeled vehicles have been based on the Ackermann steering mechanism (Morgan, 
1958). However, with the development of computer-based design technology, Zhang et al. (1988) devised 
a method for designing a steering system so that it satisfies the Ackermann geometrybased on kingpin 
angles and caster angles considering the characteristics of a tractor (Sarhan et al. 2009). In the present study, 
a tractor with an outer steering angle of ±30 degs. was considered, and the steering actuator was made to 
have a steering angle resolution of less than 1 degree so that the errors from steering could be less than 10 
cm even at the maximum speed of the tractor. For the front wheel, the design objective was to make it 
rotate the entire range from -35 degs. (left) to +35 degs. (right) within 1.8 seconds, in order to simulate 
the steering pattern of a skilled tractor operator. To achieve this, a motor and a reducer were selected by 
calculating the maximum steering torque of the 20-kW tractor, as shown in Eq. (1). 
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have a steering angle resolution of less than 1 degree so that the errors from steering could be less than 10 
cm even at the maximum speed of the tractor. For the front wheel, the design objective was to make it 
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where, 
Ta: steering torque (N·cm), ω: angular acceleration of the motor (rad/s2), 
ft: pulse frequency of the motor (Hz), ta: system control period, 
Jm: moment of inertia of the motor (N·cm2), Jl: moment of inertia of the load side (N·cm2)  
Jg: moment of inertia of the reduction gear (N·cm2), moment of inertia of the reduction gear (N∙cm2),
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For the driving motor of the actuator, a full-step two-phase step motor was used. To satisfy the design 
objective (a resolution of less than 1˚), the pulse frequency (ft) was set to 1 Kpps, the step angle (θ) was 
set to 1.8˚, and the motor rotation angle per 1 pulse was set to 0.18˚. As the number of revolutions of the 
stepping motor was 10 rps and a 3:1 reducer was used, the pulse number of the stepping motor per 1˚ 
steering angle was measured to be about 150, and the acceleration/deceleration delay time (ta) was 
measured to be about 0.019 seconds. 
 
2.2 Manufacture of the Tractor Steering Actuator 
 

As shown in Fig. 1, the steering actuator was manufactured so that the driving force of the step motor 
could be transmitted to the steering shaft through the pulley and belt, and so that the manipulated quantity 
of the steering valve could be detected through the rotary encoder. The driving by the steering wheel or 
by the motor could be selected by manipulating the belt clutch. For the motor driver, an H-bridge circuit 
was constructed using four power transistors, and the motor could be driven depending on the 
forward/reverse signals using a logic gate. Fig. 2 shows the circuit. 
 
2.3 Design of the Simulator 

The path tracking accuracy of tractors varies significantly depending on the vehicle speed, steering 
ratio, and the distance to the steering target point, even though the same steering mechanism is used. A lot 
of tests have been performed on the effects of vehicle speed and steering ratio on travel errors by various 
researchers including Xiaopeng et al. (2011). However, the effect of the distance to the steering target 
point on path tracking errors has not yet been investigated. In this study, a simulation was performed to 
examine the effect of a variable steering target point depending on the radius of curvature of a path, on the 
accuracy of path tracking, based on the fact that a tractor operator keeps an eye on a close point when the 
steering angle is large whereas an operator keeps an eye on a distant point when the steering angle is 
small, and to make an algorithm for steering control using the obtained results. To investigate the effect of 
the control speed, optimal steering ratio, and steering target point of a steering system, the mechanical 
driving parts of a 20-kW tractor were modeled, and the tractor was made to travel the planned paths based 
on the equations of motion. For the traveling simulation, a two-dimensional plane (Fig.3) was used, and it 
was assumed as follows. 
 
 1) The differential gear system of the tractor operates ideally in relation to the turning radius. 
 2) Slips in the moving direction and the lateral direction are not considered. 
 3) The maximum steering angle of the wheel was limited to 35 degs left/right, and the maximum 

travel speed was limited to 23 km/h. 
 

For the two-dimensional coordinate transformation of a moving object, the equations of motion for 
the traveling of the tractor were applied to Euler’s rotation matrix Gonzalez & Woods (1993), and the 
process is as follows. When the tractor travels a distance of p (m) at a steering ratio of α (rad/m), the 
displacements of the center of the tractor front wheel in the X- and Y-axis directions are 
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Table 1. Tested ranges of the tracking control variables. 
Variable Range 

Target Point (m) 
Steering Ratio 
Speed (m/s) 

0.5～4.5 
0.08～0.40 

0.2～6 
 

 

 

 
Fig. 1. Schematic diagram of the steering actuator mechanism. 

 

 

 
Fig. 2. Circuit diagram of the steering motor driving. 

  

Fig. 1. Schematic diagram of the steering actuator mechanism.
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forward/reverse signals using a logic gate. Fig. 2 shows the 

circuit.

2.3 Design of the Simulator

The path tracking accuracy of tractors varies significantly 

depending on the vehicle speed, steering ratio, and the 

distance to the steering target point, even though the 

same steering mechanism is used. A lot of tests have been 

performed on the effects of vehicle speed and steering 

ratio on travel errors by various researchers including 

Xiaopeng et al. (2011). However, the effect of the distance 

to the steering target point on path tracking errors has 

not yet been investigated. In this study, a simulation was 

performed to examine the effect of a variable steering target 

point depending on the radius of curvature of a path, on the 

accuracy of path tracking, based on the fact that a tractor 

operator keeps an eye on a close point when the steering 

angle is large whereas an operator keeps an eye on a distant 

point when the steering angle is small, and to make an 

algorithm for steering control using the obtained results. To 

investigate the effect of the control speed, optimal steering 

ratio, and steering target point of a steering system, the 

mechanical driving parts of a 20-kW tractor were modeled, 

and the tractor was made to travel the planned paths based 

on the equations of motion. For the traveling simulation, 

a two-dimensional plane (Fig.3) was used, and it was 

assumed as follows.

1) The differential gear system of the tractor operates 

ideally in relation to the turning radius.

2) Slips in the moving direction and the lateral direction 

are not considered.

3) The maximum steering angle of the wheel was limited 

to 35 degs left/right, and the maximum travel speed was 

limited to 23 km/h.

For the two-dimensional coordinate transformation of a 

moving object, the equations of motion for the traveling of 

the tractor were applied to Euler’s rotation matrix Gonzalez 

& Woods (1993), and the process is as follows. When the 

tractor travels a distance of p (m) at a steering ratio of a 

(rad/m), the displacements of the center of the tractor front 

wheel in the X- and Y-axis directions are
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Thus, the rotation angle (Re) of the X-Y plane centered on the Z-axis based on the four-dimensional Euler 
transformation can be expressed as Eq. (5), and the rows and columns that are not relevant to the X-Y 
plane of the coordinate system were set to 0. 
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where, 
     z: travel distance of the tractor during steering (m) 
   δ: steering angle of the front wheel relative to the center axis of the tractor (rad) 
  θ: angle of the center axis of the tractor (rad) 
   α: steering ratio (rad/m) = steering angle (rad/s) / speed of the tractor (m/s) 
  L: distance between the centers of the front and rear wheels (m) 
 

The maximum steering angle depending on the speed is the maximum steering angle at which the 
tractor can stably turn at a given travel speed, and it can be obtained from the relation between the 
overturning moment and the stabilizing moment with the Eq. (6). 
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where, 

W : weight of the tractor (N), g: gravitational acceleration (m/s2) 
υ : speed of the tractor (m/s), r: turning radius (m) 
ys : vertical distance between the ground and the center of gravity (m) 
x : horizontal distance between the tread and the center of gravity (m) 
L : distance between the front and rear axles (m) 

    
During traveling, the steering angle was limited by setting the maximum steering angle considering speed, 
with the use of Eq. (7). 
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As for the error range of the path, an error of 5 cm was allowed including the RMS error of the sensor. 

For the shortest distance on the path, a certain distance ahead of the current position was designated as the 
target point on the path. When the allowable error range was exceeded, the tractor was made to move into 
the path using the maximum steering angle, and the steering angular speed was controlled in proportion to 
the steering ratio. 
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where, 
     z: travel distance of the tractor during steering (m) 
   δ: steering angle of the front wheel relative to the center axis of the tractor (rad) 
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Table 1. Tested ranges of the tracking control variables. 
Variable Range 

Target Point (m) 
Steering Ratio 
Speed (m/s) 

0.5～4.5 
0.08～0.40 

0.2～6 
 

 

 

 
Fig. 1. Schematic diagram of the steering actuator mechanism. 

 

 

 
Fig. 2. Circuit diagram of the steering motor driving. 

  

Fig. 2. Circuit diagram of the steering motor driving.

 

Fig. 3. Lateral position and tractor heading control algorithm. 

 

 
 

Fig. 4. Block diagram of the virtual tester. 
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Fig. 3. Lateral position and tractor heading control algorithm.
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As for the error range of the path, an error of 5 cm was allowed including the RMS error of the sensor. 
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where, 
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As for the error range of the path, an error of 5 cm was allowed including the RMS error of the sensor. 
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where, 
     z: travel distance of the tractor during steering (m) 
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As for the error range of the path, an error of 5 cm was allowed including the RMS error of the sensor. 
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where, 
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As for the error range of the path, an error of 5 cm was allowed including the RMS error of the sensor. 

For the shortest distance on the path, a certain distance ahead of the current position was designated as the 
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As for the error range of the path, an error of 5 cm was allowed including the RMS error of the sensor. 
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As for the error range of the path, an error of 5 cm was allowed including the RMS error of the sensor. 
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where, 
     z: travel distance of the tractor during steering (m) 
   δ: steering angle of the front wheel relative to the center axis of the tractor (rad) 
  θ: angle of the center axis of the tractor (rad) 
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As for the error range of the path, an error of 5 cm was allowed including the RMS error of the sensor. 

For the shortest distance on the path, a certain distance ahead of the current position was designated as the 
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where, 
     z: travel distance of the tractor during steering (m) 
   δ: steering angle of the front wheel relative to the center axis of the tractor (rad) 
  θ: angle of the center axis of the tractor (rad) 
   α: steering ratio (rad/m) = steering angle (rad/s) / speed of the tractor (m/s) 
  L: distance between the centers of the front and rear wheels (m) 
 

The maximum steering angle depending on the speed is the maximum steering angle at which the 
tractor can stably turn at a given travel speed, and it can be obtained from the relation between the 
overturning moment and the stabilizing moment with the Eq. (6). 
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As for the error range of the path, an error of 5 cm was allowed including the RMS error of the sensor. 

For the shortest distance on the path, a certain distance ahead of the current position was designated as the 
target point on the path. When the allowable error range was exceeded, the tractor was made to move into 
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where, 
     z: travel distance of the tractor during steering (m) 
   δ: steering angle of the front wheel relative to the center axis of the tractor (rad) 
  θ: angle of the center axis of the tractor (rad) 
   α: steering ratio (rad/m) = steering angle (rad/s) / speed of the tractor (m/s) 
  L: distance between the centers of the front and rear wheels (m) 
 

The maximum steering angle depending on the speed is the maximum steering angle at which the 
tractor can stably turn at a given travel speed, and it can be obtained from the relation between the 
overturning moment and the stabilizing moment with the Eq. (6). 
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As for the error range of the path, an error of 5 cm was allowed including the RMS error of the sensor. 

For the shortest distance on the path, a certain distance ahead of the current position was designated as the 
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where, 
     z: travel distance of the tractor during steering (m) 
   δ: steering angle of the front wheel relative to the center axis of the tractor (rad) 
  θ: angle of the center axis of the tractor (rad) 
   α: steering ratio (rad/m) = steering angle (rad/s) / speed of the tractor (m/s) 
  L: distance between the centers of the front and rear wheels (m) 
 

The maximum steering angle depending on the speed is the maximum steering angle at which the 
tractor can stably turn at a given travel speed, and it can be obtained from the relation between the 
overturning moment and the stabilizing moment with the Eq. (6). 
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As for the error range of the path, an error of 5 cm was allowed including the RMS error of the sensor. 

For the shortest distance on the path, a certain distance ahead of the current position was designated as the 
target point on the path. When the allowable error range was exceeded, the tractor was made to move into 
the path using the maximum steering angle, and the steering angular speed was controlled in proportion to 
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where, 
     z: travel distance of the tractor during steering (m) 
   δ: steering angle of the front wheel relative to the center axis of the tractor (rad) 
  θ: angle of the center axis of the tractor (rad) 
   α: steering ratio (rad/m) = steering angle (rad/s) / speed of the tractor (m/s) 
  L: distance between the centers of the front and rear wheels (m) 
 

The maximum steering angle depending on the speed is the maximum steering angle at which the 
tractor can stably turn at a given travel speed, and it can be obtained from the relation between the 
overturning moment and the stabilizing moment with the Eq. (6). 
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ys : vertical distance between the ground and the center of gravity (m) 
x : horizontal distance between the tread and the center of gravity (m) 
L : distance between the front and rear axles (m) 

    
During traveling, the steering angle was limited by setting the maximum steering angle considering speed, 
with the use of Eq. (7). 
 

 =   
                                                                                        (7)  

 
As for the error range of the path, an error of 5 cm was allowed including the RMS error of the sensor. 

For the shortest distance on the path, a certain distance ahead of the current position was designated as the 
target point on the path. When the allowable error range was exceeded, the tractor was made to move into 
the path using the maximum steering angle, and the steering angular speed was controlled in proportion to 
the steering ratio. 
 
2.4 Construction of the Tester 

(7)                     arcsin

As for the error range of the path, an error of 5 cm was 

allowed including the RMS error of the sensor. For the 

shortest distance on the path, a certain distance ahead of 

the current position was designated as the target point on 

the path. When the allowable error range was exceeded, 

the tractor was made to move into the path using the 

maximum steering angle, and the steering angular speed 

was controlled in proportion to the steering ratio.

2.4 Construction of the Tester

To test the performance of the steering control system, 
a virtual tester was constructed as shown in Fig. 4. For the 
tester, the hardware-in-the-loop simulation (HILS) method, 
which includes electric actuators and sensors, was applied. 
Software was developed so that it could change the path 
and speed of the tractor, and then it was interfaced with 

the steering actuator and rotary encoder developed in this 
study. As for the sensor for detecting the motion of the steer-
ing control system while the virtual tractor travels along the 
sinusoidal and crank-shaped virtual paths (Fig. 5), a rotary 
encoder (300 pulses/revolution) was used. The motor con-
troller consisted of an Intel 80C51 microprocessor, an input/
output device, and a driver. For the virtual tester, a personal 
computer (Core2 2.4 GHz) was used.

2.5 Test Method

The difference between the route path and the actual 
trace of the tractor was regarded as the error, while the mod-
eled tractor travels the virtual path as it inputs and outputs 
signals through the prototype of the steering control system 
using the tractor’s speed, steering ratio and the distance to 
a target point as the variables. For the distance to a steering 
target point, a range of 1 ~ 3.5 m was selected considering 
the front target point on which a skilled operator keeps an 
eye in order to travel a given path at a typical working speed 
of a tractor (mostly 7 km/h). As for the control algorithm, 
the feed forward control (FFC) for the calculation of target 
points on a path and the feedback control (FBC) for the cor-
rection of errors and the modification of paths using sensor 

 

Fig. 3. Lateral position and tractor heading control algorithm. 

 

 
 

Fig. 4. Block diagram of the virtual tester. 
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Fig. 4. Block diagram of the virtual tester.

 

 

Fig. 5. Selected paths for the simulation. 

 

 

 

 
Fig. 6. Tractor trace on the sinusoidal path of the virtual tracing tester. 

Fig. 5. Selected paths for the simulation.
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signals were utilized at the same time. For the test variables, 
the ranges of the variables summarized in Table 1 were 
combined and used.

3. RESULTS AND DISCUSSION

3.1 Performance of the Steering Controller

In the virtual tester, the path tracking performance of 
the steering controller was tested using the tractor and 
the travel path, which had been modeled using software. 
Thus, there is a limit in investigating the changes in 
steering characteristics due to the slips in the moving 
direction or the lateral direction and the sensor errors in 
the electromagnetic field or vibration environment, which 
could occur in an actual path. The initialization time of 
the steering controller was about 3.6 sec, and the time for 
the actuator to reach the time constant depending on the 
signals was about 23.8 × 10-3 sec. The full steering time (-35 ~ 
+35 degs) could be controlled by changing the input clock of 
the step motor driver so that it ranged from 1.6 sec to 9.4 sec 
while maintaining a torque of 180 N∙m.

Fig. 6 shows the traces of the front and rear wheels and 
the tracking errors, when the tractor travels the sinusoidal 
path with an amplitude of 6 m, at a speed of 3.6 km/hr. 
The path tracking error was obtained using the distance 
between the center of figure for the projected tractor area on 
the ground of the two-dimensional model and the predicted 
passage point on the path. When the radius of curvature 
of the path changed abruptly, the tractor approached the 

path with a large error, and the rear wheels showed larger 
errors than the front wheels. The tracking errors were in the 
range of 7 ~ 22 cm. Fig. 7 shows the traces of the front and 
rear wheels and the tracking errors, when the tractor travels 
the crank-shaped path in the same condition. The errors 
increased abruptly when the radius of curvature of the path 
was smaller than the minimum turning radius of the tractor. 
In the right-angled path, the maximum position error was 
128 cm, which was similar to the minimum turning radius.

The test results shown in Figs. 6 and 7 indicated that 
when the vehicle speed was constant (especially at a low 
speed) on the same path, the travel error of the same 
wheel changed slightly depending on the steering speed 
or steering ratio which are dependent on mechanical 
performance, but did not show significant difference on the 
entire path. On the other hand, considering the fact that the 
rear wheels had larger errors than the front wheels, it will 
be needed to develop an algorithm which can reduce path 
tracking errors by controlling the speed and steering angle 
depending on the radius of curvature of the path.

3.2 Path Tracking Characteristics by a Variable Waypoint

Fig. 8 shows the maximum error of the traveling trace 
at each target point and steering ratio. The horizontal axis 
represents the distance to the target point, and the vertical 
axis represents the maximum error between the traveling 
trace and the planned path. As shown in the figure, the 
error decreased to a certain degree in the 1.5 ~ 2.0 m range. 
However, when the distance to the target point was less than 
1.5 m, vibration traveling occurred slightly; and when the 
distance was more than 2.0 m, it increased abruptly.

As for the proposed steering algorithm, the path tracking 
error of the tractor varied significantly depending on 
the distance to the target point on the path, rather than 
depending on the steering ratio. This is because for the 
algorithm, which was proposed to improve the test of 
Rafael et al. (1993) in which the position error varied 

Table 1. Tested ranges of the tracking control variables.

Variable Range

Target Point (m)

Steering Ratio

Speed (m/s)

0.5~4.5

0.08~0.40

0.2~6
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Fig. 6. Tractor trace on the sinusoidal path of the virtual tracing tester. 

Fig. 6. Tractor trace on the sinusoidal path of the virtual tracing tester.
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significantly depending on the steering ratio, the steering 
algorithm limited the maximum steering angle considering 
vehicle speed, and the speed was determined by the radius 
of curvature of the path. The maximum error and the 
RMS error decreased as the distance to the target point 
decreased. However, when the target point was too close, 
vibration traces occurred on the path as the number of 
operations of the steering actuator increased and the control 
became unstable.

Fig. 9 shows the RMS error of the traveling trace at each 
target point and steering ratio. When the distance to the 
target point was less than 2.0 m, the RMS error was affected 
by the steering ratio; but when the distance was more than 
2.0 m, it was affected only by the distance to the target point. 
Also, when the distance to the target point was less than 1.5 
m, the RMS error increased because of the effect of vibration 
traveling.

For the steering controller that is operated by electrical 
signals, path tracking performance as well as the stability of 
the control system is very important. Based on the results 
shown in Figs. 8 and 9, the travel error depending on the 
steering speed or steering ratio which are dependent 
on mechanical performance did not show significant 

difference, whereas the path error showed significant 
difference when the steering target point changed. 
Therefore, for changing radius of curvature, the path 
tracking error of agricultural machines (e.g., tractor) during 
autonomous traveling could be reduced by developing 
an algorithm which sets a variable waypoint and controls 
the speed and steering angle depending on the radius of 
curvature of the path, which was the objective of this study.

4. CONCLUSIONS

For the steering system of an autonomous agricultural 
machine, to achieve smooth path tracking performance, the 
steering system needs to be controlled effectively depending 
on the electrical signals. For the purpose of optimal design, 
a simulation was performed by modeling a 20-kW tractor 
steering system and by applying the equations of motion 
of a tractor, with the use of a computer. In the control algo-
rithm, the speed and steering angle were determined de-
pending on the radius of curvature of the path, and the trac-
tor was made to travel aiming toward the calculated target 
points on the path. The steering control system was tested 

 

 

 
Fig. 7. Tractor trace on the crank-shaped path of the virtual tracing tester. 

 

 

 

Fig. 8. Maximum error at each target point and steering ratio on the sinusoidal path. 
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Fig. 7. Tractor trace on the crank-shaped path of the virtual tracing tester. 

 

 

 

Fig. 8. Maximum error at each target point and steering ratio on the sinusoidal path. 

 

Fig. 8. Maximum error at each target point and steering ratio on the 
sinusoidal path.

 

Fig. 9. RMS error at each target point and steering ratio on the sinusoidal path. 
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by interfacing it with a computer simulation program which 
was designed to make the tractor track target points using 
a tractor steering actuator which was designed so that the 
steering angle resolution was 0.2°, and so that it could rotate 
the maximum steering angle (-35 ~ +35 degs) within 1.8 sec, 
based on the results of the simulation. The test results can 
be summarized as follows.

1) The equations of motion of a tractor and the steering 
mechanism were mathematically modeled, and a simula-
tion was performed using various steering ratios and target 
points. When the distance to the target point was set to 2 m, 
the RMS position errors on the sinusoidal path with an am-
plitude of 6 m were 11 ~ 14 cm.

2 )  A  v i r t u a l  t e s t e r  w a s  c o n s t r u c t e d  u s i n g  t h e 

manufactured steering controller, and it was tested on 

the sinusoidal and crank-shaped paths. When the tractor 

travels the sinusoidal path with an amplitude of 6 m, at a 

speed of 3.6 km/hr, the tracking errors were in the range 

of 7 ~ 22 cm. For the traveling of the right-angled path, the 

maximum position error was 128 cm, which was similar to 

the minimum turning radius.

3) For low-speed agricultural machines including a 

tractor, the path tracking errors could be reduced using 

an algorithm which sets the waypoint for steering on a 

travel path depending on the radius of curvature of the 

path and which then controls the speed and steering angle 

of the tractor, rather than by changing the steering speed 

or steering ratio which are dependent on mechanical 

performance.
4) In the future,  the steering control  system for 

autonomous traveling will be evaluated and supplemented 
by constructing an embedded type steering controller based 
on the results of this study and by performing a test in which 
a tractor equipped with the constructed steering controller 
tracks planned work paths depending on the signals of an 
unmanned navigation system.
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