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DRAFT REVISI AKHIR

Simulation Study of Kalman-Bucy filter Based Optimal Yaw
Rate Control System for Autonomous Tractor

Widagdo Purbowaskito', Mareli Telaumbanua®

'Department of Industrial Engineering, Universitas Atma Jaya Yogyakarta,

J1. Babarsari, No. 43, Yogyakarta 55281, Indonesia

*Deparment of Agricultural Engineering, University of Lampung,

J1. Sumantri Brodjonegoro No. 1, Gedongmeneng, Bandar Lampung 35145, Indonesia

widagdo.purbowaskito@uajy.ac.id, mareli.telaumbanua@fp.unila.ac.id

Abstract. Unstructured agricultural field environment and varying jobs need to be done by a
tractor bring the autonomous tractor subjected into the changes of its system dynamics. Due to
this condition, development of autonomous tractor yaw rate dynamics control system is a
challenging study. An observer based optimal controller is employed to control the
autonomous tractor yaw rate dynamics control system in this simulation study. Linear
quadratic regulator (LQR) is used as the optimal control algorithm, while the Kalman Bucy
filter is used as the state observer of the autonomous tractor. This Kalman based LQR method
works by combination of optimization and state estimation approaches. Based on the proposed
method, the LQR control algorithm provides satisfactory yaw rate controller results, while the
Kalman-Bucy filter provides satisfactory estimation results.

1. Introduction
As the human population continues to grow while the availability space for food production is limited,
the efficient usage of the agricultural resources such as biomass and machinery becomes the primary
concern. A solution proposed by researchers are smart farming where autonomous tractor is one of the
solution to improve the agricultural machinery usage efficiency. Developing an autonomous tractor is
a challenging study. Steering and trajectory control become one of the difficulties in the autonomous
tractor development. The tractor generally subjected into unstructured agricultural field environments.
There are several factors that can be associated with tractor working environment such as soil types,
soil irregularities, varying driving speed according to the type of tractor job, and varying implement
loads in which tractors have many types of implement depended on which job is tractor operating [1].
Trying to overcome these challenges, a tractor adaptive steering controller is developed. A model
reference adaptive control (MRAC) is developed on a tractor to compensate the yaw rate dynamics by
using adaptive the feed-forward yaw rate control system [2]. A self-tuning regulator is also developed
to control the tractor yaw rate dynamics with variations in speed and implement forces [1]. The
method proposed in the study in [1] is developed based on the pole placement control system design
with a minimum-degree pole placement. Understanding the yaw rate dynamics model is important so
that in such way a controller can be designed properly. Tractor yaw rate dynamics are modelled and
identified in order to develop a tractor speed controller [3] and to understand the relationship between
tractor and the agricultural field conditions [4]. New approach of tractor yaw rate modelling is
proposed by considering also the implement carried by the tractor during the job [1].

10
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Figure 1. Tractor-implement bicycle free body diagram

A novel approach of yaw rate dynamic control system is proposed by using an optimal control
algorithm based on state observer. Linear quadratic regulator is proposed as the optimal control
algorithm while the Kalman-Bucy filter is proposed as the autonomous tractor states observer. This
paper consists of four more sections. The second section describes the dynamic modelling and open-
loop step response analyses. The third section describes the proposed methodology in this study. The
fourth section describes the results and discussion. While the fifth section describes the conclusion
from this study.

2. Tractor-Implement Analysis

2.1. Tractor Yaw Rate Dynamic Modelling

Understanding the tractor dynamics and kinematics is important to develop a proper controller. The
tractor-implement model is shown in Figure 1. Where, y is the yaw rate tractor in centre of gravity, ¢
is the steering angle, ay is the front wheel slip angle, a, is the rear wheel slip angle, and a;, is the
implement slip angle. [ and [, are distances from front and rear axis to the tractor center of gravity
respectively, while [, is distance from rear axis to the implement. Ff, F,., and Fj, are lateral force at
front, rear, and implement respectively. In this condition the longitudinal velocity v, is constant,
therefore no longitudinal acceleration a, in which the longitudinal forces are neglected. Hence, the
tractor yaw rate dynamics can be expressed by equation of motions as follows,

XE =ma, (D)
XMeg = I, 7 2)
As the tractor longitudinal acceleration is null, the lateral acceleration is expressed as,
ay = Uy + y Uy 3)
Assuming constant and proportional to the slip angles, the lateral forces are described as follows,
Fr= —Cyrar 4)
E. = —Cypra, (5)
Fp = —Canan (6)

with Cyf, Cqr, and Cqyp, are the front wheel, rear wheel, and implement cornering stiffness with values
are varying depended on the working environment and the agricultural job performed.

Based on Figure 1 with assumption that the tractor model as a rigid body, the relationship between slip
angle, steering angles, yaw rate, and linear velocity can be described as follows,

vy+yl
tan(ar + ¢) = —va L (7)
tan(a,) = 227 ®)

Vx

11
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Using small angle approximation, the nonlinear terms of tractor model can be linearized in which the
slip angles are described as follows,
vy+yls

ap = = (10)
Vy—Vl;

a,. = —yvx (11)
vy—V(lr+lp)

ap = yv—xh (12)

Substituting Eq. (3) to (6) and Eq. (10) to (12) into Eq. (1) and (2), the equation of motion can be
expanded as,

vy+yl Vy—Vly v y(lr+l )
m (y + ¥ vx) = —Coy (T~ = 9) = Car (5 = CanZ— ) (13)
. vy+yl -Vl vy =y (L+p)
Le¥ = =l Cop (oL = ) + 1y Cor 5D + (L + 1) Cah(Y—xh) (14)
Based on Eq. (13) and (14) the state space representatlon can be described as follows,
x(t) = Ax(t) + Bu(t) + Bw(t) (15)
y = Cx(t) + Du(t) + v(t) (16)
where w(t) is disturbance, v(t) is measurement noise, while x(t), u(t), A4, B, C, D are as follows,
x(t) = [vy,7]" (17)
u() = o (18)
_(Caf+Car+Cah) _lf Caf"'lr Car+(lr+1lp) Can _
m vy m vy x
A= —lf Cafar+ly Corar+(lr+lp) Canan lfz Caftly Cart(lr+lp) Can (19)
Izz Vx I;7 Uy
Car
B = llf?“f] (20)
Izz
= (21)
D = [0] (22)

Based on the state space matrix described in Eq. (17) to (22) and by using the Laplace Transform, the
tractor steering angle and yaw rate continuous time transfer function can be derived as follows,
v(s) _ B15+(B11421—B21411)
G(s) = =22 23
() = @(s)  s2—(A11+Az2)s+(A11422—A12421) (23)
where A;; with i = 1,2 and j = 1,2 and By, with m =1 and n = 1,2 are the matrix elements of state

space matrix in Eq. (19) and (20).

2.2. Open-loop System Step Response Analysis

As it is described before that the autonomous tractor system implement cornering stiffness Cyy, is
changed dynamically according to the working environment and the agricultural job performed, the
open-loop autonomous tractor transfer function step response analysis helps to understand how the
system behaves according to the condition described. In this simulation, the open-loop step response
analysis is done based on the condition that the implement cornering stiffness and tractor longitudinal
velocity are varying. By using Eq. (23), the analysis is done by using two longitudinal velocity (tractor
working speed) v, variations such as, 2.5 m/s and 10 m/s representing the low and high working
speed, and eight cornering stiffness C,; variations generated by random integer number between 0 to
5000 N/deg representing the variations of tractor agricultural jobs. Approximated geometric and

dynamic parameters of a 130-170 HP tractor and implement are used in this simulation shown in Table
1.
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Table 1. Tractor-Implement Parameters

Tractor Parameters

Data Value Unit
Ly 1.57 m
L. 3.2 m
lh 2.1 m
m 11000 Kg

I1,, 18500* Kg.m

Cor 2400* N/deg

Cor 5000* N/deg

Can 0-5000 N/deg

Uy 0-10 m/s

*parameters are obtained from [2]
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Figure 2. Tractor open-loop system step response: low (left) and high (right) working speed

0.13

L
-
X

DC gain (1/s)
o

— 0.04 R
d
=
£
5, 0.035 - 8
Q
a
L L D_us 1 1 1 1
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000
Cah (N/deg) Cah (N/deg)

y=Cx

X =Ax + Bu

LQR feedback gain

vector

Kalman gain vector

Kalman-Bucy Filter

13

Figure 3. DC gain vs Cgp: low (left) and high (right) working speed

5000


Putri - Asus
Typewritten text
13


Figure 4. Kalman-Bucy filter based LQR control diagram

Based on the open-loop step response in Figure 2, at both low and high working speed the higher
the cornering stiffness the higher the steady state error. While at the high working speed the system
transient response showing the high oscillatory behavior. A plot in Figure 3 shows the dc gain of the
open-loop system transfer function response with respect to the cornering stiffness variations.
According to the Figure 2 and 3, it can be concluded that the yaw rate response is directly affected by
the variations of cornering stiffness. This simply can be translated as the tractor maneuverability is
affected by the types of working environment and agricultural job performed. Hence, according to the
described phenomenon, an optimal control method is proposed with Kalman-Bucy filter to observe the
changing autonomous tractor states due to the changing of the working environment and the
agricultural job performed.

3. Methodology

The yaw rate control system has to be designed with satisfactory performance, fast response, no
overshoot or oscillatory behaviour, and accurate response with minimum steady-state error. To
achieve those requirements, a linear quadratic regulator (LQR) algorithm with Kalman-Bucy filter is
proposed. Figure 4 shows the Kalman based LQR control diagram. This combination estimator state-
feedback controller is adapted from [5].

3.1. Linear Quadratic Regulator

LQR is an optimal control strategy that allows us to apply a full-state feedback to a dynamic system in
such that the satisfactory performance is achieved. The objective of LQR is to place the poles of the
system in optimal location so that the system closed-loop will minimize the cost function below,

J = [(xTQx + u"Ru)dt (24)

where Q € R"*" is a positive semidefinite matrix as the system states weight, and R € R™*™ is a
positive definite matrix as the system controller input weight. The system states weight is obtained by
Q = CCT, and the system controller input weight is obtained by R = AI with A > 0 and I as the
identity matrix. In order to tune the Q and R weight there is a trade-off. If in some cases the system
states are more considered then the O should be tuned higher than R, and this is called cheap control
method. While in some cases that the system control effort is more considered then the R should be
tuned higher than Q, and this is called as expensive control method.
The input controller is described as follows,

u(t) = —Kx(t) (25)
where K is LQR gain matrix obtained by using described equation,
K =R7'BTp (26)
with P is obtained by solving this following Algebraic Riccati Equations,
P=ATP+PA—-PBR™'BTP +Q (27)

Matrix A and B are the dynamic system model state-space in Eq. (19) and (20).

3.2. Kalman-Bucy filter

In this study, the dynamic of the system keeps changing according to working environment conditions
and types of agricultural job, and this condition may bring a reality that the system states will not
always be measurable. So, a Kalman-Bucy filter is employed to estimate the full states (x(t)) of the
system and provide accurate estimated states for the control effort by the LQR. The Kalman-Bucy
filter is described by the following equation,

X(t) = AX(t) + Bu(®) + Ly () — () (28)
where the Kalman gain L can be obtained by this following equation,
L= PCTR;?! (29)
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with R, is a measurement noises covariance and P is obtained by solving this following Algebraic
Riccati Equations,

P = AP + PAT — PCTR;1CP + BR,,B” (30)

with R, is a disturbance covariance. Both R, and R,, are tuned manually. Matrix A, B, and C are the
dynamic system model state-space in Eq. (19), (20), and (21).

4. Results and Discussions

As our simulation study, two sets of tractor working condition simulation are performed: one is low
working speed at 2.5 m/s with two variations of cornering stiffness at 500 N/deg and 4500 N/deg, and
one is high working speed at 10 m/s with two variations of cornering stiffness at 500 N/deg and 4500
N/deg. Based on these sets of simulation closed-loop step response analyses are done. Figure 5 and 6
show the closed-loop step response of the tractor yaw rate dynamics at low and high working speed
respectively. It can be seen that the LQR control algorithm results track the reference with satisfactory,
while the Kalman-Bucy filter can estimate the response also with satisfactory. Both at low and high
working speed with low and high cornering stiffness show the stable response without overshoot
oscillation in transient response and with minimum steady state error.
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Figure 5. Closed-loop yaw rate controller step response at low working speed: C,p;, = 500 N/deg (left)
and C,p = 4500 N/deg (right)
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Figure 6. Closed-loop yaw rate controller step response at high working speed: C,; = 500 N/deg
(left) and C,j, = 4500 N/deg (right)
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Figure 7. Tractor steering angle as controller input
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Figure 8. Yaw rate controller output tracking response at C,;, = 4500 N/deg: low working speed at
v, = 2.5 m/s (left) and high working speed at v,, = 10 m/s (right)
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Figure 9. Nyquist plot of yaw rate controller: low working speed at v,, = 2.5 m/s (left) and high
working speed at v,, = 10 m/s (right)

Besides the step response, the tracking response analysis of tractor yaw rate dynamics is done as
well. In this tracking response low and high working speed are performed with only high cornering
stiffness at 4500 N/deg. This tracking analysis is done by giving a steering angle as the controller input
shown in Figure 7. The tracking responses are shown in Figure 8. The tracking responses show that
the LQR control algorithm provides satisfactory tracking result with respect to the reference signal
while the Kalman-Bucy filter provides satisfactory estimation with respect to the measurement signal.
The stability of proposed controller method is shown by the Nyquist plot in Figure 9. In which the
Nyquist plot for both low and high working speed avoid the unit circle centered in -1.

5. Conclusions

A Kalman-Bucy filter linear quadratic regulator control algorithm is implemented to control the
autonomous tractor yaw rate dynamics as the simulation based study. By using the small angle
approximation, the nonlinear terms of tractor dynamics model are linearized in which the linear
control theory advantages can be applied. Since the tractor states are subjected to the dynamic
changing with respect to the working environment and its types of agricultural job performed, a cheap
control method is used for the linear quadratic regulator control algorithm in which the states of the
system are more considered. While the Kalman-Bucy filter is employed to provide the full states
estimation. According to the Nyquist plot, the proposed control system is stable in any working
conditions. This presented results are limited in simulation study, a further real-time application with
real measured tractor parameters might need to be done in order to verify the proposed method.
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As the human population continues to
grow while the availability space for food
production is limited, the efficient usage
of the agricultural resources such as

biomass and machinery becomes the

primary concern
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INTRODUCTION
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A solution proposed by researchers is
smart farming where autonomous tractor
is one of the solution to improve the
agricultural machinery usage efficiency.

One of the smart farming solutions is the

smart tractor or autonomous tractor.
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INTRODUCTION
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Developing an autonomous tractor is a
challenging study. The tractor generally
subjected into unstructured agricultural

field environments.

INTRODUCTION
{contay™
Several factors associated with tractor
working environment (Fernandez et al.,
2018):
Soil types

Soil irregularities
* Varying driving speeds

* Varying implement loads
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INTRODUCTION
Contd)™
Hence before developing a full
autonomous path tracking tractor, it is
important to build a simulation model of
the steering response controller with
respect to the types of tractor job and

working environment.

ity e SOPRA
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INTRODUCTION

z@g hrfamss
A self-tuning steering regulator s
developed to control the tractor yaw rate

dynamics with variations in speed and
cornering stiffness (Fernandez et al., 2018)

A model reference adaptive control
(MRAC) is developed on a tractor to
compensate the yaw rate dynamics
(Derrick and Bevly, 2009)

LA Elct 145 (2018),pp. 282.288
18, Derrickand D. M. euly 6, 2008,

Lo | 3¢ISABE 2019
1S:06 | EERE e
d e emyen s

TRACTOR IMPLEMENT
ANALYSIS™™

Equation of
in this coAQLIONSitudinal

velocity v, is constant, therefore

no longitudinal acceleration . in

which the longitudinal forces are

neglected

Lateral
Asnaceeleration

ay = oy + 7y

ity e SOPRA

acceleration is nul, the lateral
acceleration is expressed as Eq. (3)
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(Cont'dy

y

Based on free body diagram with assumption

that the tractor model as a

gid body, the

relationship between slip ang

yaw rate, and linear velocity can be described as

follows,
Assuming constant and proportional to the slip angles, the lateral forces are

described as follows,  Ff = —Coray (©)
F= —Corar )
Fp= —Conar, ~ (6)

tan(ay + @)

tan(a,) =

> - > tan(ay) =
With Cay,Car, and oy are the front wheel, rear wheel, and implement

comering stiffness with values are varying depended on the working

environment and the agricultural job performed.
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Linearization

small ang
terms of tractor model
which the slip angles are

vyl

-9

a, =

vy
vy =¥ (r+in)
v

a =

approximation, the nonlincar

an be rized in

ibed as folloy

(10)
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T%CTOR IMPLEMENT ANALYSIS
(Cont'd)

(3)—(6)and Eq. (10) — (12)

Substitute into

Eq. (1) and (2)
Yields

Equation of Motions

. . vif
m (i + ¥ v) = ~Ca (5

7
e DR
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TRACTOR IMPLEMENT ANALYSIS

{Cont'd)

Based on Eq. (13) and (14) the state space representation can be described as follows,

#(t) = Ax(t) + Bu(t) + Bw(t)
y = Cx(t) + Du(t) +v(t)
‘Where,

w(t) is disturbance,

(t) is measurement noise,

x(6) = vy 71" (7)
ut) = ¢ (18)
~(Cay+Car*Can) =l Car*lr Car+(r+ln) Can _
A= v = 19
Tl Caragtly Cartrt Q) Canttn 1P CagHr Car#(rtn) Can o)
L Lzve L2z vx
Car
B= [L,?,, (20)
Izz
c=10 1] (21)
D= [0] (22)

8206 | EEEEE
TRACTOR IMPLEMENT ANALYSIS
(€ont'ds

@(s) =(A11+4z2) s+(Aq1.

Eq. (15) to (

where Ay with i = 1,2 andj = 1,2 and By, with m = 1 and n
1.2 are the matrix elements of state space matrix in Eq.
(19) and (20).
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TRACTOR IMPLEMENT ANALYSIS

zpés LooP i:‘gsasw ANALYSIS PROCEDURES

Table 1. Tractor-Implement Parameters

Tractor Parameters
Data Value Unit
1 57 m
[ 32 m
Iy 2.1 m
m 11000 Kg
I, 18500% Kgm
Caf 2400% Nideg
Car 5000% Nideg
Can 0-5000 Nideg
vy 0-10 ms

*parameters are obtained from (Derrick and Bevly, 2009)

Require: Tractor parameters from Table 1
Analysis: Open-loop system
MAIN:
0 Calculate Eq. (19) and (20)
1 Using Laplace Transform convert Eq. (15) to (22)
into Eq. (23)
2 Find system step response by using step function
and apply it to Eq. (23)
3 Plot system open-loop step response
4 Plot system open-loop DC gain response

L. Robot.

1.8, Derrickand D. M. Sevly,

15535, 2005
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TRACTOR IMPLEMENT ANALYSIS
zPaSOr;i‘EEaSSPONSE ANALYSIS

At low working speed v,= 2.5 m/s (left)
the open loop step response more stable
than at high work d v,= 10 m/s

(right) with more oscillatory behaviour

The higher the implement comering

stiffiess  Cop the lower the tractor

overshoot, transient, and oscillatory

responses.
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TRACTOR IMPLEMENT ANALYSIS

zvésgcﬁi;atxy RESPONSE ANALYSIS

0413

DC gain (1/s)

At low working speed v,= 2.5 m/s (top)

the open loop DC gain response value is
higher than at high working speed v;= 10

04 m/s (bottom)
008
0 1000 2000 3000 4000 5000
The higher the implement comering
Gah (Nideg) E P @ g
o stiffness Cgp, the lower the D
response,
— 0.04
2
£
50035 It means that the tractor steady state error
g
8 ° is getting higher as the working speed and
0.03
0 1000 2000 3000 4000 5000 comeling stiffness increasing
Cah (Nideg)
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IADDRESSED PROBLEMS

From the tractor open loop analysis, changing in type of job and working environment resulting in
overshoot, oscillatory behaviors, and steady state errors

While requirements of steering controller should provide good performance, this includes fast response,
absence of overshoot or oscillatory behavior, and good accuracy with minimal steady-state error.

Existing adaptive steering controllers require gain look up table for every type of tractor jobs and working
environment. This results in time consuming and less robust design
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Design an optimal steering controller which provides fast response, absence of overshoot or oscillatory
behavior, and good accuracy with minimal steady-state error.

Implement an observer based controller to estimate the states of the tractor to overcome the need of
look up table for changing tractor type of jobs and working environment

Build a simulation platform for autonomous tractor steering control system

& 3¢ ISABE 2019
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| METHODOLOGY

rate or steering control system has
tory performanc

shoot o oscillatory

behavior, and with

minimum stead:

requirements, a linear qu

(LR) algorithm with Kalman-Bucy filter is

proposed. Figure in left shows the Kalman

based LR control diagram. This combination
Kalman gain veetor

estimato edback controller d

Kalman-Bucy Filter

from (Roman et al., 2017).

Aly M, Roman M, Rabie M, Shaaba v
Mess, Control. 2017;136(12}:121002 1210029 b

METHODOLOGY
(@Winﬂr)kseumoa

The objective of LQR s to place the poles of the system in optimal
location 5o that the system closed-loop will minimize the cost function

below,
J = [(x"Qx + u" Ru)dt (24)
‘With controller input is described as follows,

u(t) = —Kx(t) (25)

where K is LQR gain matrix obtained by using described equation,

K =R'BTP (26)

with P s obtained by solving this following Algebraic Riccati

Equations,

P=ATP+PA—PBRBTP+Q  (27)

Matrix 4 and B are the dynamic system model state-space in Eq. (19)

and (20).

& 3" ISABE 2019
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where Q € R"*™ is a positive semidefinite
matrix as the system states weight, and
R € R™*™ is a positive definite matrix as the
system controller input weight. The system
btained by @ = CCT, and the

stem controller input weight is obtained

states weight i

= Al with 2 > 0 and / as the identity matrix.

In order to tune the Q and R weight there is a
trade-off.

& 3" ISABE 2019
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(St ay"
The objective of LQR is to place the poles of the system in optimal
Tocation so that the system closed-loop will minimize the cost function
below,

£(t) = AZ(t) + Bu(t) + L(y(t) = 3(8)) (28)

where L is Kalman gain obtained by using described cquation,
L=PCTR;! (29)

with Ry, is a measurement noises covariance and P is obtained by
solving this following Algebraic Riccati Equations,

P = AP+ PAT — PC"R;CP + BR,,B”

In this study, the dynamic of the system keeps

changing according to working cnvironment
conditions and types of tractor job, and this
condition may bring a reality that the system
states will not always be measurable. So, a
Kalman-Bucy filter is employed to estimate
the ful states (x(t)) of the system and provide
aceurate estimated states for the control cffort

(30) by the LQR,
with R, is a disturbance covariance. Both Ry, and Ry, are tuned
manually. Matrix A, B, and C are the dynamic system model state-space
in Eq. (19), (20), and (21).

METHODOLOGY
t@B\WmITHM
Require: Tractor parameters from Table |
Ensure: The system is controllable and observable
0 Check controllability by using Eq. (19) and (20)
IF rank (ctrb (a,B)) is full rank
system is controllable
ELSE
system is uncontrollable
1 Check observability by using Eq. (19) and (21)
IF rank (obsv (3,C) ) is full rank
system is observable
ELSE
system is unobservable
2 Exccute control algorithm
TF system is controllable and observable
exccute MAIN command

& 3" ISABE 2019
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MAIN:
LOR Algorithm
0Tune Q € R" ™ and R € R™*™ by using @ = CC" and R = A/
1 Solve P from Algebraic Riccati Eq. (27)
2 Caleulate gain K by using Eq. (26)
3 Calculate controller input by using Eq. (25)
4 Apply 4 Order Runge-Kutta Method on Eq. (15)and (16)
Kalman-Bucy Algorithm
5 Tune Ry, and R, based on disturbance and noise covariance
6 Solve P from Algebraic Riccati Eq. (30)
7 Calculate gain L by using Eq. (29)
8 Apply 4 Order Runge-Kutta Method on Eq. (28) and (16)
Postprocess results and visualizations
END
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02 Simulation:

o T 3 3 B s Low working speed v,= 2.5 m/s
time(sec) Low and high cornering stiffness Cay = 500 Nideg (top)
and Cgy, = 4500 Nideg (bottom)
1 T T o
w Results:

08
% 08 The step response show fast response, no overshoot and
2 04 oscillatory behaviour, and accurate estimation. There is the
o

02 same response for low and high cornering stiffness.
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° 05
02 Simulation: o5
o ’ - . = s High working speed v,= 10 m/s K - ———— High cornering stiffness Cgp, = 4500 Nideg
time(sec) Low and high cornering stiffness Cay = 500 Nideg (top) time(sec) Low and high working speed 1= 2.5 ms (top) and
and Co, = 4500 N/deg (bottom) * = 10 m/s (bottom)
1 Results: ! Results:
ﬁ” The step response show the similar response as low g The sinewave tracking response for both low and high
@ s
g 06 working speed response such as fast response, no g - working speed also shows the satisfactory trackin;
i 2 sp P P g N 2 sp ry 2
04 ® 2 . . - . .
© overshoot and oscillatory behaviour, and accurate h 1 performance with satisfactory estimation result. This
0.2 E
estimation. There is the same response also for low and ! NETEONT) shows that the proposed steering controller provides good
By
0 1 2 3 4 5 high cornering stiffness. 0 5 10 5 2 25 30 'yaw rate or steering performance of autonomous tractor.
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< 00s Simulation: i | Simulation:
o1 High cornering stiffniess Cp, = 4500 Nideg T U T Low and high working speed v,= 2.5 ms (top) and
o ] s
time(sec) Low and high working speed v,= 2.5 m/s (top) and V=10 m/s (bottom)
i Dagram
v,= 10 m/s (bottom) " ‘ Results:
o oo Results: *l ‘ Nyquist plot for both low and high working speed avoid
I The yaw rate or steering response estimation error which is 3’ | the unit circle centered in -1. This means that the steering
g g of
< 0os ranged at + 0.05 deg/sec proves that Kalman-Bucy filter i ‘ controller design is stable in any condition.
o4 . P P provides satisfactory estimation results. i |
time(sec) w0t ‘
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ICONCLUSIONS

A Kalman-Bucy filter linear quadratic regulator control
algorithm is i to control the tractor
yaw rate dynamics as the simulation based study.

Based on the simulation results, the linear quadratic regulator
provides satisfactory control output while the Kalman-Bucy
filter provides accurate estimation results

The proposed algorithm show the similar response for low and
high working speed and for low and high cornering stiffness
which represents various tractor job and working environment

This presented results are limited in simulation study, a further
real-time application with real measured tractor parameters
might need to be done in order to verify the proposed method
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| FUTURE WORKS

The tractor kinematics and dynamics for path planning
model will be developed

Tractor path planning appropriate controller will be
% developed

Real approach will be implemented in small scale two-
% wheeled hand tractor
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