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Automation of Front-End Loaders

Electronic Self Leveling and Payload Estimation

I Yung

Robotics and Control Group, Umed University, Sweden

ABSTRACT

A growing population is driving automatization in agricultural industry to strive for
more productive arable land. Being part of this process, this work is aimed to investigate
the possibility to implement sensor-based automation in a particular system called Front-
End Loader, which is a lifting arm that is commonly mounted at the front of a tractor.
Two main tasks are considered here, namely Electronic Self Leveling (ESL) and payload
estimation. To propose commercially implementable solutions for these tasks, specific
objectives are set, which are: 1) to propose a controller to perform ESL under typical
disturbances 2) to propose a methodology for payload estimation considering realistic
estimation conditions. Lastly, aligned with these goals, 3) to propose models for the
Front End Loader under consideration for derivation of solutions of the specified tasks.

The self-leveling task assists farmers in maintaining the angular position of the mounted
implement, e.g. a bale handler or a bucket, with respect to the ground when the loader
is manually lifted or lowered. Experimental results show that different controllers are
required in lifting and lowering motions to maintain the implement’s angular position
with a required accuracy due to principle differences in gravity impact. The gravity helps
the necessary correction in lifting motion, but works against the correction in lowering
motions. This led us to propose a controller with a proportional term, a discontinuous
term and an on-line disturbance estimation and compensation as well as the tuning pro-
cedure to achieve a 2 degrees tracking error for lowering motions in steady state. The
proposed controller shows a less sensitive performance to lowering velocity, as the main
disturbance, in comparison to a linear controller.

The second task, payload estimation, assists farmers to work within safety range as
well as to work with a weight measurement tool. A mechanical model, derived based on
equations of motion, is improved by a pressure based friction to sufficiently accurately
represent the motion of the front end loader under consideration. The proposed model
satisfies the desired estimation accuracy of 2% full scale error in a certain estimation
condition domain in constant velocity regions, with off-line calibration step and off-line
payload estimation step. An on-line version of the estimation, based on Recursive Least

Squares, also fulfills the desired accuracy, while keeping the calibration step off-line.



Automatisering av frontlastare

Elektrisk parallellforing och vigningsfunktion

I Yung

Robotik och reglerteknik, Umed universitet, Sverige

SAMMANFATTNING

En vixande befolkning driver fram automatisering inom jordbruksindustrin genom
en strivan efter mer produktiv akermark. Som delaktig i denna process, syftar detta ar-
bete till att undersoka mojligheten att implementera sensorbaserad automatisering pa ett
sdrskilt typ av system kallad frontlastare, som &r en hydraulisk lyftanordning som vanligen
monteras framtill pa en jordbrukstraktor. Tva huvudfunktioner undersoks hir, nimligen
en funktion for elektrisk parallellféring av redskap och en funktion for uppskattning av
nyttolast. For att realisera kommersiella 16sningar till dessa funktioner, har vi specificerat
foljande mal: 1) foresla en regulator for att realisera elektrisk parallellféring under typiska
storningsforhallanden, 2) féresla en algoritm for lastvigning under realistiska driftsforhal-
landen. Slutligen, i linje med dessa mal, 3) foresla modeller for den aktuella frontlastaren
for hirledning av 16sningar till de dnskade funktionerna.

Parallellforingsfunktionen hjélper jordbrukare att bibehélla en 6nskad vinkel pa det
pamonterade redskapset, t.ex. en balgrip eller en skopa, relativt markplanet nir redskapet
hojs eller sianks. Experimentella resultat visar att olika regulatorer kravs for hoj- och
sinkrorelser for att bibehalla redskapet vinkelnoggrannet, detta pa grund av gravitatio-
nens inverkan. Gravitationen bidrar till nodvéndig felkorrigering under lyftrorelse, men
motverkar nodvindig felkorrigering under sénkrorelse. Detta fick oss att foresla en regula-
tor bestaende av en proportionell del, en diskontinuerlig del, och direkt storningsuppskat-
tning och stérningskompensering, samt en kalibreringsmetod for att uppna max 2 graders
vinkelfel under stationdr sinkrorelse. Den foreslagna regulatorn dr mindre kénslig for
sdankhastighet, den huvudsakliga storningen, jimfort med en linjér regulator.

Den andra funktionen, uppskattning av nyttolast, kan hjilpa jordbrukare att anvinda
frontlastaren pa ett sidkert inom dess tillimpningsomade, savil som att arbeta med vik-
tmitning. En mekanisk modell, hirledd baserad pa rorelseekvationer, har forbittrats
genom tryckbaserad friktion for att tillrickligt noggrant beskriva rorelsen hos den aktuella
frontlastaren. Den foreslagna modellen uppfyller den 6nskade noggrannheten pa max 2%
fullskaligt fel i en viss estimerings-villkors-domin i konstanta hastighetsomraden, detta
genom off-line kalibrering och off-line uppskattning av nyttolast. En online version av
estimeringen baserat pa Rekursiva minsta-kvadrat metoden uppfyller ocksa den 6nskade

noggrannheten, samtidigt som kalibreringen utfors off-line.
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1 Introduction

The need to automatize agricultural machineries is driven by growing population. More
urban area is expected and hence arable land will be limited. Decrease in agricultural
land is indicated in recent reports, which is around 0.8 % less from 2007 to 2012 in US
only [10], and around 0.7 % less from 2010 to 2013 in EU [1]. This causes the need to
increase the ratio of food production over arable land, which can lead to mechanization
of agricultural processes to achieve higher efficiency and accuracy.

Introducing robotic systems in agriculture is believed to have substantial impacts
[5], e.g. increase of efficiency in crops production [6]. Machines are good to be uti-
lized for repetitive tasks and tasks in hard conditions [4]. One example is investigation
on autonomous vehicles to automatize harvesting [36] and coordination of multiple au-
tonomous vehicles [13]. Besides, machine vision is investigated in [15] to distinguish
weeds from the crops.

In larger scale farming, mechanization has started with a tractor as a basic tool. Be-
sides, for its heavy-duty tasks, several hydraulics actuated equipments are used together
with tractors. One of the most common equipment is the lifting arm called Front-End
Loader (FEL) [23], see Fig. 1.1. Along with the manual operation that is commonly
available, the investigation to automate this heavy duty equipment is the main topic of
this thesis.

As a heavy-duty machine, development towards automation is also found in other
heavy duty machines such as forestry cranes [31] and earth moving machines, e.g. ex-
cavators [42]. Common challenges are encountered, especially from the uncontrolled
environment such that a careful consideration is required to select the sensors type and lo-
cation [5]. A sensorless attempt to realize predefined trajectories by open-loop for cranes
is reported in [29, 30]. However, in agricultural applications considered here, a driver
is still highly expected to partly or fully control the system. Thus, a semi-automation

problem is faced here, instead of an autonomous system [11]. In this work, two tasks are

1



2 1. Introduction

Fig. 1.1: An example of a Front-End Loader with a mounted bale handler as an implement

investigated: Electronic Self-Leveling (ESL) and payload estimation tasks for Front-End
Loaders (FELs). The first task can help farmers in duties that involve maintaining imple-
ments angular position, such as buckets, forklifts and bale handlers, regardless the boom
motion. The second task can help farmers in monitoring and safer handling. Having
several tasks successfully automated can allow farmers to focus on other tasks and hence

increases productivity.

1.1 Research Goals and Approach
The main objectives of this research are:

1. A controller to realize Electronic Self Leveling task to achieve a tracking error of

less than 2 degrees .

2. A procedure to estimate payload with a desired accuracy below 2% Full Scale (FS)

€IT1or.



1.2. Thesis Outline 3

To achieve these goals, the following approach has been followed and partly reported
in the attached articles in Part II:

To achieve the first goal, a simplified model has been derived for the FEL under con-
sideration. The equations of motion for the mechanical structure and a simplified model
of non-linear dynamics of a hydraulic actuator have been derived.

Based on these derivations, a simplified simulation model is built for evaluating con-
trollers to realize the ESL task. A standard Proportional Integral (PI) controller and the
proposed controller with an estimated disturbance compensation are compared in this
simulation model and in experiments. This work is presented in Paper A.

From the comparison results, a procedure to tune the proposed controller using a
Lyapunov function is investigated to obtain the controller parameters for a desired steady
state error. Experiments have been performed to evaluate the tuned controller in steady
state with the valve under consideration. A comparison with PI controller has also been
carried out and presented in Paper B.

Furthermore, experiments and analysis have been performed to deal with saturation
due to flow limitation. A safety function is proposed, designed, and tested in experiments
to handle insufficient flow.

To achieve the second goal, a simplified mechanical dynamics of the loader is derived.
A number of experiments, with variation in estimation conditions, have been carried out
to test the proposed payload estimation procedure. The first proposal, with a calibration
of boom Center of Gravity (COG) before the estimation step, results in an estimation
accuracy of 5% Full Scale (FS) error, which is presented in Paper C. The second pro-
posal (reported in Paper D), which examines possible model improvements, results in the
desired estimation accuracy of 2% FS error.

Note that all the experiments and results have been done with a particular FEL mounted
on and supplied through a certain hydraulic valve by a flow supply in a stationary trac-
tor. Moreover, all the proposed algorithms require the presence of cylinder pressures and

angular position measurements.

1.2 Thesis Outline

The thesis is divided into two parts. The first part of the thesis summarizes the work
during the course of doctoral studies; to provide additional references and more detailed
analysis that are not presented as scientific papers in Part II. The chapters are aimed to be

self-contained.



4 1. Introduction

1.2.1 Summary of Part I : Thesis Work

Part I of the thesis is organized as follows:

Chapter 2: Notations. In this chapter, the system is visually introduced with all the no-

tations that will be used throughout the thesis (with a few minor exceptions).

Chapter 3: Modeling. In this chapter, a FEL model that is constituted by mechanical
and hydraulic parts are presented, specifically, a hydraulic cylinder model for the ESL
task and a mechanical model for the payload estimation task. Lastly, a description of
one of the hydraulic valves used in experiments and an investigation of a supply pressure
model are presented.

Chapter 4: Electronic Self Leveling. In this chapter, a simplified simulation model for
comparison of controllers is presented. Moreover, a brief summary of Paper A and B is
provided. The proposed algorithm that copes with fault detection and mitigation is also
presented. Finally, the background theories that are related to control design are pre-

sented.

Chapter 5: Payload Estimation. In this chapter, a brief summary of results in Paper C
and D is presented.

Chapter 6: Supportive Works. In this chapter, several hardware related works are pre-
sented, which are a comparison of two prototyping platforms (dSpace and xPC Target),
replacing the existing indirect connection to dSpace of an IMU sensor to a direct one, and
calibration of the available angular position measurements. Moreover, the work on design

and comparison of online differentiators is also presented.

Chapter 7: Summary of Contributions. In this chapter, the contributions are summa-

rized.

Chapter 8: Conclusions and Future Work. In this chapter, the conclusions and future

work are presented.
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1.2.2 Summary of Part II: Publications

The second part of the thesis contains the accepted and/or submitted papers with the fol-

lowing summaries.

Paper A: Automation of Front-End Loaders: Self Leveling Task In this paper, an in-
vestigation of controllers to realize Electronic Self Leveling (ESL) task has been done in

experiments and simulations.

Paper B: Control and Tuning Procedure of a Cylinder in Mobile Hydraulics In this
paper, a tuning procedure to find the parameters of the proposed controller to realize ESL
for lowering motion is presented. The performance of the tuned controller in steady state

is compared to a tuned PI controller in experiments.

Paper C: Payload Estimation in Front-End Loaders In this paper, the challenges of
payload estimation in FELs are presented. An offline estimation procedure is proposed
based on a simplified model of mechanical dynamics. To evaluate this procedure, a set of
experiments with varying velocities and bucket angles has been carried out. The estima-

tion accuracy lies within 5 % Full Scale (FS) error with the proposed procedure.

Paper D: Improvement of Model-Based Payload Estimation for Agricultural Front-
End Loaders In this paper, an improvement to the simplified model of the mechanical
dynamics is investigated. Based on this improvement, the accuracy of the offline payload
estimation is improved to 2% FS error. Moreover, an online payload estimation algorithm

has also been proposed and tested.
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2 Notations and Abbreviations

The following notations and abbreviations will be used in the thesis:

2.1 Abbreviations

ADRC
CAD
COG
DOF

Dz
ESL
FEL
FFT

FS
IMU

oC

PI
PID

PWM
RLS
RPM
SMC
VSS

Active Disturbance Rejection Controller
Computer-Aided Design

Center of Gravity

Degree of Freedom

Dead-Zone

Electronic Self Leveling

Front-End Loader

Fast Fourier Transform

Full Scale

Inertial Measurement Unit

Open-Center

Proportional Integral controller
Proportional Integral Derivative controller
Pulse Width Modulation

Recursive Least Square

Revolutions Per Minute

Sliding Mode Controller

Variable Structure Systems
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2.2 Mechanics

Notations regarding mechanical part of the loader:

01 lift/boom angular position
0y tilt/bucket angular position
1 lift cylinder extension

lo tilt cylinder extension

1 cos (01)

S1 sin (07)

C12 cos (01 + 02)
512 sin (6 + 602)
1 torque at joint 1
Ty torque at joint 2
h1(61) geometric transformation from boom angular position to lift cylinder extension !

ha(62)  geometric transformation from bucket angular position to tilt cylinder extension !

Fig. 2.1: The mechanical subsystem of the front-end loader under consideration with the
assigned frames (z1,y; and x2, y2)
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MX, center of gravity of boom structure” projected on z;-coordinate
MY center of gravity of boom structure projected on ;-coordinate
MX, center of gravity of bucket structure® projected on x5 - coordinate
MY,  center of gravity of bucket structure projected on 3 - coordinate
ZZ, moment of inertia of the boom around its center of mass

ZZ5  moment of inertia of the bucket around its center of mass

2.3 Hydraulics

Notations regarding hydraulic part of the loader are categorized into notations that are

related to hydraulic cylinders and ones related to hydraulic valves.

2.3.1 Cylinders

Cylinders in Front-End Loaders get their flow supply from the tractor through hydraulic
valves. Thus, a brief description of a simplified hydraulic valve used in this thesis is
presented here. The valve is an open-center valve with parallel configuration (Fig. 2.2).
An open center valve bypasses that at neutral position, i.e. z51 = 0, z5o = 0, the flow
from the supply is returned to the tank (or power beyond). Other than neutral position, e.g.
when one of the spool is not fully shifted (0 < z5; < Zs1), part of the total flow supply
(qin) goes to one cylinder chamber (g;;) and the rest of the flow goes to the tank (g,)
while the flow from the other cylinder chamber (q1,) goes to the tank. Besides, a valve
with parallel configuration has the supply connected to all 4-way upstream (inlet) sections
and the tank connected to all the 4-way downstream (outlet) sections. The notations

related to hydraulic cylinders are:

The geometric transformations are derived in [34]

2The boom structure in this thesis is the structure that connects point F to point M in Fig. 2.1

3The bucket structure in this thesis is constituted of tool carrier and bucket, which will be simplified to bucket
for the rest of the thesis
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In
Fr
Ps
Ppb
Pt

q1a
d1b
q2a
q2p
dpb
Qin

Ts2
Ts1

Ts2

lift cylinder extension

pressure at the piston side of lift cylinder
area of the piston side of lift cylinder
volume of the piston side of lift cylinder
pressure at the rod side of lift cylinder
area of the rod side of lift cylinder

volume of the rod side of lift cylinder

tilt cylinder extension

maximum tilt cylinder extension
maximum tilt cylinder velocity
minimum tilt cylinder extension
pressure at the rod side of tilt cylinder
area of the rod side of tilt cylinder
volume of the rod side of tilt cylinder
pressure at the piston side of tilt cylinder
area of the piston side of tilt cylinder

volume of the piston side of tilt cylinder

hydraulic force

friction force

supply pressure

pressure at power beyond

tank pressure

flow to the piston side of lift cylinder
flow to the rod side of lift cylinder
flow to the rod side of tilt cylinder
flow to the piston side of tilt cylinder

2. Notations and Abbreviations

flow to the rest of the hydraulic circuit, e.g. power beyond/tank

total flow from the pump
lift spool displacement

tilt spool displacement

maximum positive displacement of lift spool

maximum positive displacement of tilt spool
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Pi» L1 Via
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Fig. 2.2: A schematic diagram of a simplified hydraulic valve with parallel open-center
configuration that is connecting the flow supply in a tractor to the cylinders of the mounted

front-end loader.

2.3.2 Hydraulic Valve

A possible simplified physical construction of a parallel valve is shown in Fig. 2.3. It
is a pilot operated solenoid valve, i.e. a small solenoid valve (called pilot) is actuating

a larger main valve. The solenoid valve is omitted in Fig. 2.3 to be focus on the valve
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coefficients of the main valve that will be used in this thesis. The notations related to the
main hydraulic valve are:

Cy4  discharge coefficient

cpp  valve coefficient of the way to the power beyond

caqt  valve coefficient of the way that connects rod side of tilt cylinder and tank

casq  valve coefficient of the way that connects rod side of tilt cylinder and supply
casp  valve coefficient of the way that connects piston side of tilt cylinder and supply

cope  valve coefficient of the way that connects piston side of tilt cylinder and tank

pb 1 O 7 lﬁl]w

Spb QID Cla

pb T 2’ T

X2

Copt Cosh Cosa Coat

B A
L LOAD L

Fig. 2.3: One possible cutaway of a physical open center valve stack with parallel config-

uration adapted from [18].
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Cla valve coefficient to the piston side of lift cylinder’
C1p valve coefficient to the rod side of lift cylinder6
Uy current to the solenoid that shifts spool 1
U2 current to the solenoid that shifts spool 2
Soa(xs2)  tilt spool opening area to the rod side of tilt cylinder

)

Zs2)  tilt spool opening area to the piston side of tilt cylinder
) tilt spool opening area to the piston side of lift cylinder
)

tilt spool opening area to the rod side of lift cylinder

5The coefficient C14 1s used when one assumes c14¢ = C1sq
9The coefficient 1 is used when one assumes 1yt = C1p
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3 Modeling

Whenever control or simulation is of interest, modeling a system is necessary and it de-
pends on the questions to be answered [33]. Two models are used for two tasks in this
work. In the case of ESL, a model of a hydraulic cylinder is used to design a controller and
to analyze the controller’s performance. In the case of payload estimation, a mechanical
model of this loader is mainly used.

For more general tasks, e.g. a realistic numerical simulation or simultaneous control
of both cylinders, a model of hydraulics valve is required as both cylinders have a limited
shared flow supply and varying pressure supply that depends on both spool displacements
and the connected loads, which is not the case for some other similar systems such as

forestry cranes [16, 17].

3.1 Hydraulics Cylinder

As the tilt motion, during manual control of the lift motion, is the control object in ESL
task, a simplified model of the tilt hydraulic cylinder is used to design and to tune a
controller for lowering motions (paper B). Assuming a known constant supply pressure
and no pressure drop along the hoses, the flow through the spool orifice is [28, page
41], [45]:
CQQSQa(st)\/ Ps — P2a> for Ts2 Z 0 (3 1)
420 = .
—C2092a(Ts2)\/P2a — Pt,  forage <0

and

cabS2b(Ts2)v/P2b — Dt forxzse >0
G2y = (3.2)

—CopS2p(Ts2)V/Ds — P2, forzg <0

with the assumption So,(zs2) = Sop(zs2) = S(xs2), the flow through orifice can be

17
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rewritten as [45]

420 = C2a¢2a5($52) (3.3)
G2 = CpP2S(Ts2) (3.4)
where g2, = \/ps — anMW_\/p&z - ptw and g2, = \/pav — Pt

(sign(S(x2~52)+1)) _m(ﬁg“(s(gsz)—l)).
The flow entering the cylinder causes pressure dynamics that is governed by [28, page

53]:

20 = 1 (Va0 (3.5)
o= 1 (Ve ) (3.6)

Then, the generated hydraulic force is computed as follows

Jr2 = p2aAaq — Dap Ay 3.7)

in the domain

D= {ly <ly <ly, o] <l2, P2asp2b € (Pesps)s  |s2| < Toz,  Goa < T2}
(3.8)
which is ensured by the mechanical structure, safety valves in the system and limited
available flow supply. Outside of this domain, the hydraulic force is uncertain.
Differentiating this force with respect to time, substituting expressions (3.3)-(3.6) and
collecting similar terms results in a first order model [45] that is used for analysis in papers
A and B:

fr2 = —nly + oW (uy) (3.9)

where U denotes input nonlinearity of the hydraulic valve (Fig. 3.1), and 7 and ¢ are

defined as follows

Vaa(la) — Vap(la)
8 (CQaA2a¢2a Csz2b¢2b)
Vaa(l2) Vay(12)

The values of 77 and ¢ are bounded in D so that 0 < ¢ < ¢ < ¢and 0 < n <mn <7 with

2 2
n = ﬁ( Ao, Ao > (3.10)

o} (3.11)

some constant bounds. For this reason, a first order nonlinear differential equation can



3.2. Mechanics 19

represent the tilt cylinder dynamics with the derivative of hydraulic force representing a
bounded perturbation:

. 1.

lQ = ?‘II(UQ) - *fhg. (312)
Ui Ui

Moreover, this quotient is always positive in D.
Py(uy)
m,
by
b, u;

Fig. 3.1: An example of dead zone input nonlinearity [43]. Outside of the dead zone
region (b; to b,.), it is assumed that increment of the opening area is proportional to the

input current with gradient m; and m,.

Different models, both linear and non-linear, have been presented and used for control
design and analysis of a hydraulic cylinder. Several works utilizing a linearized model are
done to analyze the robustness of PI controller for a hydraulic actuator [37] and to design
a robust controller [35] or an adaptive controller [7]. Several works based on nonlinear
model are done with design of non-linear controller [21,41]. Here a non-linear model is
employed because we are interested in the whole working region, e.g. the whole range
of cylinder extension, different loads and different velocities within D due to different

lifting/lowering velocities.

3.2 Mechanics

The mechanical part of this loader can be modeled as a planar 2-DOF manipulator as-

suming negligible pressure difference in the left and right arms. For this manipulator, the
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Table 3.1: Modified DH parameters

joint | o | dj | 0 | 7y
1 0 0 0| 0
2 0| FM |6, ] 0
ee | O | ME | 0|0

3. Modeling

generalized coordinates are chosen as height, i, and bucket orientation angle, -, since this

choice is the most convenient for ESL task description: we would like to keep -y constant

when the driver changes i manually by controlling the lift cylinder.

With the frame assignment as in fig. 3.2, the modified DH-convention parameters [20]

are given in table 3.1 and the loader forward kinematics are given in (3.13) - (3.14).

h = h() — (F]V[Cl + AlEClg)

y=01+ 0 —90

Fig. 3.2: A front-end loader under consideration with assigned frames.

(3.13)
(3.14)

Based on Table 3.1, the system dynamics, written with respect to the joint variables, is:

A(0)+C(0,0)0 +G(0) + Fr(0) = T,

(3.15)
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where the inertia A(8), Coriolis C'(6, ), gravity G(6) and friction terms F'r(6) of the

loader are presented as follows:

A A
» Components of inertia matrix A(0) = R
Az Aso
Ay = MyFM +2MyFM (csM Xy — 5MY5) + My MX,
A My MX o+ MyMYs + MyMY s + 22, + Z 24
Ay = MyMXy+ MyMYy+ MyFM (MX ey — MY 85) + 275
A1 = A
Asy = My (MXi v MYE) Y77,
. Cyy C
» Components of Coriolis matrix C'(0,6) = R
Co1 O
011 = —MQQQFM (MYQCQ —|—MX282)
Cis = —MyFM (91 + 92) (MY262 + MXZSQ)
021 = M2 FMHl (MYQCQ +MX252)
022 = 0
. Gy
» Components of gravity vector G(0) = o :
2
Gl = g(MQMY2012+M2MX2 812+M1MY1 Cl+M2FM81+M1MX1$1)
Ga = Mg (MY3c12 + MXss12)
: Fui + Fp16

* Friction Fr(0) =

Flo 4 Fy0,

where 6 o are the angular positions of the joints, 91,2 are the angular velocities of the
joints, Fi;; and F,; are Coulomb friction and viscous friction coefficients respectively,
s; = sin(60;), ¢; = cos(0;), i = 1,2, 810 = sin(0y + 03), c1o = cos(fy + 0), and FM is
one of geometric parameters of a loader (see Fig. 3.2).

A simplified mechanical model, with only gravitational torque, is used in the payload
estimation task [Paper C & D].
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3.3 Hydraulic Valve

For more general tasks, such as simulation or executing synchronized motion of both
cylinders, the interaction in the hydraulic valve stack should be taken into account. A
valve-controlled system with constant flow is dealt with here, specifically a 6-way open
center valve, where the flow is continuously directed to the tank when all the spools are
in neutral [14], with overlap land (closed center valve in [28, page 78]). The valve stack,
constituted by two spools that control boom and bucket motions, is connected in parallel.
Fig. 3.3 shows an example of a basic valve with parallel OC circuit, where the supply is
connected to all the functions [18]. In this system, the supply pressure is not constant.
The supply pressure is built to overcome the load pressure to initiate the flow. Thus, a
model of supply pressure is investigated below. Note that a different valve is used here in
modeling the supply pressure’. The valve that is used in this experiment is a basic valve
with known opening areas for the corresponding spool displacements without additional

pressure compensator feature.

|
I
!
:
| A r'y o
R | =

PS 1 1 i l: B Pb
i i =
! - >< 1
1 v v |
i L l }‘NV‘ Xs1 Xs2 § i
! |
! P T
1

Fig. 3.3: An example of a parallel open-center valve (adapted from [18])

I There are two different valves that have been investigated in this thesis: the solenoid pilot-operated valve and
the stepper motor valve. The first valve is used as the base for the ESL and payload estimation tasks. However,
the mapping from spool extension to the opening areas is not available with this valve. The latter valve has this

mapping such that the investigation of supply pressure built-up is possible
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In the case when one function is activated, i.e. one spool is shifted, the spool dis-
placement will increase the opening area of the orifice that is connected to a cylinder
chamber and reduce the opening area that is connected to the power beyond at the same
time [38, page 14]. In this case, the flow supply is connected to both the cylinder cham-
ber and power beyond, and the pressure supply can be analytically computed by solving
the flow conservation expression (Eq. 3.16) for lowering motion, provided we know the
opening areas, discharge coefficient and fluid density. The discharge coefficient and fluid
density used in this analysis are 0.6 and 870 kg/m?>.

Qin = Qb+ dpb (316)
Clbslb(msl) VPs — P1b + Cprpb(xsl) (ps - ppb)

A set of lowering motions has been executed to verify this relation. The cylinder ex-
tensions and pressure measurements have been recorded. Two different pressure sensors
are installed. The sensors at the supply and power beyond, p, and p,; have an accuracy
of 1.5 bars. The one at the cylinder chamber, p13, has an accuracy of 4 bars.

Figure 3.4a shows the comparison between the supply pressure measurement and the
one computed based on the flow conservation expression (Eq. 3.16). Most of the com-
puted supply pressures, taking into account the sensors accuracy, lie within the measured
supply pressures except for several maximum displacements. With bigger spool displace-
ment, the neglected pressure drop along the passage is higher as the fluid velocity is
higher. In addition to similar supply pressure profile, the flow profile with respect to spool
displacements that is computed based on analytical supply pressure also corresponds to
the flow profile that is based on the velocity estimation of cylinder motion (Fig. 3.4b).
This indicates that the flow conservation explains the supply pressure build-up in the hy-
draulic valve.

However, this analytical solution becomes more involved when both functions are ac-
tivated, that is when both spools are not in positions to completely block the flow. A
numerical solution is required to compute the supply pressure, which might be required
for simulation and optimizing a synchronized motion of both cylinders. No further work
towards this direction has been performed since this has not been found useful for im-
proving performance of ESL and load estimation algorithms proposed in this thesis.

While the supply pressure has not been built enough to overcome the load pressure, the
check valve prevents the flow back from the load to the pump. This causes a considerable
delay from the time a command is applied to the time the expected motion is observed. In

the system we have been working for ESL and payload estimation tasks, the valve has an
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Fig. 3.4: Verification of flow conservation in a parallel open-center valve to compute the
supply pressure

inlet pressure compensator. This reduces the delay and prepare the system with a constant
pressure difference.

With a constant pressure difference, the steady-state flow only depends on the spool

opening according to Eqn. (3.1, 3.2). The steady state flow profile of this valve with
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Fig. 3.5: Steady state flows with respect to current commands of tilt-in motion from the

valve with inlet pressure compensation

respect to the normalized current command for tilt-in motion is shown in Fig. 3.5. A
linear relation between increments is observed between the dead-zone and saturation.
Moreover, the saturation is observed at different levels of current commands for different
RPM settings.

The driver controls the flow supplies by changing the RPM settings. The saturation
profile in Fig. 3.5 will change when both spools are activated as well as when other
functions in the tractor are activated. This is because the flow supply is shared to all the

functionalities of the tractor, e.g. traction and the attached FEL.
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4 Electronic Self Leveling
(ESL)

For many common agricultural operations, a two-degree-of-freedom (2-DOF) Front-End
Loader (FEL), attached to a tractor, must preserve the initial orientation of the attached
implement during lifting and lowering motions as one of the desired features [32]. The
self-leveling task can be realized mechanically or hydraulically with several limitations
[23]. In the same work, an electronic solution based on feed forward is proposed for
a particular linear valve with a known tractor supply. A recently released product is
available for a proprietary tractor [12], where tractor condition is possibly available. Here,
an electrical solution to realize this task, based on closed-loop control for a particular
valve, is investigated where no information is available about different possible tractors

to be mounted on.

As a highly nonlinear system, nonlinear model-based controllers have been reported
to perform better than linear controllers for hydraulic systems [27]. Besides, as other
mobile hydraulic systems, FELs are expected to work in a highly uncertain environment.
Thus, robustness is important such that controllers that can deal with uncertainties and

perturbations are considered.

In this work, the disturbance is mainly introduced by the driver who manually controls
the boom motion. Hence, the ESL task becomes a problem of the automatic tilt cylinder
control under an arbitrary motion of the lift cylinder. Our goal is to automatically main-
tain the implement angular position with respect to a world frame or a frame fixed on an
attached tractor under the influence of the main disturbance. This task is considered in Pa-
per A and Paper B, while here we provide some additional details and related discussions.
Moreover, investigation on one possible fault and the mitigation proposal are presented

in section 4.2. Lastly, the background theories related to control design are presented in

27
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section 4.3.

4.1 Controllers

To compare different controllers, we have built a simulation model that is constituted by
hydraulics dynamics and the equations of motion presented in Chapter 3. Due to the
high complexity of the unmodeled augmented variety of the stack valve, e.g. inlet pres-
sure compensator and flow regeneration modules, a simplified hydraulic circuit containing
two identical hydraulic cylinders with two constant pressure supplies is used in simula-
tion. Hydraulics parameters from the CAD model are utilized together with the valve

coefficients and bulk modulus presented in Table 4.1:

Table 4.1: Valve coefficients and bulk modulus parameters for simulation

symbol | description value
Csa supply to chamber-a coefficient | 3.9 x 10~7 m®°kg~!
Cht chamber-b to tank coefficient 2.9 x 107" m3%kg~!

Csb supply to chamber-b coefficient | 5.6 x 1077 m3°kg~!
Cat chamber-a to tank coefficient 4.8 x 107" m35kg~!
8 bulk modulus 1.7 x 10° MPa

Note that the valve coefficients in (3.1) and (3.2) now have different values depending on
which chamber the supply or the tank is connected to [2]. Similar procedure to obtain the
valve coefficients can be followed when the supply pressure measurement is available. In
the simulation, these valve coefficients are set the same for lift and tilt cylinders.

With this simplified system, a standard linear controller (PI) and a perturbation com-
pensation method, Sliding Mode Control, have been compared to realize ESL. A PI con-
troller is chosen since it might give a zero steady state error for a type I system under a
constant velocity disturbance [37]. The Sliding Mode Control was found to be one of the
best controllers for a similar heavy-duty manipulator in mining industry [8]. Other leading
controllers are Acceleration Feedback using an experimentally Identified Friction Model
(FRID) and Model Reference Adaptive Controller (MRAC). However, it is expected that
friction varies considerably in a wide range of temperatures where the loaders are typi-
cally operated such that identifying a thorough friction model might be a time-consuming
procedure. On the other hand, the expected real-time implementation with ECU might

require unavailable memory and computational resources to implement MRAC.
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In simulation, the deadzone compensation is perfectly set such that the comparison
of controllers is focused on compensating the disturbance from the driver, which is the
lowering or lifting velocity. A pulse signal is applied to the first cylinder in open loop to
simulate a driver’s aggressive motion control and hence introducing the disturbance to the
system. The linear controller is tuned by trial and error to achieve a certain performance,
e.g. 0.5 degree tracking error for lifting and 1 degree tracking error for lowering. The
classical first order Sliding Mode Controller is also tuned by trial and error.

It is observed that a high gain proportional term will reduce the tracking error to
ensure the desired performance, but more oscillations are observed in lifting motion (Fig.
4.1 during the first 5 seconds). However, a better performance in lowering motion is
observed without much oscillation as well as lower error during transient. Increasing
the integral gain will reduce the error during the motion achieving a better steady-state
error. However, a windup effect is observed at lift stationary condition which cannot be
solved with anti windup module from MATLAB. As the constant velocity disturbance is
not present at stationary condition, it is not clear what integral term is fighting for. On
the other hand, with disturbance compensation, e.g. using sliding mode term, a certain
performance can be achieved without exciting longer oscillation or windup effect (Fig.
4.2b).

From the simulation results, similar comparison has also been done in experiments
that are reported in Paper A. The comparison has been done at a certain working con-
dition: low RPM and an empty bucket as an implement. The controllers are tuned by
trial and error: the gains are gradually increased within certain reasonable ranges, until
no performance improvement and higher amplitude of oscillations are observed.

It is observed that different controllers are required for lifting and lowering motion.
A linear controller is enough to maintain ESL in lifting motion. Whereas, a stronger
controller, in the form of additional practical disturbance compensation in this work, is
required to maintain sufficiently accurate ESL in lowering motion. In lowering, successful
ESL requires tilting the bucket in the direction opposite to the influence of the gravity.
Conversely, the gravity helps the tilt out motion to maintain ESL during lifting.

From the modeling viewpoint, the gravity influence can be analyzed from the simpli-
fied dynamic model (3.12) derived in Chapter 3 (see also Paper A):

. 1.
ly = ?‘II(W) — — fna-
n n

The function in the numerator ¢, which amplifies the impact of control signal w5 is larger

in tilt out motion due to larger pressure difference, p2, — p; and ps — pap, than in tilt in



30 4. Electronic Self Leveling (ESL)
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Fig. 4.1: Comparison of controllers performance between P and PI in simulation

motion, pap — pr and ps — pa, in the presence of an inlet pressure compensator. Whereas,
the denominator, 7, is the same at the same cylinder extension regardless the lifting or
lowering motion.

Moreover, while Sliding Mode Control gives a good control performance in simula-
tion, chattering is visible in experiment!. This leads us to explore Active Disturbance
Rejection Control (ADRC) that compensates the disturbance based on its estimation in-
stead of worse-case-disturbance-based-scenario aggressive domination by SMC. Thus,
we compare different controller schemes investigating the importance of dead zone com-
pensation, linear controller, SMC and ADRC. It turns out that the scheme that combines
SMC and ADRC is able to reach the desired error with less oscillation that is observed in
lowering motions which is reported in Paper A. This result has motivated us to propose a
tuning procedure of a controller with this scheme for lowering motions.

This tuning procedure has been reported in Paper B. We base our analysis on a non-

linear model of a hydraulic cylinder as the cylinder is expected to work in the whole

' Different SMC variants have been investigated as well, namely Super Twisting, [25], Exponential SMC and

SMC with varying gain, [44]. However, similar oscillation behavior has been observed.
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Fig. 4.2: Comparison of controllers performance between PI and PI with Pert. Rej. in

simulation

range of extensions, various loads and different velocities. Due to a limited commutation
frequency of the hydraulic actuator, an ideal sliding mode can not be induced. Thus, the
discontinuous SMC term is now considered as a relay controller whose action does not
need to overcome the disturbances. The tuning procedure is now proposed for a controller
combining proportional, disturbance observer and a relay controller. Based on a Vector
Lyapunov function (see Section 4.3.2), a set of parameters has been obtained to achieve

a steady-state error less than the requested two degrees. It has been implemented in a
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prototype setup at the company and compared to a PI controller.

In addition, a procedure to tune the controller parameters, a safeguard function is
developed to deal with a possible flow limitation (see Section 4.2). From the control
design perspective, this is a saturation problem. The saturation level varies depending
on the level of RPM. The problem is more critical in lowering motion than in lifting
because, roughly speaking, the fluid prefers to go to the low pressure chamber, which
assists the lowering motion but hesitates to fill the high pressure chamber to perform
the tilt-in motion. Intuitively, reducing the boom command, which will reduce the flow
consumption by the prioritized lifting cylinder, should be done. Here, an idea to reduce
the commanded boom velocity from the tilt information on maintaining ESL is proposed
based on properties of the mechanical model. By relying the analysis on the mechanical
part, the detailed description of a complex hydraulic model is not required and the focus

is on the task.

4.2 Dealing with insufficient flow

Maintaining ESL during the lowering motion can be translated into filling the low pressure
chamber of the lift cylinder and the high pressure chamber of the tilt cylinder. The boom
command sent by a driver will determine the boom cylinder velocity and subsequently the
required tilt cylinder velocity for compensation. With the information of the cylinders’
chamber areas, the total required flow can be computed.

As the total flow is computed in cylinder domain, the idea is to convert the ESL
condition expressed in the angular domain, 65 = ¢ — 64, to a necessary condition in the

cylinder domain as follows:

by = —6 (4.1)

thi?)x'g = —Lalgl):bl (4.2)

L;if)@jzz = —L(;xl)rlj—’; (4.3)
1

=g = e () @

Differentiating ESL condition gives us a necessary condition on the angular velocity (4.1)
and the cylinder velocity (4.2) by exploiting the geometric transformation. Multiplying by
the corresponding cylinders’ areas (4.3) and collecting terms together result in a derivation

of the required flow ratio (4.4).
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This ratio depends on the cylinders’ areas, which are constant, and cylinders’ ex-
tensions. Theoretically, every lift cylinder extension has one-to-one relation to the tilt
cylinder extension in maintaining a certain bucket angle in the world frame. Thus, this
ratio only depends on the lift cylinder extension (or lift angular position) to maintain a

certain desired bucket angle.

When the total available flow is known, the time optimal trajectory of lift cylinder
velocity is shown in Fig. 4.3 for a horizontal bucket angle (¢ = 488 degree with respect
to the assigned world frame). It shows that the time optimal trajectory is a non-constant
lift cylinder velocity due to the effect of the non-linear geometric transformation. When
the total available flow is unknown, this ratio can be used as a reference of succesful ESL

in on-line application.

time optimal trajectory with Q =20 L/min
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Fig. 4.3: The time optimal trajectory of lift cylinder velocity to maintain ESL at horizontal
position (88 degrees) given the flow supply equals to 20 L/min

In online application, the actual flow ratio can be computed based on the estimated
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cylinder velocities?:
- Qa2 Au2 T2
act — - E
Qun A1 34

When there is enough flow supply, the quotient of the actual ratio and the reference ratio

(4.5)

will be equal to 1. Whereas, when a flow supply shortage occurs, this quotient will be
less than 1. The difference will be higher when further shortage occurs, which makes it a
good feedback variable to reduce the boom command.

An implementation of using the quotient of flow ratio as a feedback variable to re-
duce boom commands has been carried out and tested on the experimental set-up without
bucket. The difference of flow ratio from 1

Tact

Tdifference = 1 —
Tref

is then multiplied by a constant before being used to smoothly reduce the lift command.
Reducing lift command will automatically improve the ratio difference, and hence lower
the reduction. The lift command that is detected at the maximum reduction is then set to
be a new saturation level.

The proposed algorithm is able to detect different maximum boom lowering com-
mands for different available flow supplies (Fig. 4.4). In the case of low RPM, the sug-
gested saturation is -0.3122, which indicates a less lowering velocity than the suggested
saturation in high RPM case, which is -0.3593. Moreover, the reduction is larger in the
low RPM case due to a worse flow shortage than in the high RPM case, which can be
indicated by a bigger maximum error in low RPM case.

Though the proposed method is working fine (with the current implementation) to
find the saturation level, and hence the available flow, by reducing the boom command,
the mechanism to detect excess flow followed by a mechanism to increase the actual
level of saturation is not part of the proposal. Thus, increasing the cycle time when a
driver increases the RPM setting in the middle of lowering motion is not possible with the

proposed method.

4.3 Background Theory

4.3.1 Nonlinear Systems

As a nonlinear system of ordinary differential equations is decided to be the base of the

work with Electronic Self Leveling, the stability analysis is done using a Lyapunov func-

2A differentiator is designed for this purpose, see section 6.2
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Fig. 4.4: Different detected saturation levels of boom lowering command for different
RPM settings.

tion. With this tool, examining the derivative of certain functions along the trajectories of
the system can determine the stability of the system through the stability of its equilib-
rium points, i.e. the property of the solutions initiated sufficiently close to the equilibrium
to stay in its vicinity, instead of solving the equations. The decription below is based
on [19, Chapter 4].

The equilibrium point x = 0 of a time varying system,
i = f(t,x) (4.6)

is uniformly stable if there exists a class x function® « and a positive constant ¢, inde-

pendent of ¢, such that

=) < a(l|z(to)ll), VE=to =0, V()] <ec.

The stability analysis using Lyapunov function is based on the following theorem:

Theorem 1 (Lyapunov). Let the origin x = 0 be an equilibrium point of & = f(t,x), i.e.
f(t,0) =0, and D C R™ be a domain containing © = 0. Suppose f(t,x) is piecewise

3A class « function is a scalar continuous function a«(r), that is strictly increasing and o (0) = 0.



36 4. Electronic Self Leveling (ESL)

continuous in t and locally Lipschitz in x for all t > 0 and x € D. Let V(t,x) be a

continuously differentiable function such that

Wi(z) < V(t,z) < Wa(x) 4.7)
ov. oV
ot %f(hx) <0 (4.8)

forallt > 0 and v € D, where Wy (x) and Wy(x) are continuous positive definite*

functions on D. Then, the origin is uniformly stable.

The solution of system (4.6) is uniformly ultimately bounded with ultimate bound
d if there exists a positive constant ¢, independent of ¢, and for every a € (0, ¢), there is

T > 0, dependent on a and d but independent of ¢, such that
[z(to)l <a=llz(t)| <d, Vt=to+T. (4.9)

In a particular case where the system is linear with a time and state dependent but bounded

perturbation,
T = Az +g(t z),

where A is Hurwitz and the perturbation is bounded ||g(¢, z)|| < 7, a Lyapunov function

can be chosen as )
V(z) = ixTPm

with Q@ = QT > 0 and P computed as the solution of the Lyapunov equation PA +
AT P = —2Q). This Lyapunov function satisfies

1
SAmin(P)J2]* < V() <

9 )‘maX(P)”IHz

|~

and its derivative along the system trajectories is constituted by:

Vo= %[xT(PA—&—ATP)x}—FxTPg
= —2TQe+2TPyg
such that
V(t,x) < */\min[Q]”xH2+”Pl”rYHx”
< Sy s Zoviiey
min

4 A positive definite function V' is a function that satisfies V' (0) = 0 and V'(x) > 0 forx # 0
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with the following change of variables: Y2 = V, the upper bound on the derivative of the

new Lyapunov function Y becomes linear and :

Yg_)\min[Q]Y_~_ 1
)\max [P ] 23\

1Pl

s
2 .
min

[

after exponentially decaying transient, the solution x is globally uniformly ultimately
bounded by

| P]|. (4.10)

2]l < d = [Amm[cz]]-l : 1

/\max [P] min [P}

4.3.2 Vector Lyapunov Function

When the number of state increases, and hence the size of matrix P and @, finding the
solution to the system of linear equations for the elements of the matrix P that satisfies
PA+ ATP = —2Q becomes more complex. The work of Vector Lyapunov Function
can be utilized to analyze the stability of a system based on several Lyapunov functions,
where each function can satisfy less rigid requirements than in the classical Lyapunov’s
theorem.

Recall the system (4.6):

T = f(t,l‘),

where = and f(t, ) are n-dimensional vectors with f(¢,0) = 0. The stability of the
equilibrium solution x = 0 can be analyzed via a vector Lyapunov function. Instead
of analyzing the stability of system (4.6) by a single scalar Lyapunov function, a vector
of Lyapunov-like functions V' € C[R, x R™, RN] with N < n components, and the
derivative-like function DTV (, ) is defined as

DYV(t,z) = lim sup% V(t+ha+hft,z) - V(t,)] @.11)

h—0t

for (t,x) € [Ry x R™]. Each Lyapunov-like function here is assumed to be locally
Lipschitz in z instead of continuous and differentiable (V/(¢,z) € C*) as in Lyapunov

stability analysis. The stability is analyzed through a comparison system:
U=p(t,U), Ulto) =Up >0 (4.12)

where p € C[R; x R™, RV] and p(t, U) is quasimonotone nondecreasing in U. With the
assumption that
DYV (t,z) < p(t, V(t,2)), (4.13)
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where the inequalities between vectors are componentwise and quasimonotonicity of
p(t,U) means that U < R, U; = R; for 1 < i < N implies p;(t,U) < p;(t, R).
Then, the practical stability® of system (4.12) implies the corresponding practical stabil-
ity properties of the system (4.6) with the following assumptions [22, page 33]:

(i) p € C[R;y x RN, RN],p(t,0) = 0 and p(¢, u) is quasimonotone nondecreasing in
uforeacht € R4

(i) V € C[RyxR", RY], V(t, ) islocally Lipschitz in z, and the function Vo (¢, z) =
SN Vi(t, z) is positive definite and decrescent.

(iii) f € C[Ry x S(p), R™], f(¢,0) = 0 and condition (4.13)
We consider here a linear comparison system
p(t,U(t,x)) = AU(t,z) + b (4.14)

where the stability properties are given by the matrix A = [a;;],x» and the vector b =
[bi1]nx1- Then, p(t,U) = AU + b, with A Hurwitz and b > 0, is admissible to imply
uniform strong ultimate bounded stability of system (4.6) [46].

4.3.3 Sliding Mode Control

A discrepancy of the actual plant and the mathematical model has driven the development
of robust control methods. One particular approach of these methods is Sliding Mode
Control [39, chapter 1].
A design of this controller can be summarized from an example in [39, chapter 1] as
follows. For a system:
T = To x1(0) = 210, “.15)
To =u+ f(x1,22,t) x2(0) = wap,
where the states of the system xy = z, 9 = & are position and velocity respectively, u
is the control force and f(x1, z2,t) is the disturbance that might comprise dry or viscous
friction or other terms. The disturbance is assumed to be bounded from above by a known
constant, e.g. | f(x1,x2,t)| < L > 0.

First, a sliding variable o that is constituted by the systems states is defined

o=o(xy,x2) =29 +cxy, ¢>0 (4.16)

SPractical stability for a system means that there is an ultimate bound |z(¢)| < d of the solution of an ordinary
differential equations initialized within another bound |z¢| < a. The same definition applies for a perturbed
system by a non-vanishing but bounded perturbation |g(¢, z)| < 4.
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This is a variable that would be driven to zero in finite time by the control u(x1, 2:3). Note
that as soon as ¢ = 0 the system’s dynamics becomes ©; = —cz; and x; vanishes to
zero exponentially. Based on Lyapunov function, V' = %02, the feedback controller is
designed. The derivative of this Lyapunov function is

V =06 = o(cxy + f(x1, 22, ) + 1) 4.17)
with u = —cx9 + v, Eq. 4.17 becomes
V = o(f(x1,22,1) +v) = o f (21,22, ) + ov < |o|L + o (4.18)
with v = —psign(o) where
) 1 , x>0
sign(z) = (4.19)
-1 ,x<0
and
sign(0) € [—1,1] (4.20)
with p > L,
V <|o|L —|olp=—lo|(p—L). 4.21)

Taking into account the inequality above for the derivative of Lyapunov function we con-

clude that o converge to zero in finite time since V = 02 /2 > 0 and
V<—04V1/2:—i0, a>0 4.22
< ﬁ' | (4.22)

Comparing Eq. 4.21 and Eq. 4.22

«

< —lol(p— L) ﬁl | (4.23)
then the control gain p is computed as
1o
=L+ — 4.24
P NG (4.24)
and u becomes
u = —cxg — psign(o). (4.25)

From the initial conditions x1q, 20, this controller will drive the sliding variable to zero
o = 0 in finite time, which is called reaching phase. Once the sliding variable is zero
(sliding mode), it will remain zero with the same controller and the system dynamics is

reduced into &1 4 cx1 = 0, which is called the sliding surface.
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However, in practice, a zigzag motion is observed in the sliding mode due to the lim-
ited switching frequency, which is called chattering. One solution to attenuate chattering

is to approximate the sign function with a sigmoid function:

. o
sign(o) =~ Tt (4.26)

Under this smooth control law, the sliding variable will converge to a vicinity of the origin.

This condition is called quasi-sliding mode, which has been used during this study.



S Payload Estimation

This task is to estimate the mass in the mounted implement. In particular, we focus on
the mass in an attached bucket. The commercially used state-of-the-art of most payload
estimation algorithms that are based on linear interpolation work fine only when the es-
timation conditions are fairly close to the ones during calibration [3]. In this work, we
investigate a payload estimation algorithm based on the equations of motion to improve
the accuracy within varying estimation conditions, specifically the variation in bucket an-
gle and lifting velocity, with the target accuracy of 2% Full Scale (FS) error. Moreover,

this target is preferably achieved during regular operations.

As a robotics system, the mechanical equations of motion govern the FELs motions.
The dynamic parameters involved in these expressions are commonly identified to im-
prove the torque response for control purpose, rather than improving the identified pa-
rameters [48]. Within industrial robotics, the identification experiments are normally
carried out with a carefully planned exciting trajectories. However, payload estimation
in FELs is expected to be carried out in parallel to driver’s normal operation, which is
a monotonous lifting or lowering. For this reason, it is expected that smaller number of
kinematic and dynamic parameters can be identified. However, within the particular ap-
plication, some relatively good parameters can be extracted from the manufacturer’s CAD
model. Besides, a calibration procedure, as a current industry standard, can be used to es-
timate the discrepancies between CAD model and the physical system. With the limited
number of parameters that can be estimated, obtaining a payload estimation within the
desired accuracy becomes a problem to find the substantial model that can describe the
FEL motions.

As the gravitational torque contributes the most to the total torque except for the fastest

motion [26], it becomes the base of the proposed payload estimation algorithm. The
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simplified quasi-static equations of motion of the loader becomes:

Gl(g) = gFM81M2 —|— gSlgMgMXQ —|— gClgMQMYQ (51)
-I-gClMlMYl -I-gSlMlMXl.

The regressor and parameters to be identified are constructed depending on the considered
assumptions of the real system, e.g. assuming the model and parameters from the CAD
exactly represent the real system, My will be the only unknown, which can be directly
computed. However, several uncertainties are present in the real system, including, but
not limited to, additional boom weights from hoses and fluid (M; + AMj) and an error
in the location of the COG of link 2 (M X5 + AM X5, MY 5 + AMY ) for different

payload locations in the bucket. Moreover, varying boom COG is expected due to the

varying boom sructure for different lift cylinder extensions (M X1 (z1), MY 1(x1)).
When all the uncertainties are considered, the regressor and parameters for a particular

i-th set of measured joint angles becomes

T
gFMSl(Z) Mg

gs12(1) My MX,

G1(3) = ¢(i)10° = | geia(d) MyMY, | . (5.2)
gs1(i) M MX,
gei (1) M, MY,

Then, the parameters are estimated off-line using Matlab optimization Toolbox™ such
that the focus of the work is about modeling instead of identification tools'. A set of
experiments varying the estimation conditions, specifically lifting velocities and bucket
angles, have been done to examine the accuracy and repeatability of possible estimation
algorithms.

A reasonably accurate payload estimation is obtained when the boom COGs are cal-
ibrated first assuming that the bucket COGs are correct. Though these parameters are
estimated as constants instead of functions, the payload estimation accuracy with this
proposal lies within 5% FS error, which is reported in Paper C. It is also observed that
the proposed estimation algorithm is less sensitive to variation in bucket angle since this

parameter explicitly appears in the model.

! Another identification tool, namely algebraic method [40], has been investigated in simulation for a simple
mechanical system. However, the work on model improvement has been carried on to achieve a 2% FS error
instead of the work on identification method and this decision has stopped us from working further on algebraic

method for payload estimation or investigating other identification methods.
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As the calibration of boom COGs can not fulfill the desired accuracy of 2% FS error,
several possible modifications have been investigated. It turns out that adding a pressure-
based friction term, inspired by [9], in the equations of motion improves the acuracy to
the desired level, which is reported in Paper D. Moreover, an on-line payload estimation
has been performed with a similar attained accuracy.

The approach of estimating payload based on equations of motion is actually twofolds.
A better estimation accuracy indicates a better model of the loader. Though the presented
works have been investigated only with a bucket as implement and on a particular loader
sample, but industry-standard, the same procedure is believed to work with different im-
plements and different 2-DOF loaders with a straightforward modifications of the param-
eters.
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6 Supportive Works

6.1 Hardware and Related Issues

Throughout this study, several hardware related investigations have been done. A brief

summary of each activity is reported here.

6.1.1 Real Time Platform Comparison

This task was carried out to see the possibility to replace dSpace as a real time prototyping
platform keeping the possibility to design and to tune controllers on-the-fly using the code
developed in Matlab/Simulink. A comparison between dSpace DS1401 and MATLAB

xPC target version 5.4 has been carried out and summarized in table 6.1.

Table 6.1: Comparison of dSpace DS 1401 and xPC Target v5.4 as a real-time prototyping

platform.
Desirable feature DS 1401 | xPC
Online parameter modification \Y \Y
Data logging with labelled signal \Y \Y
Host signal monitoring \Y v
/0 port flexibility Vb X¢
Memory direct access \Y A%

Jimited.

btime consuming.
“restricted to the initial plan

Several features are found similar in dSpace and xPC Target: the possibility to change

parameters, e.g. constant gain, when the real-time target is running; the structured la-
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bels for data logging; and the possibility to directly read/write the memory when e.g. a
collaboration with external applications is required.

Meanwhile, there are also significant differences. The signal monitoring at the host
PC in dSpace seems to have the same priority with other tasks whereas lower priority is
observed in xPC Target. Besides, it is rather flexible to add hardwares in dSpace, even
with the expected time-consuming process for cabling, whereas a careful initial plan of

the possible connected hardwares is important in XPC Target.

6.1.2 IMU sensor connection

This task was carried out to change the IMU indirect connection available at the beginning
of the thesis work, which provided the measurement through a driver in a desktop, to a
direct connection to dSpace. The indirect connection shows noisier measurement than the
direct one (Fig. 6.1) since the process in desktop is not performed in real time. As the
final application must be done in real time, the controllers have been investigated based
on the measurement with the IMU direct connection before a different sensor is selected

to be used in the research experimental setup.

comparison of IMU measurement

T T T T T
indirect connection
“30f — — —direct connection
321 4
£
= 34 b
=
g
E
2 361 k
]
=
on
5 -38F 1
740 . <
742 - -

3000 3500 4000 4500 5000
sample

Fig. 6.1: Comparison of direct and indirect IMU measurements

A brief description of the direct connection is presented in the following. An RS232

connection has been built and the serial block from dSpace is utilized to decode the re-
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ceived RS232 packets and output the message, message length, and the receiving status.
Then, a driver have been developed based on the IMU message protocol [47] (Fig. 6.2).

The finite state machine diagram in Fig. 6.3 is utilized in the reader. With this reader,

PREAMBLE | BID [MID|LEN|  DATA |[CHECKSUM]

Fig. 6.2: IMU low level communication protocol. Preamble = Indicator of the start of a
packet. BID = Bus Identifier. MID = Message Identifier. LEN = Message Length.

about 56 times of one lost message each was detected during one hour, which is still

considered as a reasonable reader.

PRE 7& 250
PRE 250 BID = 255
—_—
BID # 255
end Of MID = 50
LEN XX

middle of (/
message

Fig. 6.3: A Finite State Machine design of the IMU reader. The length of the message
(LEN) depends on the IMU configuration

6.1.3 Sensors Calibration

To compare different angular position sensors that are mounted on the research experi-
mental setup, a calibration is required such that each sensor reading is based on the same
assigned frames. The calibration implies finding the angular position offset ;¢ for the
rotational sensors

0; = 0ir + Osor s

and affine equation parameters for the linear sensors a;, b; in

T; = Q;Tip + bi
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where 6;, denotes angular sensor output read in dSpace, x;. denotes the cylinder ex-
tension value read in dSpace, x; denotes the physical cylinder extension, ; denotes the
physcial angular position and ¢ = 1, 2 denotes the lift and tilt cylinder respectively.

Here, a calibration method is proposed when the sensors are already installed. Instead
of uninstalling the sensors and tuning the offsets and parameters manually, the proposed
method is processing the data from both linear and rotational sensors that are recorded
from a manually performed motion that covers the whole joint space. With this data, the

following optimization is proposed to obtain the 0;,¢ ¢, a;, and b;.

N
minimize hi_1 Oir — Oiorr) — (a; X i + b 2
pimize (05”0 — ) ~ )
N 6.1)
subjectto  (a, bf) = arg min Z(h;l(GiT —Oiofs) — (ai X 21, + b;))>.
ai;b; r=1

The minimizer of linear equation parameters are obtained using Least Square given
an angular offset from another optimization process and the minimizer of angular offset is
obtained using MATLAB Optimization toolbox. The cost function of both optimizations
is the square of cylinder extension error between the one computed using the geometric
transformation from the angular position reading, given the required geometric parame-
ters, and the one computed from the cylinder extension reading.

This idea has been applied to the tilt cylinder calibration (with ¢« = 2) and compared to
the manual calibration'. The obtained parameters from the proposed calibration are close
to the ones from the manual calibration (Table 6.2). The maximum error in cylinder

extension is around 2.5 mm (Fig. 6.4).

Table 6.2: Comparison of the manual and proposed calibration for tilt cylinder.

Parameter Manual calibration | Proposed calibration
Offset 0y, (degree) -125.62 -126.68
. az 3.1781 3.1431
Linear parameters
ba -1.1987 -1.3296

Though the maximum error with the proposed calibration is rather small, it shows a

dependency on the cylinder extension. This is because the assumptions made in the op-

The manual calibration of linear sensor is done by uninstalling the sensors and comparing the physical cylinder
extension and the sensor reading in dSpace. While the manual calibration of the angular position sensor is
obtained from the transformed angular position of the tilt maximum extension assuming that the transformation

is error-free.
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Comparison of manual and proposed method for tilt cylinder calibration
1.8 T T T T

manual calibration
161 — — — proposed calibration |4
E 14t 1
121 q
1 . . . . .
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error in cylinder extension

.
0 20 40 60 80 100 120
time [s]

Fig. 6.4: Comparison of direct and indirect IMU measurements

timization does not take into account the possible discrepacy in the physical system. For
example, the linearity asumption in the linear sensor does not take into account the possi-
ble tilted sensor installation. Bigger deviation is expected with more disregarded physical
facts. Conversely, the proposed method might be useful to investigate the disregarded
physical facts. Besides, depending on the desired accuracy, this method might be useful

for sensor calibration when uninstalling sensors is not an option.

6.2 Differentiator

Throughout this work, a numerical differentiator is used to estimate the derivatives of var-
ious directly measured signals that are needed, e.g. the derivative of error in the proposed
tuning procedure for the ESL controller and also to estimate cylinders’ velocity in the

proposed algorithm to handle flow limitation.

One of commonly used computational procedures to estimate derivatives is known as
a high-gain-observer. An example of a standard high-gain observer for a second order sys-
tem @1 = o, 2 = f(x1,x2) with measurable x; and uncertain f(-) can be implemented

as a solution of the following differential equations:
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k
1= f?le + 2o 6.2)
ks

€2

&>

et 6() (6.3)

To =

where e = &1 — x1 and 4(+) denotes a possible model of the uncertain function f(-). The
introduced e shows a clear advantage of reducing this value to attenuate the disturbance,
defined by the difference between d(-) and f(-), in the error-dynamics representation with
scaled estimation error [19, page. 613]. However, in the presence of measurement noise,
e should be chosen considering the trade-off between noise amplification and disturbance
rejection, since reducing it leads to a higher amplitude of high-frequency component of
estimation errors due to noise amplification.

When there is no model of the system and 0(-) is taken to be 0, this second order high
gain observer becomes a differentiator as it is estimating the derivative of the measured
signal, i.e. &7 without any knowledge of a model generating signal. As a part of the
controller we propose for ESL, we set € to 1 and ky = k?/4 to simplify the tuning
procedure. The latter is based on a critically damped condition of a second order system.
Thus, we have one parameter to tune the differentiator.

The same parametrization is done to obtain the differentiator parameters for estimating
the cylinders velocity to test the proposed algorithm to cope with flow limitation. By
trial and error, k; is chosen such that the estimation converges as fast as possible with a
certain level of noise amplification. For this algorithm, k; and k5 are equal to 9 and 20.25
respectively.

Besides High Gain Observer, velocity estimation based on Super Twisting [24] was

also investigated:

&1 = —1.5LY2[e|Y%sign(e) + &, (6.4)
iy = —1.1Lsign(e) (6.5)

The tuning of this differentiator requires knowledge of an upper bound on the second
derivative and is done by setting L > \§1| Here, the maximum acceleration is 8 rad/s?,
obtained by differentiating the spline approximation?® of a recorded position measurement.

A comparison to velocity estimation from an IMU sensor is shown in Fig. 6.5. Noisier
estimation is observed in the constant velocity region (around 7 s) due to overcompensa-

tion. During this constant velocity region, the acceleration is around O rad/s? such that

2A MATLAB fitting function with smoothing spline option is used for this approximation, e.g.
fit(x,y, 'smoothingspline', 'SmoothingParam', 0.9998);
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Velocity Estimation based on Super Twisting (L = 10)
0.25 w T \ \
velocity from IMU
estimated velocity |

0.2
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angular velocity [rad/s]

time [s]

Fig. 6.5: Comparison of velocity estimation using Super Twisting algorithm and velocity

information from IMU sensor

a constant L = 10 becomes too large contributing to amplification of the measurement
noise in a similar way as with high-gain observers. However, further possible works, e.g.

ST with varying gain, were not pursued.
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7 Summary of Contributions

Paper A: Automation of Front End Loaders: Self Leveling Task In this paper, it is
observed that different controllers are required for lifting and lowering motions to realize
ESL task within a certain accuracy due to the impact of the gravity. A linear controller is
enough to maintain the bucket position in lifting motion whereas an additional perturba-
tion rejection term is required in the lowering motion to satisfy a certain tracking error.
Moreover, the combination of Active Disturbance Rejection Control and Sliding Mode
Control to deal with perturbation results in a good performance in terms of sufficiently
low steady state error and oscillations. All the controller parameters in this paper are

tuned by trial and error.

Paper B: Control and Tuning Procedure of a Cylinder in Mobile Hydraulics In this
paper, a tuning procedure based on a quadratic vector Lyapunov function is proposed to
obtain the controller parameters for lowering motions, that are constituted by the propor-
tional controller, disturbance observer and relay controller, to achieve a steady-state error
in maintaining the self-leveling within the required 2 degrees. A comparison between the
tuned controller and PI controller shows that the proposed controller is less sensitive to

lowering velocities.

Paper C: Payload Estimation in Front-End Loaders In this paper, the challenges of
payload estimation in FELs are presented. An off-line estimation procedure based on
simplified quasi-static equations of motion that starts with the calibration of boom center
of gravity before estimating the payload is proposed. This proposal results in the estima-
tion accuracy of 5% Full Scale error, which is evaluated within a set of experiments with
the variation of operating velocities and bucket angles. The experiments are performed
on a research experimental set-up that consists of an industry-standard loader, a stationary

tractor, and a dSpace-based prototyping system.
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Paper D: Improvement of Model-Based Payload Estimation for Agricultural Front-
End Loaders In this paper, a pressure-based friction model is added to the simplified
equations of motion, which have been used in Paper C, to have a more accurate model
of FELs to obtain a more accurate payload estimation. The offline payload estimation,
based on the estimated friction parameters in the proposed calibration step, results in an
accuracy of 2% FS error in a set of experiments with the variation of the operating veloc-
ity and bucket angle. Moreover, an on-line estimation has also been investigated for the
payload estimation step while keeping the offline estimation of friction parameters during

the calibration phase.



8 Conclusions and Future
Work

8.1 Conclusions

In this thesis, driven by the trend towards automation in agriculture and a demand initiated
within Al6 AB, one of the leading producers of front-end loaders, we have performed a
development and an evaluation of proposed solutions for both Electronic Self Leveling
(ESL) and payload estimation tasks, with a particular hydraulic valve with inlet pressure
compensator. Our results indicate the feasibility of sensor-based automation for Front-
End Loaders. Particularly, model-based solutions are proposed to realize the tasks and
experimentally tested on an up-to-date industry-standard equipment enhanced by a stan-
dard professional fast control prototyping system, an integrated hardware and software

bundle, in laboratory conditions.

For the Electronic Self Leveling task, a model of a hydraulic cylinder is utilized for
analysis and control design. A controller that is constituted by a commonly used linear
controller, a disturbance estimation term, a relay controller and a dead-zone compensation
is proposed and tuned to achieve a steady-state error below 2 degrees in lowering motions,
according to the specifications posed by the company. The proposed controller is less

sensitive to lowering velocity in comparison to a standard proportional-integral controller.

Moreover, the proposed fault mitigation, based on the ESL requirement from mechan-
ical viewpoint, is able to cope with the flow supply limitation. This has a high industrial
importance, and for Al6 in particular. As the FELs are intended to work without any
information from different possible tractors, such as the actual engine RPM setting and
perhaps also the hydraulic pump operating output, being able to detect saturation and deal

with insufficient flow becomes very important.
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For payload estimation task, simplified mechanical equations of motion are improved
by incorporating a pressure based friction model to represent the loader’s quasi-static
motions and hence improving the payload estimation in the constant velocity region of
lifting motion. Based on the estimated friction parameters in calibration step, the payload
estimation accuracy reaches 2% FS error in a set of experimental data with variation in
bucket angles and lifting velocities.

8.2 Future Work

In this work, the solution to perform ESL task has been proposed and investigated for the
steady-state region in lowering motions. Possible immediate directions for future works

are the following:

* Improving transient behavior with minimized or automated tuning of parameters.
A brief investigation on adding a feed forward term shows an improvement in tran-

sient region with unclear tuning procedure that can be pursued further.

e Improving lifting motion performance. Though a linear controller is enough to
realize ESL at a certain flow supply level, load dependency is observed in tilt-
out motion with the particular valve under consideration, which is the required
correction in lifting motion. Further observation is needed to evaluate the linear
controller and to propose a systematic procedure to tune its parameters to satisfy

the desired 2 degrees tracking error.

* Investigation of solutions in varying ambient temperatures. The model used for
control design and analysis to realize ESL in this work considers a turbulent flow
across the orifice. This model covers most of the working conditions of the system,
except the extremely cold temperature where a laminar flow possibly occurs. As
temperature decreases, the oil viscosity increases and hence the Reynolds number
decreases.

* Investigating hydraulics-redesign-based solutions. The proposed solution in this
thesis is mainly from control systems perspective. It is also interesting to investi-
gate possible solutions from hydraulics perspective, e.g. different valve or pump
configurations or different components in the hydraulic circuit, to investigate au-
tomation for this system.

For payload estimation task, several possible future works are:
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» Estimation in lowering motion. The proposed estimation algorithm neglects the in-
ertia and Coriolis terms in the equations of motion. Though the impact velocity is
present in the pressure based friction, it is interesting to investigate how the algo-

rithm performs in lowering motions, which are much faster than lifting motions.

» Estimation on uneven ground. It is interesting to investigate the impact of the es-
timation on an uneven ground, including the possible additional sensors that are

required for this estimation condition.

Another possible future work is from FEL modeling. Part of this thesis work has been al-
located to model the Front-End Loader for simulation, that consists of a mechanical part,
a hydraulics part and a transformation that links both parts. In the hydraulic modeling,
it is not clear how to introduce the pressure head, the pressure difference due to differ-
ent vertical position, into the generated hydraulic force as the cylinder motion is always
affected by the gravity.

Having mentioned more challenges, investigations and possible works that can be
done in the future, the work presented here still requires more evaluation to be trans-
fered to the product development process. Moreover, all the presented evaluation has
been carried out under operating conditions that are sufficient to prove the concept of
the proposed solutions in laboratory. Further extensive evaluation in field, employing an
industry-standard embedded system and taking into account additional disturbances, is re-
quired to verify their usability as products to assist farmers with more automatic features.
However, the project has been good for both university and company. Several challenges
from industry are identified and theoretical-based modeling and solutions are introduced

from academia to drive more fruitful research collaboration.
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