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ABSTRACT

DESIGN AND ANALYSIS OF ANOVEL ELECTROHYDRAULIC DRAFT
CONTROL SYSTEM IN AGRICULTURAL MACHINERY

Karako¢, Emir Murat
Master of Science, Mechanical Engineering
Supervisor: Prof. Dr. Raif Tuna Balkan
Co-Supervisor: Prof. Dr. Yavuz Samim Unliisoy

August 2019, 117 pages

A three-point hitch system is a mechanism that controls the movement of various
agricultural equipment. Connection dimensions between the equipment and working
range of mechanisms are defined by standards. The mechanism is actuated by
hydraulic cylinders and the required hydraulic power for movement is provided by a

hydraulic pump.

Constitutively, there are two types of methods to control the three-point hitch
mechanism. Draft control is a type of control mechanism that ensures the tractor not
to slip and minimizes the inefficiencies. The force applied from equipment to the
tractor depends on the equipment depth, soil characteristics, and vehicle velocity. An
excessive amount of load may cause slippage on tires, even stopping the tractor during
tillage operations. In order to prevent this situation, draft control adjusts the depth of
the three-point hitch mechanism under the soil according to the force value from the
ground during the tillage process. As for the position control, the control mechanism

arranges the height of the mechanism according to the given angle input.

In this study, a three-point hitch draft control system is examined. Solid model of the

three-point system is constructed by using computer-aided design software, PTC Creo



3.09 (CAD) and transferred to MATLAB®. With the transferred model, the tractor's
hydraulic system consisting mainly of pumps, valves and cylinders, position and draft
sensors and the controller are modeled, and the resulting system is created by using
MATLAB Simulink module. Established kinematic equations of the three-point hitch

mechanism are validated with ADAMs® simulation software.

The aim of the thesis is to control the pulling force by the measured pressure
transmitted to the main external lift cylinders, instead of using a force sensor, as
opposed to the application in existing tractors. Simulations of the current model with
force sensors and the simulations of the proposed model with pressure sensors are

performed and the feasibility of the proposed scheme is discussed in detail.

Keywords: Tractor, Three-Point Hitch System, Electro-hydraulic Draft Control,
Position Control
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Oz

TARIM MAKINALARINDA OZGUN ELEKTRO-HIDROLIK CEKI
KONTROLU TASARIMI VE ANALIZI

Karako¢, Emir Murat
Yuksek Lisans, Makina Muhendisligi
Tez Damismani: Prof. Dr. Raif Tuna Balkan
Ortak Tez Danismani: Prof. Dr. Yavuz Samim Unliisoy

Agustos 2019, 117 sayfa

Ug nokta aski sistemi, tarim traktdrlerinde cesitli tarrm ekipmanlarimin hareketlerinin
kontrol edildigi mekanizmalardir. Ekipmanla calisjma mekanizmas1 arasindaki
baglantiy1 saglayan parcalarin boyutlar1 standartlara gore belirlenmektedir.
Mekanizma hidrolik silindir tarafindan tetiklenmektedir ve hareket i¢in gerekli olan

hidrolik gii¢, bir hidrolik pompa ile saglanmaktadir.

Traktorlerde lic nokta aski mekanizmasi iki ayr1 yontemle kontrol edilebilmektedir.
Ceki kontrolil, traktoriin patinaja kalmasini 6nleyen ve verimsizlikleri minimuma
indirgeyen bir kontrol sistemidir. Ekipmandan traktore uygulanan kuvvet, ekipman
derinligine, toprak 6zelliklerine ve ara¢ hizina baglidir. Asir1 miktarda uygulanan yiik,
toprak isleme sirasinda lastiklerde patinaja, hatta traktoriin durmasina neden
olabilmektedir. Bu durumu 6nlemek i¢in, ¢eki kontrolii, ti¢ nokta aski mekanizmasinin
toprak altindaki derinligini, toprak isleme sirasinda zeminden gelen kuvvet degerine
gore ayarlar. Konum kontrolii ise, mekanizmanin yiiksekligini, verilen ag1 girdisine

gore ayarlayan kontrol sistemidir.

Bu tezde, ii¢ nokta aski mekanizmasinin g¢eki kontrol sistemi ele alinmaktadir.

Bilgisayar destekli tasarim yazilimi, PTC Creo 3.0® (CAD) ile modellenen ii¢ nokta

vii



aski sistemi, Matlab® Simulink modeline aktartlmistir. Aktarilan model ile beraber,
traktoriin temel olarak pompa, valfler ve silindirlerden olusan hidrolik sistemi, konum
ve ceki sensorleri ve kontrolci MATLAB® Simulink ortaminda modellenerek
mevcut traktdr sistemi olusturulmustur. Ug nokta aski sisteminin olusturulan
kinematik denklemlerinin dogrulamasi ADAMS® simiilasyon yazilimi ile

yapilmustir.

Bu calismanin amaci, mevcut traktorlerden farkli olarak ¢eki kuvvetinin, kuvvet
sensorii yerine, ana silindirlerde olusan basmncin 6l¢iilmesi ile kontrol edilmesini
saglamaktir. Mevcut traktor MATLAB Simulink® modeline ek olarak yeni 6zgln
tasarimin da modeli olusturulmus ve simiilasyonlar1 yapilmistir. Sadece basing
sensorleri kullanilarak c¢eki kuvvetinin kontrol edilebilme performansi tez igerisinde

ayrmtil bir sekilde tartigilmigtir.

Anahtar Kelimeler: Traktor, Ug¢ Nokta Aski Sistemi, Elektro-hidrolik Ceki Kontroli,

Konum Kontroli
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CHAPTER 1

INTRODUCTION

1.1. Motivation

The human being lives in dependence on the soil from the very beginning of existence.
In all generations, people feel the need to work on the land and produce their nutrition

to keep themselves alive.

The cultivation process firstly started with a hand that used as basic equipment for soil
cultivation. In progress of time, with auxiliary equipment like grubber or rake, the

process got easy.

With industrialization, mechanization has begun and became an essential role in
agriculture. The aim is reducing the dependency of the manpower and taking
maximum efficiency in minimum time. Agriculture has to be done depending on the
climate. Sometimes, even a few hour delays can cause significant losses financially.
Therefore, mechanization has great importance to the concept of time as well as the

increase of the workforce.

The tractor is a great invention that can be regarded as a revolution in industrialization.
In the beginning, the tractor was originally only used for towing and fieldwork.
Nowadays, it can be easily used in all kinds of work that a farmer may need such as
plowing, fielding, leveling and picking. It also has the capability to do heavy work

that the backhoe loader can do.

In developed countries, agriculture is made with less human power, more agricultural
tools principle. Nowadays since the tractor has the ability to do all the necessary work,
in some countries, thousands of acres of field can be processed with a single person

and in this way provide a significant contribution to production.



As an agricultural country, keep pace with agricultural technology is very important
for Turkey. For that reason, primitive agricultural tools are rapidly abandoned and the
use of advanced agricultural machinery is rapidly increasing. As a result of this
development and with developing technology, the tractor has become an indispensable
part of the farmers.

The tractor has lots of components. Engine, cabin or platform, transmission, power

take of system and lift system could be count as essential components of the tractor.

The predecessors of modern tractors used steam engines for power. Modern farm
tractor generally employs with the diesel engine. The range in power output starts from
18 to reach 575 horsepower (15 to 480 kW). The tractor size and power output are
dependent on applications. Smaller tractors are used for lawn mowing, landscaping,
orchard work, and truck farming. Larger tractors are used in vast fields for heavy-duty
issues[1]. In the future, instead of diesel engines, the electric tractor could be produced

and take an important role in the field [2].

Cabin or platform is the living space and the command center of the tractor for the

driver. Cabin is a closed version of the platform.

Next, in the modern tractor, there are several transmission types. One of the oldest
methods is a manual transmission. Power-shift [3], semi power-shift and continuously

variable transmission, CVT [4], are the other types of modern transmission.

PTO is the acronym of the power take of system. Most tractors transfer power to
another machine such as mower. Early tractors used belts or cables wrapped around
the flywheel or a separate belt pulley to power stationary equipment, such as a
threshing machine. Modern tractors use the PTO shaft to provide rotary power to
machinery that may be stationary or pulled. The PTO is usually at the rear side of the
tractor and can be connected to an implement that is either towed by a drawbar or a
three-point hitch [5].


http://www.wiki-zero.com/index.php?q=aHR0cHM6Ly9lbi53aWtpcGVkaWEub3JnL3dpa2kvU3RlYW1fZW5naW5l
http://www.wiki-zero.com/index.php?q=aHR0cHM6Ly9lbi53aWtpcGVkaWEub3JnL3dpa2kvSG9yc2Vwb3dlcg
http://www.wiki-zero.com/index.php?q=aHR0cHM6Ly9lbi53aWtpcGVkaWEub3JnL3dpa2kvTW93ZXI
http://www.wiki-zero.com/index.php?q=aHR0cHM6Ly9lbi53aWtpcGVkaWEub3JnL3dpa2kvQmVsdF8obWVjaGFuaWNhbCk
http://www.wiki-zero.com/index.php?q=aHR0cHM6Ly9lbi53aWtpcGVkaWEub3JnL3dpa2kvRmx5d2hlZWw

Lastly, the lift system connects the tractor to equipment such as plows or chisel
plough. Hydraulic power lift, drawbar and three-point hitch mechanism are the main

parts of the lift system.

The main purpose of the tractor is transmitting the power to equipment. Engine power
Is transmitted by using power take-off, three-point hitch or drawbar mechanism. PTO
transmits the rotational motion, whereas other mechanisms transmit the linear motion.

Engine power is converted to the draft force with the help of the wheel and drive train.

1.2. Details

In thesis, the main subject is the hydraulic lift system. The tractor lift system is
composed of two main components, which are hydraulic lift system and three-point
linkage or three-point hitch mechanism.

1.2.1. Hydraulic Lift System

The hydraulic system is found mainly in the back of the tractor, but, in some cases, a
separate hydraulic system takes place on the front. This system is the heart of the
tractor. It makes easier the mounting, handling, actuating and adjusting of the

equipment.

Hydraulic pump (P) converts the mechanical energy that comes from motor, into the
hydraulic energy. Generally, fixed displacement gear pumps are used in the tractor.
The pump has one inlet, suction line (1) and one output, pressure line (2). Filter (F) is
used in the suction line, just before the pump. It removes the contamination in the
system. Pressurized fluid comes to the control valve (C). The control valve is the
directional control valve of the hydraulic lift. Specifications of the valve change tractor
to tractor. Relief valve (R) sets the system maximum working pressure. In all hydraulic
power lift systems, R must be occurred to protect the system from high pressure. The
oil that passes from the relief valve returns the tank from the return line (3). HPL arm

(4) is the connection link between the 3-point linkage and the HPL unit.
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Figure 1.1. Hydraulic Lift System

In the hydraulic lift system, hydraulic power lift, HPL, is the casing of some certain
parts which are located behind the tractor. The hydraulic power lift is composed of
several main components. Hydraulic power lift unit or rockshaft, HPL arms, main
shaft, crank handle, piston rod, cylinder, piston and distributor valve are the main

components of the HPL. This system is called an HPL with internal lift cylinders.

In certain types of HPL, crank handle, and the piston rod does not occur. In this type
of mechanism, hydraulic lift cylinders are directly connected to the HPL arms. This

system is called an HPL with external lift cylinders.

Rod
HPL Body

Lift Cylinder

Internal Cylinder External Cylinder

Figure 1.2. Types of Lifting Mechanism [6]



1.2.2. Hydraulic Lift System Control

According to the variant, the external or internal lift cylinder is the triggering device
of the mechanism. The movement of the equipment can be controlled by controlling
the oil movements in the cylinder. Formerly, mechanical controllers are used, but at
present electrical controllers come into prominence. Position control and draft control
are the main control mechanisms of the tractor. Lift-o-matic and slip control are

auxiliary control mechanisms.

PC Lever
DC Lever

Figure 1.3. Position and Draft mechanical control levers [7]

1.2.2.1. Position Control

Position control provides accurate control of implements such as sprayers that operate
above the ground. The system shall have a position control mode to sense changes in
the position of the linkage in the movement range. When the system is in position
control mode, the draft and slip control commands shall be ignored. In position

control, the angle at the HPL arm is the only variable [8].

There are two types of position control which are mechanical and electrical position
control. In most of the case, there is a cam mechanism in the mechanical position
control. Lever and HPL arm is connected with the cam mechanism. The angle of the
HPL arm is directly proportional to the amount of movement of the lever, which is

controlled by the user.



In an electrical control system, there is a position sensing potentiometer to set the
working position of the hitch. Electrical control is more precise with respect to the

mechanical one.

Potentiometer

Cam Mechanism

Mechanical Position Control Mechanism Electrical Position Control Mechanism

Figure 1.4. Types of Position Control Mechanism [9]

1.2.2.2. Draft Control

Draft control mode is designed for mounted or semi-mounted implements operating
in the ground. The system has a draft control mode to stand sense changes in the draft
load of the linkage. In draft control, apart from the angle of the HPL arm, draught

force or draft load is also the variable [8].

Like position control, there are two types of draft control, which are mechanical and

electrical.

In mechanical draft control, there are two main methods. In the first method, the draft
load signal is taken from the flex bar. This method is called as a lower link sensing
mechanical draft control. Flex bar is located between two lower links. During the
cultivating process, draft load or draught force is appeared and transmitted to the lower
links. This force creates bending in the flex bar. With bending, certain displacement
occurs in the mechanism. There is a critical displacement point to activate the HPL
arm. After passing the critical extension, then lift cylinders are activated and go
towards upwards in order to decrease the magnitude of the force acting upon the
system. The lever is connected with the flex bar, and the farmer can be arranged the



threshold value of the draft load with the help of the lever by giving pre-displacement
of the flex bar.

i < L“Flex bar

'ﬁLOWH link

Figure 1.5. Lower Link Sensing Mechanical Draft Control [9]

In the second method, instead of using a flex bar, spring is used. It is located to the
upper link point. This method is called as a top link sensing mechanical draft control.
Applied draught force is transmitted to the upper link. This force creates tension or
compression in the spring. This movement causes certain displacement in the
mechanism. The remaining steps are the same as the previous case. The lever is
connected with the spring, and the farmer could be arranged the threshold value of the

draft load with the help of the lever by giving pre-tension of the spring.

Figure 1.6. Top Link Sensing Mechanical Draft Control [9]



In the electrical draft control system, generally, the load sensing pins sense draft
variations applied by an implement on the lower links. The pins react to draft shear

forces only in the horizontal plane.

In electrical draft control, the driver arranges the controller at a certain level. This level
corresponds to a particular draft load. During the cultivating process, the controller
cannot keep the force in an exact force value. At that point, the sensitivity controller

plays a part. The sensitivity controller keeps the value in a sensitivity band.

Draft control is controlled by the draft loading (red band) and draft sensitivity (blue
band) applied to the load sensing pins.

If draft loading fluctuates within the sensitivity band, the lift control valve will remain
in the neutral condition and implement depth will remain constant. When low draft
sensitivity is selected, a large variation area is allowed in the draft control. This

situation provides a more constant implement working depth.

If the draft loading applied to the implement exceeds the sensitivity setting the control
valve raising solenoid is energized, and the implement is raised sufficiently until draft
loading is restored to the nominal value set by the draft loading control.

When draft loading decreases due to lighter soil being encountered the lowering
solenoid would be energized to lower the implement further into the ground and
restore the draft force. The working depth of the implement, however, never be lower

than that set by the lift arm position control lever.

_DISTANCE

Implement depth with low sensitivity setting Implement depth with low sensitivity setting

Figure 1.7. The Working Principle of the Electrical Draft Control [8]



When high sensitivity is selected, the draft forces will often reach the minimum and
maximum draft control settings. In this situation, the hydraulic control valve will make

more corrections to implement depth to achieve the required draft loading [8].

1.2.2.3. Auxiliary Control Mechanisms

Lift-o-matic (LOM): In the field, the driver sets the equipment depth with the help
of the position control and draft control. Lift-o-matic enables to lift the equipment up
and down back to the same position without canceled the hydraulic lift settings. This
feature generally used at the corner of the field. During the cultivating process, when
the farmer reaches the end of the territory, s/he activates the lift-o-matic, turns the

tractor and deactivates the lift-o-matic.

Slip Control: Slip limit control only occurs in the tractor with the electrical control
mechanism. It is directly related to the draft control system. The system reduces the
draft set to reduce wheel slip whenever the calculated slip exceeds the slip limit

setting. Slip is calculated by using the slip limit potentiometer.

1.2.3. Three-Point Linkage System

Formerly, the tractor just used as a pulling device. Therefore, drawbars are used to
transmit the linear force to the equipment, including the plow. The equipment is

mounted to the drawbar only in one point.

Figure 1.8. Drawbar



Thanks to the drawbar, the implement could be readily attached and removed and so
the tractor to be used for other purposes daily. Moreover, the drawbar still uses for

pulling the equipment such as a trailer.

With developing technology, equipment capabilities are increased, so the necessity of
the control of the equipment is also increased. Therefore, a three-point hitch
mechanism is invented for satisfying this need. As a basic definition, a three-point
hitch system is a mechanism, which connects the equipment from three points and

gives up and down motion to the implement.

1.2.3.1. History

Three-point hitch firstly had designed by Harry Ferguson in the 1920s and 1930s.
Most early tractor plows were mounted to the drawbar only in one point and pulled
behind the tractor. The biggest problem was gaining enough traction to put the power
to use. Therefore, early tractors were very heavy and employed steel lugs to try and

achieve enough traction.

Ferguson began experimenting with mounted plows. Ferguson's mounting system
evolved from two link arms (one top, one bottom). Ferguson-Brown model A is
produced with Ferguson's three-point system with the help of David Brown in 1933.
However, production stopped in 1937 due to the poor sales and disagreements between

Ferguson and Brown.

In 1938, Ferguson revealed his hitch system to Henry Ford. Ferguson impressed Ford
enough to enter into a production agreement. The N-series tractors became a great
success for Ford. In 1947, Henry Ford 11 was in control of Ford and decided to continue
production without Ferguson's involvement. Ferguson began production with another

company, which is Massey-Harris in 1959.

The success of the three-point hitch on Ford N-series tractors led other manufacturers

to begin building their versions of the hitch. Most major manufacturers developed a
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similar hitch, each with variations to avoid violating Ferguson's patents. By 1960,
Ferguson's patents had expired and a judge refused to extend them, noting their value
to agriculture. The three-point hitch specifications became standardized in the industry
by the American Society of Agricultural Engineers (ASAE S217) and the
International Organization for Standardization (1SO 730-1) [10].

1.2.3.2. Components

Three-point linkage mechanism is the other name of the three-point hitch system.
Linkage means a combination of one upper link and two lower links. In order to
connect the implement to the tractor, each of them is mounted to the tractor on one
side and mounted to equipment on the opposite side. Next, the hitch point is the
articulated connections between link and the attachment and link point is the

articulated connection between link and the tractor.

1 Upper link 7 Upper hitch attachment
2 Lower link 8 Lower hitch attachment
3 Upper hitch point 9 Upper link attachment
4 Lower hitch point 10 Linch pin

5 Upper link point 11  Lift rods

6 Lower link point 12  Mast

Figure 1.9. Components of the 3PH [11]
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Upper link (1) is an upper linkage element of 3PH. It connects the tractor in the upper
link point (5) and connects implement in the upper hitch point (3). In high series
tractors, 3PH depth and sensitivity can be arranged by hydraulic top link cylinder. In
other cases, the length of the upper link is fixed. Lower links (2) are lower linkage
elements, which connect tractor in the lower link, point (6) and connect the implement
in lower hitch point (4). They are the other two elements of the three-point hitch. The
name of the three-point linkage comes from these three elements. Upper hitch
attachment (7) is the pin, which usually detachable and forming part of the upper link
assembly. Lower hitch attachments (8) are pin or clevis and pin, usually attached to
the implement. Upper link attachment (9) is also pin by which the upper link is
connected to the tractor. Linch pin (10) generally fitted with a spring retaining device
where an articulated connection is retained in a position [12]. Then, lift rods (11) are
the connection elements between the HPL arm and the lower links. They transmit the
motion to the lower links during raising and lowering. Due to arranging the
mechanism depth, they are adjustable. Next, mast (12) is the component that provides

the location of the upper hitch point (4) on the equipment [11].

The 3PL mechanism allows motion in the lateral direction to the tractor due to the use
of the knuckle in every connection point. A stabilizer is an adjustable sub-component
of the three-point hitch mechanism. It is mounted to lower links and prevent a certain
amount of lateral motion from preventing the interference in between wheels and

three-point hitch mechanism.

1.2.3.3. Standards

Since a large variety of implements occur, the three-point linkage should be designed
by regarding some standards to connect each implement smoothly. ASAE S217.12
and 1SO 730-1 are the major authority standards.

First of all, tractors divided into four main categories,

12



Table 1.1. Tractor Categories

Category Engine Power (kw)
1 up to 48
2 up to 92
3 80 to 185
4 150 to 350

There are some constraints to follow during the design of the 3PL mechanism. The
measurements are changed with respect to the category of the tractor. The design

constraints are shown in Appendix A.1.

Firstly, mast height (13) is a vertical distance between the upper hitch point and the
common axis of the lower hitch points. 3PH mechanism moves with the help of the
lift arms. When lift arms move downwards, then mechanism also moves downward
and reaches its lowermost position. Lower hitch point height (14) is the height of the
center of the lower hitch points with respect to the ground level at the lowermost

position of the lift arm and the three-point linkage mechanism.

Next, movement range (15) is the vertical movement of the lower hitch points when
the lift arm moves upward from the lowermost position to the uppermost position, and
transportation height (16) is the uppermost position of the lower hitch points above
the ground. Lower hitch point clearance (17) is the nearest longitudinal distance from

the lower hitch point axis to the outside diameter of the tire.

T 22 s e g s A Y
TLLLLL LI LTI AT TS T T L S TL IS IS PR R

14 16

13 Mast Height 16 Transport height
14 Lower hitch point height 17 Lower hitch point clearance
15 Movement range

Figure 1.10. Dimensions of the 3PL [11]
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When the lower links are in the horizontal with respect to the ground, L measurement
corresponds to the maximum distance in between PTO and lower hitch points.
Horizontal converge distance (18) is a horizontal distance between the CPn, and lower
hitch points. CPm is the horizontal virtual hitch point where the lower links are
coincident virtually when the lower links are horizontal and laterally symmetrical.
Vertical convergence distance (19) is a horizontal distance between the CPy and lower
hitch points. CPy is the vertical convergence distance where the upper link and lower
links are coincident virtually when the lower links are horizontal and laterally

symmetrical.

3PL is not a rigid structure. There must be gaps and knuckles in the elements
connection points to absorb the applied high load. In lower links parallel position, |1
shows the distance between the lower links and I, shows the rocker (left-right motion)
distance of the links. Besides, at the time of the motion, the implement angle must not

be exceeded the £5° in the vertical axis to the ground.
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Figure 1.11. Limiting conditions [11]
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1.3. Objective of the Thesis

In most of the applications, such as plowing or pulling, hydraulic lift mechanism plays
acrucial role in agricultural machine. In order to use hydraulic power efficiently, there
should be a control unit in the system. In the past, almost all control mechanisms are
mechanical. However, day by day, electrical equipment and controllers supersede the

mechanical ones.

In the 3PL mechanism, draft control is presented. Draft control is an important
specification that controls draught force or draft load in the tractor that transmits from
the implement. In early steps, draft control performed mechanically with the help of

the spring or flex bar like in part 1.2.2.2.

With developing technology, sensors take the place of the mechanical controllers. In
modern tractors, generally, load cell pins measure the load cell forces and control the
3PL mechanism. In most of the case, load cells are located at the lower links and
measured the forces that are acting on the lower link point. By proper transformation

equations, this force could be transformed into draught force.

The main purpose of the thesis is that instead of reading and controlling the forces at
the load cell that are acting on the lower link point, reading and controlling the
pressures from the main cylinders by using pressure sensors. With obtained data, the
draft load could be found by using proper conversions, kinematic equations, and
mathematical models. Note that, 3PL mechanism force control is not performed with

pressure measurement so far.

In the current design, force measurement is done at only one direction, a longitudinal
direction. Whereas in new design, the data collected by the pressure sensor cover both
axes. For that reason, the new design is more precise than the current design. Secondly,
for the electrical system, one of the most expensive sensors is the force sensor.
Besides, the support of the load cell also brings cost. The pressure sensor is cheaper
than the force sensor, and it does not need support. For that reason, since load sensing

force sensors and pins are canceled, the new design is cheaper than the current one.
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1.4. Scope of the Thesis

This study has been divided into seven main categories. Chapter 1 gives general
information about the tractor and gives detailed information about the hydraulic lift
mechanism and controller mechanism. Additionally, the main purpose of the thesis is
given in this part. In chapter 2, theoretical information of the mechanism is given, and
a literature survey about the 3PL mechanism and any other related subjects are
presented. In the third chapter, the methodology of the design is explained. The
detailed presentation of each study can be found in this chapter. Mainly, it focusses
on the modeling and analysis of the 3PL mechanism, modeling of the hydraulic system
and controller design. Test materials and their specifications are handled in chapter 4.
All test process explains in that chapter, and some certain scenarios in the field test
are discussed. The results of selected scenarios are also shown in this section.
Simulations for the current system and proposed new systems are performed by
regarding the test data in Chapter 5. Note that, determination of control gains are also
discussed in this chapter. Outline of the study, general conclusions, and discussions
about the study are presented in Chapter 6. Additionally, recommendations and future
works are also handled in this chapter. A list of reference and appendix section can be

found in Chapter 7.
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CHAPTER 2

LITERATURE SURVEY

2.1. Literature Overview

In the literature, there are numerous resources about the tractor HPL mechanism and
measurement of the draft force. HPL and three-point linkage mechanisms have been
studied for many years, as can be understood from the literature. On the other hand,
for the draft control mechanism, especially about the thesis topic, there are restricted
resources that occurred in the literature. For this reason, it is planned to write a patent
about pressure operated draft control mechanism.

The tractor has a large variety of sub-components. As the quantity of the part, the
tractor has two even three times greater components than an automobile. Therefore,
books [13], [14], [15] and catalogs [8], [16], [17] are the best choice to understand the
tractor and components better. Additionally, patents [18], [19], [20] are a good choice

to investigate the development of the mechanisms.

HPL mechanism and 3PL mechanism are the main issues of the thesis. Therefore,
details about these mechanisms [6], [7], [21], [22] must be well known in order to

design a new mechanism.

There are many types of equipment such as plow, chisel plough, or tiller. In order to
connect all equipment to the same tractor at a certain category, 1SO 730-1 [12] and
ASABE S217.12 [11] standards occur. During the design process of the 3PL
mechanism, these standards must be considered.

The main issue of the study is controlling the draft force with the measurement data
coming from the pressure sensors instead of controlling with the measurement values

of the force sensor. Note that, 3PL mechanism force control is not performed with
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pressure measurement so far. For that reason, measuring the draft load during the

cultivation process is an important issue in order to evaluate the new design.

Researchers have generally focused on three types of measuring methods based on the
location of the force transducers. In reality, there is no method to measure the forces
acting upon directly to the equipment. Therefore, the force transducers are located at
any particular position, and the draft load is estimated by transforming the measured

forces.

In the first method, [23], [24] the measurement sensors such as force sensor, are
directly mounted to the contacting surface of the equipment to the soil like plough
moldboard surface. Three orthogonal forces could be measured with the help of the
mounted sensors. Since the draft load is directly measured, this system gives a precise
idea about the strain distribution of the implement. However, it is expensive because
each tested tool has to be equipped with sensors. Moreover, the transducer’s
installation is required for some changes to implement global geometry that could
modify the soil-tool interaction and the tool weight. On the other side, in reality, under
cultivating conditions, there is no possibility of applying this method.

In the second method, [25] transducers are mounted to the separate frame for
measuring the forces between the tractor and implements. Frames are interchangeable
between different tractors and tools and are easy to manufacture. On the other side,
this system does not reflect real working conditions due to the two reasons. Firstly, in
order to fix the transducers, the system requires a heavy frame that causes a change of
the total weight. Secondly, fixing the transducers and the frame to the tractor
necessitates many extra elements at the articulations that are a source of error in the

measurements.

In the last and most preferred method, [26] transducers are mounted to 3PL
mechanism certain locations like upper link, lower links, lift rods, or HPL arms. In the
majority of the published work, researchers are considered the 3PH mechanism as a

planar system. System was modeled in two-dimensions to represent the forces in the

18



original geometrical configuration between the tractor and the implement [27]. This
two-dimensional approximation, which causes the loss of the lateral force, can be

accepted for the studies of symmetric implements such as chisel plough.

The majority of the studies take the tractor longitudinal axis as an “x” axis, and lateral

component as a “z” axis and the remaining vertical axis takes as a “y” axis. In the

thesis, all calculations are performed according to that Cartesian plane.
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Figure 2.1. Cartesian Plane of the Tractor

Depth of the operation, tractor-implement characteristic, speed of the tractor, type of
soil are the major variables affecting the draft load. There are lots of studies [28], [29],
[23] about predicting the draft load for different tillage implements in different soil
and working conditions. There is also [30] ASAE-D497.4 standard available about the

draft requirements.

Studies show that draft load is increased when the depth of operation and speed of the
tractor are increased. A large variety of implement is available, and tractor-implement
characteristic is changed implement to implement. Machine specific parameters
determine the implement characteristic. The most heavy-duty implement is a
moldboard plow. Next, implement width must be considered. When the width of the

implement is increased, the draft load is also increased.
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There are many kinds of soil on earth. Therefore, they are categorized by the standard.
Draft parameters and an expected range in drafts estimated by the model parameters

for tillage and seeding implements table is shown in Appendix B.

According to the ASAE-D497.4, theoretical draft requirements can be calculated as,
Wp =F*[A+Bx(T) + C* (T« W, xTp (2.1)

In the formula, Wp is implement draft load (N), Fi is a dimensionless soil texture
adjustment parameter where i is the category of the soil. 1 for fine, 2 for medium and
3 for coarse-textured soils. A, B, and C are machine-specific parameters. Ts is tractor
field speed (km/h). We is equipment width, (m). Tp is tillage depth, (cm) for major
tools. For minor tillage tools and seeding implements, Tp should be taken as a unity,

1. The details about the variables occur in Appendix B.

The main idea of the study is instead of prediction and optimization of the draft load,
control the draft load effectively. Therefore, the magnitude of the force acting from
implement is not important. Although there are lots of additional research about the
prediction and optimization of the implement draft load, there is no need to spend

extra effort to investigate the draft load.

The resistance of the soil creates a draft load force from the implement. Then, it is
transmitted to the tractor with the help of the 3PL element. 3PH mechanism elevation
control is provided by the interpretation of the measured values from the sensors. In
order to control the implement properly, theoretical force transmission analysis should
be made consummately. For this reason, kinematic analysis and mathematical model
of the 3PH mechanism have a key role in transmitting the draft load force to the sensor

locations.

[26], [31] [32] and [33] are the studies about the kinematic and force analysis of the
3PL mechanism. In [26], the coordinates of each joint are calculated in the Cartesian
coordinate system (Xo, Yo, Zo) with lo, the center of the rear wheel, as the point of the

origin. The calculus equations of all the pin-joint positions are developed. The position
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of the tillage application point *“G”’ is a reference to this coordinate system. Then, the
force equilibrium of the system and other related equations are calculated by using

force and moment equilibriums.

Figure 2.2. Free body diagram of implement and 3PH mechanism in Bentaher model [26]

In the Laceklis-Bertmanis study [33], the 3PH mechanism was considered as a planar
system like previous ones. In order to evaluate the draught force of tillage tools, a two-
dimensional study of the 3PL mechanism is needed. The mechanisms consist of seven
articulated beams. For simplicity, the mechanism is described by ties and pin joints.

The coordinates of each joint are calculated in a global coordinate system.

Figure 2.3. Side view of the 3PL mechanism in Laceklis-Bertmanis model [33]
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In Figure 2.3, 1 corresponds to the HPL arm, and 2 corresponds to upper link. These
links are adjustable like in a test tractor. Next, 3 is the simplified version of the

implement, 4 is lift rod, 5 is lower link, 6 is an external lift rod, and 7 is support.

Physically, 3PH mechanism has two lower links, two lift rods, two HPL arms, and two
external lift rods. However, theoretically, since the mechanism is modeled in two-
dimensions, lower links, lift rods, HPL arms and external lift rods are taken as one. In
the formulation part, this situation is considered, and these component forces multiply

with two.

Firstly, the draft load is distributed to lower links and upper link. Then, the force that
exerted to the lower link hitch point is calculated with the help of the lower link. The
free-body diagram of the distributed mechanism and lower link are shown in Figure
2.4.

Figure 2.4. Unit of upper link and implement (left) and hitch system lower link unit (right) [33]

The projections of forces and moment of the unit of the upper link and implement give

the following system of equations,

Ey; =0
Fe*sin(@) + Fyy —G =10 (2.2)
Ex; =0
F¢* cos(p) + Fyx =0 (2.3)
EMy = 0
F¢ * cos(@) * 1, * cos(0) + F¢ * sin(@) * I * sin(0) — G =1, * sin(8) = 0 (2.4)
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The Ff, Fux and Fry are the lift rod reaction forces at point F, and H. G is the weight
of the implement. During the cultivating process, draft load Wp must be added to the
system. The lower link one side is connected to the tractor frame, and the other side is

connected with the implement lower support.

The projections of forces and moment of the lower link give the following system of

equations,
Ey; =0
—Foy + Fp #sin(a) — Fyy = 0 (2.5)
Ex; =0
—Fox — FL *cos(a) —Fyy =0 (2.6)
EM, = 0

Fp * sin(a) * 1, * cos(y) + Fp, * cos(a) * 1 * sin(y) — Fyy * 1; * cos(y) + Fuy *1; *sin(y) =0 (2.7)

where Fox and Foy are the reaction force at point O, but F._ is the reaction force at point

L. These values depend on the tractor hitch-system cylinder position.

The kinematic equations in the thesis have been established based upon the reference
[33]. Equations in the range 2.2 to 2.6 are directly related to the reference. The symbols
in methodology part kinematic equations are different from literature survey part
equation symbols.
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CHAPTER 3
DESIGN METHODOLOGY

In order to establish a new feature of the vehicle, it is necessary to model the existing
physical system. In this direction, the current tractor system will be patterned and
verified with test data. Then, the new system would be integrated into the verified
model. In design methodology part, every sub-component of the system will be

discussed in detail.

The tractor with the EDC system has a classical closed-loop control system block
diagram. The hydraulic valve system and hydraulic cylinder are the actuators of the
mechanism. 3PH mechanism is the plant of the system. The controller is the ECU of
the tractor. As a MATLAB® Simulink tool, Stateflow is used in the control algorithm.

Position sensor potentiometer, load cells, and pressure sensors are count as feedback
elements of the mechanism.

CONTROLLER ACTUATOR

Feedback Signal m
ELEMENTS B

Figure 3.1. Control system block diagram

Error Detector

Applied
Signal Output
L

Control Signal

Error Signal

3.1. Plant Design

A plant in control theory is a process, so the 3PL mechanism is the process of the
system. In order to use transformation equations, 3PL mechanism kinematic analysis

and force analysis is performed. Moreover, the mechanism is also modeled in a solid

25


https://www.revolvy.com/page/Control-theory
https://www.revolvy.com/page/Process-(engineering)

model and integrated into the system. Both models will be explained further section
in depth.

3.1.1. 3PL Kinematic and Force Analysis and ADAMS Model

The main element of the system is the 3PL mechanism. For that reason, it is better to
comprehend the mechanism by dividing it and handling every part in depth.
Transformation equations that are used in many parts of the thesis are formed with the
kinematic analysis and force analysis. In the light of this information, the theory of the

3PL system design has a key role in analyzing the whole system.

For simplicity, kinematic analysis begins with the free body diagram.

Figure 3.2. Free body diagram of the 3PL mechanism

As a type of lifting mechanism, the tractor has external lift cylinders. They are the
actuator of the 3PL mechanism. In the system, “x” axis is the longitudinal component
and “y” axis is the vertical component. It is assumed that the lateral component forces
are neglected and so the system is analyzed as two-dimensional. Additionally, the

center of the rear tire is count as an origin or word frame of the tractor.

26



External lift cylinder, HPL arm, adjustable arm, lower link, top link, and equipment
are the main components of the mechanism. The motion given to external lift cylinders
is firstly transferred to the HPL arm. Then the motion is transmitted to the equipment
with the help of the adjustable arm and lower link. Actually, in the physical system,
there are two pieces of external lift cylinders, HPL arms, adjustable arms and lower
links exist. Yet, in the free body diagram, since it is assumed that the system is two-
dimensional, these parts seem like a single. During the calculations, this situation will

be considered.

Mainly, there are three connection joints in the equipment. Lower arms are connected
to the 3PL mechanism lower hitch points. The remaining joint is connected to the top
link upper hitch point to get balance the system. All components are shown as a link
in the free-body diagram. In the meantime, the red links represent the implement.

There are two four bars and one three bar in the 3PH mechanism. The first loop, DGE,
is a three-bar mechanism which corresponds to the transformation from external lift

cylinders to the HPL arm.

Figure 3.3. FBD of first loop, DGE

The loop closure equation of the three -ar mechanism is;
IDG| = /%7 = |DE| = e/% + |EG| * €%
IDG| * cos(6;) = |DE| * cos(0,) + |EG| * co s(0g) (3.1

|DG| * sin(6;) = |DE| * sin(0,) + |EG| * sin(6g) (3.2)
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The length of the external lift cylinder, link |[EG], is changeable. Point D and G are the

fix points, and the coordinates are;
D(130,410), G(250.1,-30)

In the model, the external lift cylinder length is the input, the angle of body |DG|, -,
Is a constant value. Then, the angle of the HPL arm, 6, and the angle of the external

lift cylinder, 6,, are the unknowns.

Then;
a, = acos (%) (3.3)
0, =0, +a; (34)
6, =6g—m (3.5)
From equations (3.1) and (3.4);
M . . (|DG|*cos(97)s—1IDE|*Cos(€1)) (3.6)

The second loop ABFD is a four-bar mechanism which corresponds to the
transformation from HPL arm to the equipment lower arms with the help of the
adjustable arm and lower link.

For that system, the angle of body |DA|, 6, and |FDE| angle, «,, are the constant
values, and the HPL arm angle is the input. The angle of the adjustable arm, 65, and
the angle of lower link, 8,, are the unknowns that are found from the loop closure

equation and cosine theorem.

Typically, the length of the adjustable arm, BF, is alterable. However, a farmer does
not tamper the adjustable arm setting during the cultivating process. They arrange it
only at the beginning of the cultivating. During the test, before starting the process,
the length of the adjustable arm is recorded and this value is used in all calculations.
For that reason, the length of the adjustable arm is taken as a constant in all

calculations.
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Figure 3.4. FBD of second loop, ABFD

Next, lower link, AC, is mounted to the equipment at point C, which connects with
the adjustable arm at point B and is fixed to the body at point A. Point A is the location

where the force sensors or load cells are mounted. In the mechanism, there are two fix

points. The coordinates are written according to the center of the rear tire.
A (160.1,-212), D(130,410)
The loop closure equation for ABFD is;
IDA| * e/911 = |DF| * e/1+%2) 4 |FB| x e/% + |BA| * &/ (0+*™
|DA| * co s(611) = |DF| * cos(6, + a;) + |FB| * co s(03) + |BA| * cos(8, + m) (3.7)

|DA| * sin(6,,) = |DF| * sin(6, + a,) + |FB| * sin(6;) + |BA| * sin(6, + m) (3.8)

Then, from cosine theorem;

Figure 3.5. Cosine theorem of loop ABFD
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a- is the angle in between the bodies |DG| and |DA|;

IDG|? + |DA|? — |AG|?
2% |DG| = |DA]|

a; = acos<
Remaining equations are;
0(5 = 911 — T

|AF| = V|DF|? + |AD|?> — 2 % |AD| * |AD| * cos(a; + a, + a;)

_ |AF|? + |DA|? — |DF|?
% = aco 2+ |DF| * |DA]

|AF|* + |FB|* — |AB|?
2 « |AF| * |FB]|

a, = aCOS(
0(6=0£4—063+a5

3m
93 =7+a6

6, angle could be found in two ways. Firstly, from cosine theorem;

r |AF|? + |AB|2 — [FB|?
. 2 + |AF| = |AB|

T
0, =2 —ag—a3+as

Or it can be found from equation (3.7) and (3.15);

6, = acos(|DA| * cos( 6,,) — |DF| * cos( 6, + a;) — |FB| * cos(63)) — @

(3.9)

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)

Now, the angle of the adjustable arm and the angle of lower link are the known

variables.

The third loop ACIH is again a four-bar mechanism which corresponds to the

transformation from top link to equipment upper arm and lower link to equipment

lower arms.
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Figure 3.6. FBD of third loop, ACIH

Nearly the same procedure is applied with loop 2. In the system, the angle of body
|AH|, 6, is constant. Moreover, the angle of the lower link, 6,, is known from loop
2. The angle of the top link, 85, and the angle of the implement, 6, are the unknowns.
Normally, the length of the top link, |HI| is changeable. Like adjustable arm, the farmer
arranges the length of the top link only at the beginning of the cultivating. Therefore,
it is assumed that the top link length is constant and it is measured and recorded just

before the test.

Next, in the mechanism, there are two fix points. The coordinates are written

according to the center of the rear tire.
A (160.1,-212), H(430.1,285)
The loop closure equation for ACIH is;
|[HA| * e/%10 = |HI| * ¢/03) + |IC| x e/% + |CA| * e/ ©®+*™)
|[HA| * cos(010) = |HI| * cos(0s) + |IC| * cos(0g) + |CA| * cos(6, + m) (3.19)

|[HA| = sin(0,5) = |HI| * sin(8s) + |IC| * sin(6¢) + |CA| * sin(6, + ) (3.20)
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Next, from cosine theorem,

Figure 3.7. Cosine theorem of loop ACIH

In cosine theorem, following equations are written;

3m

A7 =5~ 010 (3.21)
3 |HA|? + |HC|? — |AC|? 322)

a9 = acos 2+ [HA| * JHC] .
@, =3ty =0, (3.23)
|HC| = V|HA|? + |AC|? — 2 * |HA| * |AC| * cos(a;5) (3.24)
B lIC|? + |HC|? — |HI|? .
a9 = acos 2% 1IC] * JHC]| (3.25)
a1 = 09 — A7 — Aq9 (3.26)
05 = T +ay, (3.27)

Then from equation (3.27) and (3.19);
_ |HA|*cos(81¢)—|IC|*cos( Og)—|CA|xcos(O4+T)

05 = acos( T ) (3.28)
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The kinematic model MATLAB code is shown in Appendix C. The whole stroke of
the external cylinder is simulated in the code. One of the steps of the simulation is

shown in Figure 3.8.

800 3PL system location at 75mm lift cylinder stroke
T I I T

600
400 - 1

200

component of 3PL system

« -200 |- i

Y

-400 - .
! I I ! !

0 200 400 600 800 1000 1200
“x” component of 3PL system

Figure 3.8. 3PL mechanism MATLAB simulation

Some assumptions are made during the calculations. There is a load cell in the lower
link at point A. Load cells only read the longitudinal force during the cultivating
process. Therefore, only the longitudinal axis take into account in the course of the
calculation of the forces at point A. Note that, according to the reference [26], the
effect of the vertical load is very small with respect to the longitudinal load. Therefore,
this assumption is not to influence the system too much. The pressure sensors are
integrated into the system and measure the external lift pressure, Py, and top link
pressure, P,. Besides, since the model is two-dimensional and neglected the z-axis, it
Is assumed that the lateral component forces are negligible. Additionally, since the
movement of the system is slow, the masses and the effect of moment of inertia of the

components are neglected during the analysis.
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Figure 3.9. Force diagram of the 3PH mechanism

Force analysis is the second part of the theory. The moment equilibrium with respect
to the point C could be written by regarding the reference [33]. Draught force, Wp, is
the disturbance of the system. It is the applied force to the implement from the soil. In
force analysis, it might be taken as an input. By the way, normally, in the 3PL system,
there are two lower links, HPL arms, and external lifts. However, since the model is
two-dimensional, they are seen as a single link. Therefore, equipment to implement
connection point force, W¢, must be multiplied with two during the force analysis. The
weight of the implement, me, and top link force, W, are the other variables in the force

body diagram.

In the system, implement vertical and longitudinal distances are varied at every
changing position of the mechanism. In order to calculate them, the following
calculations must be taken into account.

Eyx = Ey % cos(y)

Eyy = Ey * sin(y)

E,, = E, % cos(y)

Ey. = E, x sin(y) (3.29)

Eye = Exx + ny
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Eye = Eyy — Eyy
Ecxx = Ecx * cos(y)
Exxy = Ecy * sin(y)

The angle of the equipment y plays an important role in the change of the values. Next,

the forces are calculated as;

Wy, * cos(0) — W, « cos(—0s) — 2« W, =0 (3.30)
z Fy =0;
—Wp *sin(@) —m g+ W xsin(—6s) + 2« W, =0 (3.31)

z M, = 0;
Wp % cos(8) * Eyy — W * sin(8) * Eyy —m * g * Eoyx + Wy * cos(—05) * |IC| * cos(ay;)  (3.32)
~W, * sin(—05) * |IC| * sin(a;,) = 0
Then from equations (3.30), (3.31) and (3.32).

W p*sin(0)*Exe+m#g+Ecxx—W p*cos(0)*Ey¢

1= cos(=05)*|IC|xcos(ay1)—sin(=0s)+|IC|+sin(a11) (3:39)
w,, = WD*COS(B)—ZVVI*COS(—95) (3.34)
We, = WD*sin(9)+m*zg—W1*5in(—95) (3.35)

Now, top link force and equipment to implement connection point force are the known
values. Next, to determine the load cell force, Wa, and adjustable arm force, Wg, force,

and momentum equilibrium equations should be calculated in lower link.

Ws
Ols
W,
! I WCx
A —75 l_’
Wax 4 Wey

Figure 3.10. Force body diagram of the lower link
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ZFX=0;

WAX - WB * Sln((ZG) + WCX = 0 (3.36)
Z Fy =0;
Wy + Wp x cos(ag) — Wy, =0 (3.37)

Z M, =0;
W * cos(ag) * |AB| * cos(8,) + Wy * sin(ag) * |AB| * sin(8,) — Wey * |AC| * sin(6,)  (3.38)
— We, = |AC| * cos(8,) = 0
Then, from equation (3.36), (3.37) and (3.38) Wg, and Wa values are;

W y*|AC|*cos(04)+W cx*|AC|*sin(64)

WB = |AB|*cos(ag)*cos(64)+|AB|* sin(ag)*s in(64) (3'39)
WAX — WB * Sin(a6) - WCX (340)
WAy = _WB * COS((ZG) + ch (341)

In the system, since load cells are measured just the longitudinal forces that are acting

on the lower links from point A, the load cell forces are Wax values.

Since the adjustable arm is a two-force member, the adjustable arm force is directly

acting to the HPL arm. Besides, WE is the external lift cylinder force.

Wr =Wz
We j(lls

Figure 3.11. Force body diagram of the HPL arm

From equation (3.5), angle a;; is;

(e =2 — O (3.42)
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ZMD =0;

Wpg * cos(ag) * |DF| * cos(0; + a,) + Wy * sin(ag) * |DF| * sin(6; + a,) (3.43)
—Wg * |DE| * cos(ayg) * cos(0;) — Wg * |DE| * sin(a¢) * sin(6;) =0

Then, the external lift cylinder piston forces, WE are;

W. = Wp*cos(ag)*|DF|*cos(01+az)+Wpgxsin(ag)*|DF|*sin(61+ay) (3 44)
E— |DE|*cos(a1¢)*cos(81)+|DE|+sin(aq6)*sin(6;) !

Finally, the pressures from external lift cylinder, P1and top link P> are found as;

P, =%E where A1=5026.5 mm? (3.45)

P, =— where A2=3117.2 mm? (3.46)

Now, all angles and forces are known in the model. Draught force and the length of
the external lift cylinder are the input of the establishing MATLAB® model. The

stroke of the cylinder, Se, actually change the length of the cylinder. For that reason;
|EG| = |EG;| + S, (3.47)

If the user gives particular value to the draught force, then the forces acting on the top
link Wi, load sensor Wax and external lift cylinder, We could be tabulated in the code
with respect to the stroke interval of the lift cylinder easily. The MATLAB® code of

the force analysis occurs in Appendix C.

While performing the force analysis for each angle in MATLAB®, a similar procedure
is applied in the ADAMS® software at the same time. The results are compared with
ADAMS® data and MATLAB® data to check the accuracy of the kinematic model

and force model.
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Figure 3.12. 2D and 3D view of the ADAMS model

In ADAMS®, since the system movement is not fast, the effect of moment of inertia
is neglected like the kinematic analysis. Therefore, masses of the components are not
taken into account, and the mechanism is modeled just by using simple links like the
previous model. The mass of the implement, me is added to the system as an external
force from the center of gravity of the implement. The coordinate system of the
ADAMS® model is the same as with the MATLAB® model.

To verify the MATLAB® results, an 18 kN draught force is given to both systems.
Under normal working conditions, the angle of draught force varies according to
different equipment and according to the implement working depth. However, in the
model, it is assumed that the angle of the draught force is constant, which is 15°.

Draught force and its angle value are determined by the test values. The stroke of the
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cylinder, Se, is 175 mm and the initial length of the external lift cylinder |EGi| is 375

mm. Under the defined load, some certain points applied forces along the whole
movement of the cylinder are tabulated both for MATLAB® model and ADAMS®

model.

Top Link Force (N)

External Lift Cylinder Force

Top Link Force wrt. External Lift Cylinder Stroke

8000 T T T T T T T 1 1

----- top link matlab
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3000+ .
2000
1000
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|

-1000

_2000 | | | | 1 1 | |
360 380 400 420 440 460 480 500 520 540 560
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Figure 3.13. Top link force vs. lift cylinder stroke comparison for MATLAB and ADAMS models
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Figure 3.14. External lift cylinder force vs. lift cylinder stroke comparison for MATLAB and ADAMS

models
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Load Cell Force vs. External Lift Cylinder Stroke
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Figure 3.15. Load cell force vs. lift cylinder stroke comparison for MATLAB and ADAMS models

The results are nearly the same. The maximum difference between the two systems is
2.6%. The model in the ADAMS® tool is three-dimensional. On the other hand, the
mathematical model in the MATLAB® tool is two-dimensional. The small chancing

between these two data is originated from that situation.

As a conclude, in this section, kinematic analysis and force analysis of the 3PL
mechanism are performed in MATLAB® software. The simulation could be shown
for every stroke of the external lift cylinder. All results are verifying with the help of
the ADAMS®. With analysis, the external lift cylinder pressure, P, top link pressure,
P2, external lift cylinder force, We and load cell forces, Wa, are easily determined at

any applied draught force and at any stroke, Se of the external lift cylinder.

3.1.2. Solid Modelling

Formerly, two-point linkage system was used as a hitch system in the tractor.
However, since the controllability and durability of this design are complicated, the
three-point linkage system was invented in late 1920s. Then, to be able to standardize,

the system is classified in a certain category such as catl or cat2. The main advantage
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of the classification is the compatibility between the equipment and the tractor. The

details about that issue are written in section 1.2.3.

In test, the medium premium series tractor is used which has semi-automatic
transmission, and the control system of the tractor is electro-hydraulic. The tractor’s
maximum lifting capacity is 5500 kg. The power of the tractor is 88 hp.

By looking at table 1.1, the only category with 88 horsepower corresponds to category
2. Therefore, the design of the tractor and also 3PH mechanism is performed by
regarding the category 2 regulations. For example, the mast height is 610 mm just as
regulation. The length of the adjustable arms and hydraulic top link are changeable.
However, both of them are adjusted at only one state and unchanged throughout the
test. In that case, they are taken as constant. The design of the 3PH system belongs to
CNH industries and TlrkTraktor.

Figure 3.16. FBD of the 3PL mechanism

In the system, top link, [HI| is hydraulic. The length of this link tunes with hydraulic
oil. Besides, the adjustable arm could be arranged mechanically. The length of the top
link and adjustable arm are measured just before the cultivating process, and all of the
calculations are performed according to these measurements. Mechanism lengths are

written in table 3.1.
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Table 3.1. 3PL mechanism dimensions

PART NAME SYMBOL MEASUREMENT
External lift cylinder length |EG| 375-550 mm
Stoke of the cylinder Se 177 mm
HPL arm length |DF| 310 mm
Lower link length |AC| 980 mm
Lower links pivot point to adjustable arm length |AB| 473.6 mm
HPL arm pivot point tolzﬁ'get?al lift cylinder rod side IDE| 158.5 mm
HPL arm pivot point to ex_ternal lift cylinder pivot point DG 4561 mm
bore side length
HPL arm pivot point to lower links pivot point length |AD| 622.7 mm
Adjustable arm length |FB| 717.9 mm
Top link length [HI| 730 mm
Mast Height [IC| 610 mm
Top link pivot point to lower links pivot point length [HA] 565.5 mm

The tractor 3PH system was modeled in PTC Creo 3.0® and necessary connections
like cylindrical, revolute, and spherical joints are defined in the program. Then, the
solid model is exported to the MATLAB R2018a Simscape® Multibody® version:
5.0. This is a model data file derived from a Simscape Multibody® Import XML file
using the smimport function. The data in this file sets the block parameter values in
an imported Simscape Multibody® model [34].

More than half of the connection ports are defined in the MATLAB® Simscape tool
automatically, which are previously defined in PTC Creo 3.0® model. Inappropriate

connections are fixed manually.

PLANT

Figure 3.17. 3PH mechanism plant model Simulink representation
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3PH Simulink model has four inputs. Ports R and C are mechanical translational
conserving ports associated with the cylinder and the body of the mechanism
respectively. The fluid flow is converted to velocity in the valve, and this velocity is
transmitted to the valve with these connection ports. Since all of the mechanisms
exported from PTC Creo 3.0, all moment of inertias and weights are taken into
considerations.

Remaining two inputs are the components of the draught force, coming from the
implement. Since the lateral forces are neglected, z axis is not taken into consideration.
Besides, the draught force is applied to the 3PL mechanism from implement by
regarding the test equipment measurements. (1000,300).
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Figure 3.18. Applied forces to the 3PH system

Implement weight is also added to the system by considering the test implement center
of gravity. In general view of the Simulink 3PH solid model, there are four outputs.
Red block represents the piston stroke output signal. Green block represents the
external lift cylinder piston force signal, orange block represents the load cell force
signal, and finally, blue block represents the HPL arm signal.
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Figure 3.19. General view of the 3PH system Simulink solid model
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3.2. Actuator Design

The hydraulic system gives motion to the 3PL mechanism. For that reason, it is count
as an actuator in the system. There are four main parts in the hydraulic system, which
are hydraulic pump, control valve, hydraulic oil, and lift cylinders.

) raising

> |owerin9

ACTUATOR

Figure 3.20. Actuator Simulink representation

The actuator model has two inputs. Raising and lowering are the signals that are acting
to the solenoids of the valve. Moreover, the system has two outputs. Ports R and C are
mechanical translational conserving ports. The details about these parts are

summarized in section 3.1.1.

[

1
1 Hydraulic pump 8 Hitch cylinder
2 Hitch control valve rear 9 Position sensor
3 Hitch control valve front 10 Operating unit rear
4 Radar speed sensor 11 Operating unit front
5 Speed sensor 12 Electronic control unit
6 Force sensor 13 Rear actuation buttons
7 Pressure sensor 14 Position sensor

Figure 3.21. Hydraulic System [35]

The hydraulic pump (1) conveys an oil flow to the hitch control valve (2) which

controls the hitch cylinders (8). External lift cylinders transmit the motion to the top
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links with the help of the HPL arm, and they have an effect on the lower links so that
attachments can be lifted, held or lowered. Position sensor (9), force sensor (7),
operating unit (10), and electrical control unit (12) are the other system components.

In order to trigger the hydraulic mechanism, a fixed displacement hydraulic pump unit
(P) is used in the test tractor. 88 Hp diesel engine feeds the pump and pump supply

variable amount of hydraulic oil according to the chancing engine rpm.

Table 3.2. Pump parameters

Definition Symbol Measurement Unit
Pump displacement Dy 25,40 cmd/rev
System maximum pressure Prmax 190 bar
Maximum engine speed Stax 2300 rpm
Pump to motor ratio Npm 1,08 -

The rest tractor has 25.4 cm®/rev as a maximum pump displacement. In calculations,

instead of rpm, Ipm is used. The unit conversion is;
D, (lpm) = D,(rpm) * S * Ny, (3.48)

With equation 3.48, the maximum displacement of the pump is 60 Ipm. Nevertheless,
it is almost impossible to work with maximum engine speed under normal operating
conditions. In the field, generally, tractor runs at 1500 rpm which corresponds to 40
Ipm as a pump displacement under normal working conditions. In the model, by
considering this situation, it is assumed that the tractor runs 1500 rpm in the field.
Fixed-Displacement (1 ) ur”

Pum
Displacement: P
Nominal shaft angular velocity: 300 _ =

90

Parameters ~ Fixed-Displacement Pump

e
o
FS

=3

Nominal pressure gain: ar

~

ﬁ

Nominal kinematic viscosity: 13

Volumetric efficiency at nominal ©
A 0.95
conditions:

No-load torque: D m

o o
10> ais s
n [rpm]

| ]
motor ratio  rev/min

Nominal fluid density:

L

Figure 3.22. Pump MATLAB Simulink model
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One of the most critical variables of the hydraulic system is oil. According to the
hydraulic oil specifications, the characteristic of the system could be changed
drastically. In New Holland tractors, Opet Fulltrac Fluid X 10W-30 hydraulic oil is
used. The specifications of the oil are written in Appendix D.

Since SAE30 hydraulic oil specifications are very similar to Opet Fulltrac Fluid X
10W-30 oil, SAE30 hydraulic oil is chosen as a fluid of the system.

pressure (bar|2

SAE 30 Hydraulic Fluid .
Q-RY .
. fiow [Limin] [Limin]1
npm]  G-pump [Limin] I Connl Pressure [bar]

Engine speed
[rpm]1 positive displacement pump Flowmetar1 Line A

Relief valve {190 bar)

Y]
Flowmeter2 [Liminj2

Q_RY [Limin] —»@

Conni

Figure 3.23. Pressurization system MATLAB Simulink model

In the pressurization system, engine, pump, and relief valve models occur. Relief valve
set to 190 bar, which is the maximum system pressure. Next, the pressurized oil goes

to the valve throughout line A.

After the hydraulic flow is pressurized with the help of the pump and passing from
line A, it needs guidance. In order to control the fluid, valves are used in the system.
In the test tractor, all of the control units are electrical. BOSCH EHRS5 electro-
hydraulic proportional valve is used in the system. The technical specifications of the
BOSCH EHRS5 valve occurred in Appendix E.
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Figure 3.24. Hydraulic schema of the BOSCH EHR 5 valve [35]

Pressure compensator (1), lifting module (2), lowering module (3) and check valve (4)
are the components of the valve. In the valve, lifting and lowering parts are separate.
The compensator (1) compensates for the pressure just for lifting side. Whereas, for
lowering side, there is no compensator. 3PH system goes towards downward with the
help of the weight of the implement and with the help of the external forces like
draught force without compensating the loads. This system is modeled in MATLAB

Simulink tool.

QR
[Wminj3.

c 5
.l = z
Extemnal Lift Cylinder

L =

—»
pistan stroks

Figure 3.25. MATLAB Simulink model of the valve
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The pressurized oil coming from line A. Since the valve has slices; three main
components are examined separately. The first one is the compensator. The
compensator (1) is a 2-position 2-way hydraulic operation actuator spring-actuated
directional control valve. It is usually closed with the help of the spring. When the
pressurized oil passing line A and reaches the compensator (1), without any signal,
the compensator valve (1) is closed with the help of the spring. Then, pressurized fluid

cannot pass the valve and cannot reach the tank.

(PA) orifice line
I — (PA)A line

A

I KspringX 3

Figure 3.26. Hydraulic operation signal logic for compensator valve

In the Simulink model, the hydraulic operation signal of the compensator valve is
modeled like a hydraulic cylinder. The diagram of forces acting on both surfaces of
the valve is shown in Figure 3.27. When the right-hand side forces greater than the
left-hand side forces, then the compensator starts to open, and fluid starts to go tank.
Since the compensator is proportional, the spool opens gradually. The maximum

stroke of the valve is 10 mm.

R— ] c N
- R
Raapn €
spring
orifice line
pilot lines
> g R
I I
L 4 R I e s 4 %
e 2>
RANWP tank
D < S PSK Py 2/2 compensator valve
-
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Aline B A B
A Q >IPS § > D
—

Figure 3.27. Simulink model of compensator valve
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Lifting module (2) is a 2-position 3-way solenoid actuator spring-actuated directional
control valve. Typically, if an electrical signal is not given to the solenoid of the valve,
pressurized fluid does not pass through the lifting module. If the electrical input is
given to the solenoid, then the solenoid opens gradually according to the intensity of
the given electrical signal current. Meanwhile, lifting module solenoid takes the
electrical signal only from lifting the current signal, I, which comes through

controller.

The characteristic curve of the lifting and lowering module is shown in figure 3.28. In
lifting module, the valve maximum spool stroke arranges to 3.5 mm. Spool opens at 1
mm and fully opened at 3.5 mm stroke. Open-loop PWM control is used in the
solenoids of the valve and run in between 125 MHz and 1000 MHz. Moreover,

solenoids have a 100 milliseconds delay in the rising and lowering valves [8].

Characteristic curves
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Figure 3.28. Characteristic curve of lowering and lifting module [35]

There are two ways in lifting module (2). Therefore, in the Simulink model, two
variable orifices are modeled. Pump to cylinder variable orifice represents the left-
hand sideway, and the main line-main piston variable orifice represents the right-hand
sideway of the valve. Pump to cylinder orifice opens in a positive direction. It is
initially closed with a 1 mm stroke, and the maximum orifice opening is 3.5 mm by

regarding the characteristic of the valve. Next, the main line-main piston orifice opens
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in a negative direction. The orientation is reversed with respect to the other orifice. It
is initially open with 1 mm stroke, and maximum orifice stroke is 1 mm. With that
logic, in the first 1 mm stroke, the main line-main piston variable orifice is opened,
and for remaining stroke, pump to cylinder variable orifice is opened and the quantity
of flow rate is changed by changing the stroke. Besides both variable orifice has

1.7671 mm? as a maximum orifice area.

Parameters  Variables

Model parameterization: By maximum area and opening
@ Orifice maximum area: pi*0.75"2 mm~2
signal Orifice maximum opening: 35 mm
Orifice orientation: Opens in positive direction

Flow discharge coefficient: 0.7

Initial opening: -1 mm

cylinder

pump
. L C—

pump to cylinder

>S g
RE A
main line-main piston tank

Figure 3.29. Simulink model of lifting module

Lowering module (3) is a 2-position 2-way solenoid actuator spring-actuated
directional control valve. It is also normally closed like a lifting valve. Lowering
module solenoid takes the electrical signal only from lowering the current signal, I,
which comes through controller.

piston to tank
B / S<t

piston

tank aux line pistons

A
B/ S<1

solenoid

Parameters  Variables

Model parameterization: By maximum area and opening -
Orifice maximum area: [pi*0.9542 | [mmr2 +]
Orifice maximum opening: |3.5 ‘ ‘ mm V|
Orifice orientation: Opens in positive direction ©
Flow discharge coefficient: |0.7 |
Initial opening: |-1 ‘ ‘ mm v|

Figure 3.30. Simulink model of lowering module
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The logic of the lowering module (3) is nearly similar to lifting module (2). Piston to
tank and aux. line pistons are the two ways of the variable directional control valve.
Aux. line pistons variable orifice represent the left-hand side and piston to tank
variable orifice represent the right-hand side of the valve. Aux. line pistons orifice
opens in a positive direction. It is initially closed with a 1 mm stroke, and the
maximum orifice opening is 3.5 mm by regarding the characteristic of the valve. Next,
piston to tank orifice opens in a negative direction. The orientation is reversed with
respect to the other orifice. It is initially open with a 1 mm stroke, and maximum
orifice stroke is 1 mm. With that logic, in the first 1 mm stroke, piston to tank variable
orifice is opened and for remaining stroke, aux. line pistons variable orifice is opened
and the quantity of flow rate is changed by changing the stroke. Both variable orifices
have 2.8353 mm? as a maximum orifice area. Moreover, there is a check valve in

piston to tank side, and it also puts to the Simulink model.

In order to obtain the maximum orifice areas, two different tests are performed for
lifting and lowering conditions. For lifting condition, while the test tractor runs at a
constant 1500 rpm, the 3PL mechanism is moved from the lowermost position to the
uppermost position. The traveling time is recorded. Next, in the mathematical model,
the system rpm sets to 1500 and lifting solenoid current adjust to the maximum value.
Then, the traveling time in the mathematical model is overlapped with the test data

while the orifice area is 1.7671 mm?Z.

For lowering condition, the test equipment which is chisel plough is mounted to the
tractor. Then the mechanism goes towards upwards. While the test tractor runs at a
constant 1500 rpm, the 3PL mechanism is moved from the uppermost position to the
lowermost position. The traveling time is re-recorded. Next, in the mathematical
model, the system rpm sets to 1500, the equipment weight sets to chisel plough mass
and lifting solenoid current adjusts to the maximum value. Then, the traveling time in
the mathematical model is overlapped with the test data while the orifice area is 2.8353

mm?2.
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3.3. Controller Design

The 3PH mechanism controller system consists of position control and draft control.
Since the auxiliary control mechanisms do not directly affect the control system, they

are not taken into account in that section.

Main controllers are modeled in Simulink with the Stateflow module. There are two

inputs and two outputs in the controller.

lifting [

Vv

lowering

controller
Figure 3.31. Controller Simulink representation

In order to select the controller type, a mathematical model and test results are
analyzed. The speed of the tractor and the speed of the 3PH mechanism is too slow,
especially when compared to the robotic systems. Moreover, as a construction
machine, the tractor does not need a low response time like robotic systems. On the
contrary, with low response time, the controller might have an impact on the system
frequently. This situation can cause a non-smooth surface on the soil during the
cultivating process, which is undesirable. Normally, derivative control tries to reduce
the overshoot and rise time error. In our system, no matter how much you give a
proportional constant, the system cannot reach the overshoot. Since the study system

is slow, there is no need to use derivative control.

As a requirement, there is an offset error in the system. The mechanism works in a
manner that does not react within a specified range. This specified range is called
sensitivity. In control theory, integral control tries to minimize the offset error. Yet, in

the study, offset error and corresponding certain band is occurred. In the meantime,
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integral control might be creating wind up problem. For those reasons, 1-control is not
used in the mechanism. In the light of this information, only the P-control is used in

the controller.

Position control communicates between 3PH mechanism actual position (6;) and user
input angle (6,) and tries to correlate them. Meanwhile, since the angle sensor is
located behind the HPL arm and measure the angle of this component, HPL arm

angle count as the complete 3PH mechanism angle.

When the driver wants to lift the system, then, s/he turns the knob to the desired level,
and the difference is occurred between user input and the actual mechanism position.
Then, the controller closes the difference by giving lifting current signal, 11, to the
solenoid of the lifting valve. The angle difference (64...) 1S the first input of the

controller. Vice versa is acceptable during the lowering condition.
Oaeita = 0p — 01 (3.49)

Draft control makes contact between user input force (W;) and applied force to the
system from the implement. In current design, the applied force is measured from load
cells, which are located in lower links at point A. In this direction, the controller draft
force algorithm is established by considering the point A location load cell force, Wa.
When the new proposed system is installed, it will be difficult to change the controller.
Therefore, the force given to the system at any certain location is transformed to
defined location point A and so the controller might be done the comparison by

providing the same environment.

If the load difference (Wdelta) between the applied force, (load cell force) WA and
user input force (Wp) is occurred, the controller triggers the system. The load

difference (Wdelta) is the second input of the controller.
Waeita = Wa =Wy (3.50)

If the load difference (Wy.1¢o) IS greater than the setting sensing value (Wsensing) than

the mechanism starts to go upwards. Otherwise, if the load difference is lower than
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setting sensing value than the mechanism goes towards downwards. If the load
difference is in the range of the setting sensing value, the mechanism remains hold

stage.

Incidentally, the amount of load difference or the amount of angle difference
determines the amount of electrical signal current. Since lifting and lowering valves
are proportional, the amount of electrical signal that passes to the solenoid of the

valves adjusts the amount of fluid that passes through the valves.

The inner side of the controller is shown in Figure 3.32. Gray blocks are the inputs of

the controller, whereas red blocks are some constraints of the system.

angle difference tetadelta=tetap-teta

. >kt " D)
lowering velocity (mfs) k2 O lifting
rn QM R
o t [ ]
»os

Wsensing N 2

g2 .

Switch control

sensing (N)

load difference

Wdelta=WA-Wp

Figure 3.32. Detail view of the controller

In proportional directional control valves, the flow rate might be interchangeable.
With the help of drop rate control potentiometer knob (2), the driver should be select
the velocity of the system. In the Simulink model, lifting velocity constant ki, and
lowering velocity constant ko, determines the velocity of the 3PH mechanism. During
test, the drop rate control potentiometer is adjusted as 5, and it remains stable

throughout the test.
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Figure 3.33. Electro-hydraulic control panel [8]

One of the most critical issues in draft control mechanism is sensitivity. According to
the sensitivity value, the running-up time and response time of the controller are
alterable. If the system is highly sensitive, the control mechanism comes into play
frequently, which creates rough work. If the driver selects a non-sensitive option, draft
control mechanism does not get involved easily, and this situation provides smooth
and precise cultivating (equal depth on each side) but causes increasing of the fuel
consumption and create slipping. In a tractor, sensitivity is arranged with draft
sensitivity control knob (1). Sensitivity (Wsensing) IS added as a constraint in the
Simulink model. It could be changed as in reality. In the test tractor, sensitivity select

as 5, which is equal to 500 N.

Figure 3.34. Draft control and draft sensitivity [8]
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Imagine that the driver arranges the draft control potentiometer as 5.5, which
corresponds to the red band. Then, s/he adjusts the draft sensitivity control knob (1) at
a certain point which corresponds to blue bands. In all blue and red regions, the
controller does not trigger the 3PH mechanism. The width of the blue region is
changed by changing the draft sensitivity control knob (1) setting.

Unfortunately, there is no information about the controller system characteristic.
During the test, it is observed that the character of the lifting or lowering valve module
current is changed non-linearly during chancing the magnitude of the load difference.
Since the system is non-linear, it is not enough to use a single constant proportional
gain. For that reason, gain scheduled P control is used to determine the characteristic
of the draft control [37]. Normally, the characteristic of the controller is non-linear.
However, for simplicity, instead of taking a non-linear equation, three different linear

equations are taken

Test data is the only acceptable choice to determine the adaptive gain P control
variables. The parameter estimation method is used to determine the variables and a
specified section of the test is the experiment of the parameter estimation method.
Detail information about the parameter estimation method will be given in the next

chapter.

The maximum allowable current to the controller is 4 Amperes. This value
corresponds to the 3PH mechanism maximum speed. The magnitude of the current is

changed by changing the load difference value.
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Applied Current to valve lifting (I;) and lowering (l;) modules

-delta<draft<delta HOLD
draft<-delta LOWERING
draft>delta LIFTING
a;
a
a,

-12Ws

LOWERING MODULE (I2)

HOLD

a;

LIFTING MODULE (11)

Load Difference (IN)

Figure 3.35. Applied current to valve lifting and lowering module vs. load difference diagram

The controller characteristic equations for lifting case;

L =a; *W jifting for
L =a; * W yifeing + a4 for
L = az *W jiping + as for
For lowering case;
I, = —a; * Wiswering for
I, = —a; * Wiswering + a4 for
I, = —az * Wiowering + as for

W < Wiigting < 3Ws

3Ws < Wiiting < 6Ws

6Ws

< Wiisting < 12W5

_3]/'/; < VVlowering < Vl/;

- 12V|/; < VVlowering < _6VVS

_6VVS < I/Vlowering < _3VVs

(3.51)
(3.52)

(3.53)

(3.54)
(3.55)

(3.56)

The unknowns are defined as parameters in the Simulink model. By using the

parameter estimation method in Simulink®, the suitable parameters are detected with

regarding the test data.

Stateflow module in Simulink® is the brain of the controller. It provides a graphical

language that includes state transition diagrams, flow charts, state transition tables,
and truth tables. Stateflow could be used to describe how MATLAB® algorithms and

Simulink models react to input signals, events, and time-based conditions. It enables
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to design and develop supervisory control, task scheduling, fault management,

communication protocols, user interfaces, and hybrid systems.

With Stateflow, combinatorial and sequential decision logic might be modeled that
can be simulated as ablock within a Simulink® model or executed as an object in
MATLAB®. Graphical animation enables to analyze and debug your logic while it is
executing. Edit-time and run-time checks ensure design consistency and completeness

before implementation [36].

1 4 1 1
Lifting1 5 Lowering1

C12

C6 C9 3
€10 2

N

Cc7

c8 cn

[C1){Hold1
c2 . C4
— 5 —
cs 3 = ©

Figure 3.36. State flow conditions

Lifting, hold, and lowering are the three states of the Stateflow. There are 13
conditions and six phases in the Stateflow model. Signal initially enters to hold
position from C1. Position control and draft control works simultaneously in the
control logic.

In the first phase, from hold to lifting state, there are two conditions;
gdelta 2 0.4 (C2)
Wdelta > Wsensing (C3)

Condition C2 related with the position control. If the angle difference is greater than
0.4°, then the signal is shifted to lifting state from the hold state. Condition C3 is

related with draft control. If the load difference is greater than the sensitivity value,
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then the same shifting movement occurs in the control algorithm. As a degree, 0.4 is

the tolerance of the position control error.
In second phase, from hold to lowering state, there are two conditions;
Ogerta < —0.4° (C4)
Waeita < —Wsensing (C5)

Condition C4 is related to position control. If the angle difference is lower than minus
0.4°, then the signal is shifted to lowering from hold state. Condition C5 is related with
draft control. If the load difference is greater than load sensitivity value, then the same

shifting movement occurs with C4.

Third phase is the reverse of the first phase. In this phase, there are three conditions;

gdelta < _40 (C6)
_0-40 < (Hdelta) & (Gdelta) < 0-40 & Wdelta < _Wsensing (C7)
Wdelta < Wsensing & Wdelta > _Wsensing & edelta < 0-40 (C8)

Condition C6 is directly related to the position of the system. This condition is made
to prevent the system from nonsensical movements against instant reactions. It means
that regardless of the loading conditions, the maximum difference between the user

input and the actual mechanism position must not exceed the limit of +4°.

Conditions C7 is related both with position and draft control. It says that, while the
elevation of the mechanism is under the specified band, if the load difference
decreases to under the sensitivity limit, then the system should pass the holding

position.

Condition C8 is again related to two main controllers. While the system is within the
load sensitivity limit, if the angle difference decreases to below the specified value,

again the system passes the holding position.

Like third phase, fourth phase also have three conditions;
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Oderea > 4 (C9)
—0.4" < (Baerra) & (Baerra) < 0.4° & Wyeirg = Weensing (C10)
Waeita < Wsensing & Waeita > —Wsensing & Bgeita > 0.4’ (C11)
Condition C9, C10, and C11 are the mirror image of the previous three conditions.
There is only one condition in lifting to lowering state;

Wdelta > Wsensing & edelta > _50 (C12)

Again, this condition controls both position and draft controller. Under the cultivating
process, in order to respond to the momentary forces coming from the field sharply,
the direct connection between the lifting and lowering states is established. Passing

softer soil from harder soil is an example of the condition C12.
The sixth and final phase has one condition;
Wdelta < _Wsensing & gdelta > _50 (C13)

Like the previous phase, this phase also settles down to respond quickly to the
momentary forces coming from the field. This situation comes true when

instantaneous forces like stone coming to the equipment under the cultivating process.

In all states, the current is the output. The controller gives the current to the solenoids

of the valve. The current could be supplied in the range of 0 to 4 Amperes.

In hold state, I; is a lifting current, and 1. is a lowering current. They are the outputs
of the controllers. Since there is no movement in the mechanism, any current is not

supplied to the system in this state. Therefore, both values are equal to zero.

Since the proportional valve is used in the system, variable current is given to lowering

and lifting states depending on the severity of load difference and angle difference.
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(Lifting1 “N [Lowering1 )

entry: entry:
if (k1*(tetadelta))<4 & (k1*(tetadelta))>2 if (k2*(-1*tetadelta))<4 & (k2*(-1*tetadelta))>2
12=0; 11=0;
11=0.75"k1*(tetadelta)+1; 12?0 75*k2*(-1 'tetade_lta)+1; )
else if (Wdelta)>Wsensing & (Wdelta)<=(3*Wsensing) else 'If1(V:/)delta)<-Wsensmg & (Wdelta)>=(-3*"Wsensing)
12=0; ! . ;
11=((Wdelta-Wsensing)/Wsensing)*g1; 12=((Wdelta+Wsensing)/Wsensing)*-g1; )
else if (Wdelta)>(3*Wsensing) & (Wdelta)<(6*Wsensing) else !|f1(ngelta)<(-3'Wsensmg) & (Wdelta)>(-6*"Wsensing)
12=0; S . .
11=((Wdelta-Wsensing)/Wsensing)*g2+a4; 12=((Wdelta+Wsensing)/Wsensing)*-g2+a4; )
else if (Wdelta)>(6*Wsensing) & (Wdelta)<=(12*Wsensing) else 'If1(dee"a)<(-b'Wse"S'"9) & (Wdelta)>=(-12*Wsensing)
12=0; S : ;
11=((Wdelta-Wsensing)/Wsensing)*g3+a5; 12=((Wdelta+Wsensing)/Wsensing)*-g3+a5;
else else
12=0; 11=0;
1=4; 12=4;
end end
end end
end end
end end
end end
- 7 N W,

Figure 3.37. Lifting and lowering module state blocks

In the lifting state, there are five main conditions. The first one is related to the position
of the 3PH mechanism. According to the lifting velocity (k1) and angle differences,
the severity of the output lifting current (I1) is changed. In order to implement this

condition, angle difference must not below 2°/k1 and must not exceed 4°/k1.
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Figure 3.38. Position control characteristic of lifting module current wrt. angle difference
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For draft load, there are three different characteristics shown in Figure 3.35. and

equations (3.51), (3.52), and (3.53). In these equations lifting force represent as;

w -w i
VVlifting — delta sensing (357)

Wsensin g

In lowering state, there are five main conditions. The first one is related to the position
of the 3PH mechanism.

LOWERING CURRENT (I)
45%

ANGLE DIFFERENCE (diff)

EARRREIRRRE SRR IR RN ARRNE:

-1 1
T T T L ———

k2 k> k_z ka2 k> k> k> -

Figure 3.39. Position control characteristic of lowering module current wrt. angle difference
According to the lowering velocity (k2) and angle differences, the severity of the
output lowering current (I2) is changed. In order to implement this condition, angle

difference must not below -2°/k1 and must not exceed -4°/k1.

For draft load, there are three different characteristics shown in Figure 3.35 and
equations (3.54), (3.55) and (3.56). Lowering force represent as;

WaeltatWsensing
Wlowering - W sensing (358)

Outside of the specified ranges for position and draft control, the maximum current is

applied to the system. Besides, blue arrays in Figure 3.38 shows that in every new
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step, all conditions will be reassessed. Additionally, in lifting state block, lowering
current (I2) is zero for all conditions, and vice versa is acceptable for lowering state
block.

Note that, the characteristic of the position control for lifting and lowering module is
determined by performing a small test. In test, position knob is turned gradually in
CW direction for lifting case. The 3PL mechanism is activated when the knob is turned
2°/k1 degree and reaches its maximum speed when the knob is turned 4°/k; degree. The
transition phase is taken as linear. Then, the position knob is turned gradually in a
CCW direction for lowering case. The 3PL mechanism is activated when the knob is
turned -2°/k1 degree and reaches its maximum speed when the knob is turned -4°/ky
degree. The transition phase is taken as linear as the previous case. Figure 3.38 and
Figure 3.39 takes form with test measurements.
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entry:
if (k1*(tetadelta))<40 & (k1*(tetadelta))>2
12=0;
11=0.75*k 1*(tetadelta)+1;
else if (Wdelta)>Wsensing & (Wdelta)<=(3*Wsensing)
12=0;
11=((Wdelta-Wsensing)/Wsensing)*g1;
else if (Wdelta)>(3*Wsensing) & (Wdelta)<(6*Wsensing)
12=0;
11=((Wdelta-Wsensing)/Wsensing)*g2+a4;
else if (Wdelta)>(6*Wsensing) & (Wdelta)<=(12*Wsensing)

12=0;
11=((Wdelta-Wsensing)/Wsensing)*g3+a5;
else
12=0;
11=4;
end
end
end
end
end
.

[Wdelta>Wsensing]

(Lifting N

[Wdelta<-Wsensing&tetadelta<5]

[Wdelta>Wsensing&tetadelta>-5]

[{tetadelta)<-4]

11=0;
/ / 12=((Wdelta+Wsensing)/Wsensing)*-g3+a5;
N else
To/_A:m;mam_mmu & (tetadelta)<0.4 & (Wdelta>=Wsensing)] 1=0:
— { el 12=4;
~ \ end
[-0.4<(tetadelta) & (tetadelta)}<0.4 & (Wdelta<=-Wsensing)] end
\ end
| end
| _———3|end
f L /
|
_7 / [Wdelta<Wsensing & Wdelta>-Wsensing&tetadelta>0.4] \

[tetadelta>=0.4]

()

[(tetadelta)>4]

Aaém_.__._m )
entry:
if (k2*(-1 ))<40 & (k2*(-1* )>2
1=0;
12=0.75*k2*(- 1*tetadelta)+1;
else iIf (Wdelta)<-Wsensing & (Wdelta)>=(-3*Wsensing)
11=0;
12=((Wdelta+Wsensing)/Wsensing)*-g1;
else if (Wdelta)<(-3*Wsensing) & (Wdelta)>(-6*Wsensing)
11=0;
12=((Wdelta+Wsensing)/Wsensing)*-g2+a4;
else if (Wdelta)<(-6*Wsensing) & (Wdelta)>=(-12*Wsensing)
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- [Wdelta<-Wsensing]

f Stateflow

Figure 3.40. General view 0
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CHAPTER 4

FIELD TESTS

4.1. Components of the System

As mentioned in the literature survey section, there are three different test methods to
measure the acting forces to the 3PH mechanism from the soil based on the location
of the force transducers. Tests are performed by using the third method. For some
measurements, test tractor’s sensors are used. Firstly, load cell sensors are needed for
reading the force coming from the equipment. Secondly, in order to measure the
location of the 3PH mechanism and also the elevation of the equipment, the angle
sensor is appropriate. These sensors are well-calibrated and efficient. Next, to gauge
the velocity of the vehicle, a radar sensor or GPS sensor is used. Finally, pressure
sensors are essential to measuring the pressure of the top link and external lift cylinder.
They are integrated into the system, and all measured values, including angle sensor

and load cell force, are recorded to Arduino card.

Moreover, by considering literature, it is assumed that the system is planar. Two-
dimensional approximation can be accepted for the studies of symmetric implements.
Chisel plough, which is used in the test tractor, is an excellent example of the
symmetric implements. Therefore, for simplicity, only longitudinal and vertical

components are considered during the calculations.

The tractor is the main device of the test. Tractor has fix displacement open-loop pump
system. Instead of mechanical control, it has an electro-hydraulic draft control system,
EDC.

In EDC, there are load sensing pins which are integrated into the tractor. These pins
are located at the left and right lower links. The pins react to draft shear forces only in
the horizontal plane. Each load sensing pin consists of a hollow metal tube (1)
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containing a circuit board (4) and load sensing core (2). Within the core material,
three-wire coils (3) are found and supported by metal rods. The coils are energized
and create a stable pattern of magnetic flux within the core. The outer casing of the
pin is made from metal with unique electromagnetic properties. When the metal is
subject to a shear force, which is centered on the wasted section (5) of the pin, the
natural magnetism of the pin casing gets changed. This change distorts the magnetic
flux pattern of the core and is transformed into an electrical output signal. This signal,
which is proportional to the draft load acting on the implement, is then received by the

electrical panel [8]. KMB series Rexroth load cells are used in the tractor.

\GL

¢ |
g # i 7

-4 N TIA35195

Figure 4.1. Load Sensing pin [8]

The characteristic of the load cell is shown in Figure 4.2.
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Figure 4.2. Characteristic of the load cell [38]
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The imported data obtained from the load cells do not directly show the force values
that are acting on the lower links. In order to obtain a meaningful number, appropriate

conversions must be performed.

Firstly, Arduino transformation constant, Ar is calculated as;

P o aw (4
where
Vora : Arduino voltage (V)
The numbers in equation 4.1 are related to the resistance of the Arduino.
Since the Arduino voltage is 5V;
;= ==2=001176883 (4.2)
Then, necessary conversion is as follows;
From = T ot S22 4 2o = Frnax (4.3)
where;
Fmax : Maximum force that the sensor can be read (N)
MV c : Measured value from control panel for load cell force
Vic : Maximum load cell voltage (V)

The selected load cell measures a maximum of 50 kN, and it supplies 8V utmost.
Therefore;

001176883 *MVc—2

Freat =~ o7szoama— * 2 * (50000) — 50000 (4.4)

Or more simply terms;

Froq = 294.22 * MV, — 100000 (4.5)
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Next, in the tractor, there is also an angle sensor that is located in front of the HPL
arm. The angle sensor potentiometer is directly connected with the HPL arm (DEF).
It is a universal analog sensor used to measure absolute angular rotation of a

mechanism.

A potentiometer is a three-terminal device that uses a moving contact from a variable
resistor divider. The taper of a potentiometer describes the relationship between the
position and the resistance. A linear taper is used in the system. The resistance varies
proportionally to the rotation of the shaft of the potentiometer. For example, the shaft
will measure 50% of the resistive value at the midpoint of the rotation. In linear

potentiometers, the angle is deducted directly from the voltage.

In mechanism, the potentiometer set to zero at the lowermost position of the HPL arm.
When HPL arms start to move, sensor potentiometer also moves and reads a certain
amount of voltage. The severity of the voltage is proportional to the displacement of
the potentiometer. The signal of the sensor is again read by the EDC control panel.

Rockshaft sensor potentiometer specifications are written in Figure 4.3.

CN1b—16

SWREF
s Rockshaft Sensor
Range (Volts) - 0.4-4.83
Range (Counts) -330-3960 ROCK AN-2
. 1| SHAFT
Working Range (Volts) - 0.79-3.9 SENSOR

Figure 4.3. Rockshaft sensor potentiometer specifications [8]

The measured value from the EDC control panel does not directly show the angle of
the 3PL system. Again, in order to obtain meaningful outputs, necessary conversions

should be made.
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Figure 4.4. Characteristic of the angle sensor [8]

The necessary conversion formula according to the characteristic of the angle sensor

IS;
Appr, = % * max (4.6)
where
aypL : HPL unit angle wrt. longitudinal axis (deg.)
Vs : Maximum angle sensor voltage (V)
Amax : Maximum allowable measured angle (deg.)
MV as : Measured value from control panel for HPL angle

The selected angle sensor maximum allowable voltage is 5V, and from Figure 4.4, the

maximum measured angle is 89.3°.

With given numbers formula reduces to;

0.01176883+MV 4 —0.5
(0.83)#5

% 89.30 4.7)

Aypr =

The aim of the thesis is that instead of control the 3PH system draft mechanism with
load cells from the lower links, control it by using pressures from the external lift

cylinders by predicting the loads coming from the equipment. In the current design,
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since there is no need to read pressure in the system, any pressure sensor is not
presented in the tractor hydraulic system In order to see the system pressure, one
pressure sensor is integrated to top link and other pressure sensor is integrated to left
external lift cylinder in the system. The sensors are precision pressure transducer
Keller PA 21R. The capability of maximum measured pressure is 260 bar, and the

corresponding voltage is 10V. The characteristic of the sensor is shown in Figure 4.5.

Signal at zero for 0...5 V (0...10 V) transmitters

sviiov $

=50 mV

- =
1%FS FS

Figure 4.5. Characteristic of the pressure sensor [39]
The conversion formula for pressure sensor is;

__ Ay*MVpr—0.05 100-1

Pex == oo * Pmax * (557) (4.8)
where
Py . External lift pressure (bar)
Vpr : Pressure transducer maximum voltage (V)
Prax : Maximum allowable pressure (bar)
MVpr : Measured value for pressure transducer

The voltage of the selected pressure transducer is 10V, and the maximum allowable

pressure is 260 bar. Therefore:

0.01176883+MV pr—0.05
Py, =
(9.95)

% 260 * (0.99) (4.8)
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4.2. Field Test Performance

The tractor is a construction vehicle. The main duty of the tractor is pulling something
like a trailer or work the soil like plowing the field. For pulling issues, since any
disturbance force does not affect the system, only position control is used. Whereas,
during the plowing, apart from position control, force control or draft control is also

used due to the presence of the variable disturbance force.

In the field test, Case IH FARMALL90A AD4 tractor is used. The engine power is 838
hp, and the EDC unit is given as standard. With the EDC unit, angle sensor and draft

load cell sensors are also found in tractor as standard.

In addition to standard equipment, for the new design, pressure sensors are integrated

into the tractor from the outside.

PRESSURE SENSORS

Figure 4.6. Locations of the pressure sensors in the tractor
The external lift piston is a single-acting cylinder. For that reason, there is only one
connection port. The first sensor is mounted to the left external lift piston connection

port to measure the pressure in the system. The sensor location is shown on the left-
hand side of Figure 4.6.
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The hydraulic top link is a double-acting cylinder. Therefore, it has two ports. One of
them is bore side, which ensures the piston opens. Another one is the rod side, which
ensures the piston close. During the cultivation process, in most of the case, equipment
force acts the hydraulic top link as compression. For that reason, in order to measure
the top link pressure, the second sensor is mounted to the hydraulic top link bore side.
The sensor is shown on the right-hand side of Figure 4.6. Both sensors are mounted to

the system with special connectors.

Additionally, the GPS kit is added to the system to see the location and the velocity of
the tractor. Thanks to the GPS, the path characteristic of the tractor could be
understood easily. The length of the field, user’s driving style, soil type, and
equipment constitute are count as the path characteristic.

Figure 4.7. Data acquisition and storage unit

Finally, in order to read and record the data that are obtained from the sensors, Data
acquisition and storage unit with Arduino card is made and located inside of the cabin
trim. Since load cell sensors and angle sensor are occurred in the tractor as a standard,
these data are read from tractor ECU and recorded to the Arduino. Pressure values and
GPS sensor data are read from external pressure sensors and external GPS sensor and
enrolled to the Arduino. In the card, each data is taken and recorded in 0.1 second time

interval in other words 10 Hz. Since the tractor speed is too low under the cultivating
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process, and since the conformity of each recorded time data such as GPS, it is

appropriate to use this time interval.

Figure 4.8. Test tractor with the test equipment

After installing the test setup, the equipment is mounted to the tractor. A chisel plow
is used as equipment. The chisel plow is a common tool to get deep tillage with limited
soil disruption. It is a symmetrical equipment. The main function of this plow is to
loosen and aerate the soils while leaving crop residue at the top of the soil. This plow
can be used to reduce the effects of compaction and to help break up the plow pan and

hardpan.

¥ \ o >
{-1{‘ R

Figure 4.9. Chisel Plough [40]
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Unlike many other ploughs, the chisel will not invert or turn the soil. This
characteristic has made it a useful addition to no-till and low-till farming practices that
attempt to maximize the erosion-prevention benefits of keeping organic matter and
farming residues present on the soil surface throughout the year. With these attributes,
the use of a chisel plough is considered by some to be more sustainable than other

types of plough, such as the traditional moldboard plough.

After mounting the test equipment, the user starts to plow the field. Certain scenarios
are implemented during the cultivating process. With each scenario, a tractor plough
one complete row. One row means a tractor cultivate a single line from beginning to
end. In other words, for each scenario, the farmer starts to cultivating the process from
the beginning of the field and proceed with the end of the land. When s/he reaches the
end of the field, then s/he pushes LOM, turns the tractor, arranges the new scenario

and starting the new scenario by pushing the LOM again.

Table 4.1. Field Scenarios

SCENARIOS | POSITION KNOB DRAFT KNOB SENSITIVITIY
3 6 middle (500N)

2 3 10 middle (500N)
3 0 6 middle (500N)
4 0 10 middle (500N)
5 2 middle (500N)
6 2 8 middle (500N)
7 2 10 middle (500N)
8 1 middle (500N)
9 1 8 middle (500N)
10 1 10 middle (500N)

In draft knob, the allowable force acting on the load cell increased with an increasing
number. Number “10” represents the maximum allowable force. In position knob,
minimum value points out the minimum position of the HPL arm. Number “0”

represents the lowermost position in the 3PL system.
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In each scenario, the sensitivity of the draft system keeps constant. For that reason,
instead of taking as a variable, sensitivity assumed as a constant value. A small section

of the test data is shown in Appendix F.

In the study, two rows are simulated. In the first row, the farmer arranges scenario 6
and starting the plough procedure by pushing the LOM. When s/he reaches the end of
the field pushes the LOM again and turns the tractor. Then, farmer arranges the
position and draft control like scenario 1 and starting the cultivating process by
pushing the LOM button third time. The simulation is ended when the farmer reaches
the end of the field and pushes the LOM feature for the last time. These two row lasts

363 seconds.

In the test, the sensor data is recorded. Angle data, 6, are collected from the ECU

of the tractor. Angle sensor has a critical role in understanding the correlation between
the mathematical model and test data. By regarding the test scenario, the 3PL

mechanism angle test data is shown in Figure 4.10.

3PL mechanism in test wrt. time
T T I

(2]
(=]

I I
——3PL mechanism angle test data
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time (sec)

o
o

Figure 4.10. 3PL mechanism angle test data

The second sensor is the load cell sensor. It is integrated into the lower link point, and
data are collected from the ECU of the tractor. According to the scenario, load cell

force test data, Wy, is shown in Figure 4.11.
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Test load cell force vs. time
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Figure 4.11. Load cell force test data
The last sensor is the pressure sensor. It is integrated into the left external lift cylinder
of the tractor. Regarding the scenario, the external lift cylinder pressure, Pgy. ... is

shown in Figure 4.12.

External lift cylinder pressure vs. time
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Figure 4.12. External lift cylinder pressure test data

Pressure sensor measures the pressure in the external lift cylinder bore side. The bore

radius of the cylinder is 40 mm. Therefore;
Ay = 1 * (40)? =5028.5 (4.9)

Next, the unit of the measured data for pressure transducer is bar. Therefore, firstly
we need to convert the bar to MPa and multiply it with the area of the cylinder in order

to obtain the external lift force.
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where;
WE
Pex

Acyl

P
Wi = % * Acyr (4.10)

. External lift cylinder force (N)
: External lift cylinder pressure (bar)

: Bore area of the external lift cylinder (mm?)

With regarding the scenario, the external lift cylinder force, Wy, , ... is shown in Figure

4.13.

w

%10% External lift cylinder force vs. time

ho
(9]
T
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-
T

External lift cylinder force (N)
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|

T I I
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Figure 4.13. External lift cylinder force test data
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CHAPTER 5

SIMULATIONS

5.1. Simulations with Current System

Up to this part, system sub-components are discussed in detail. In that part, the current
model is handled entirely. The same inputs are given to model with test inputs, and
the model results are compared with test results to verify the current model with
respect to the angle of the HPL arm which represents the elevation of the 3PL

mechanism.

5.1.1. Determination of Control Gains with Simplified Model

In the model, the characteristic of the controller has a significant role in managing the
mechanism. The severity of the load difference, Wena, affects the volume of the
current that is acting to the solenoid of the valves. Unfortunately, there is no
information about the applied current under a certain amount of load difference. For
that reason, in order to determine the path of the applied current to valve with the
chancing load difference, the Simulink parameter estimation method is used. For
simplicity, instead of taking a non-linear equation, three different linear equations are

taken. Gain scheduled P control is used as a controller

The aim of the parameter estimation is to make the system characteristic familiar with
the test. With this method, the system runs approximately 100 times to get closer to
the test data.

Normally, in the current system, the data taking from the sensor will be transformed
into draught force and giving to the implement. Then the load cell force will be given

to the controller. Unfortunately, this phase takes much time in the system. For that
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reason, in a simplified model, the load cell force data directly granted to the controller.
With this method, the process run time decreased fifty times. Note that, in order to
include the moment of inertias and the effect of force measurements on the
mechanism, the load sensor force data is added to the 3PL system as a disturbance.
The block diagram of the simplified model for parameter estimation is shown in Figure
5.1.

POSITION | g l
INPUT 2 e ACTUATOR PLANT
(Hydraulic —v——> (3PL
DRAFT W, |2_> valve) Mechanism)
INPUT P
_W J WDX
———> TRANSFORMATION Dy

[
LOAD CELL
WArest SENSOR Se

ANGLE SENSOR [«

Figure 5.1. Block diagram of the simplified model for the parameter estimation

<

Position and draft control are the major features of the system. The remaining units,
like LOM, are the auxiliary features. For simplicity, only the main features have been
addressed in the thesis. In the light of this information, there are two inputs in the
system which are position and draft input. These inputs numerical data’ are taken from
the field test.

In the field test, several alternatives are simulated. In each scenario, the tractor plough
one complete row. In other words, for each scenario, the farmer starts to cultivating
process from the beginning of the field and proceed with the end of the land. When
s/he reaches the end of the field, then s/he pushes LOM, turns the tractor, arranges the

new scenario and starting the new scenario by pushing the LOM again.
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HPL angle vs. time
60 T T T ,

— HPL angle (deg)
50 F

40- -

Position input, (8p)

—

o owao
T
1
|

1 | L L L
0 50 100 150 200 250 300 350

time (sec)

Figure 5.2. Position input

Draft input force corresponds to the desired load cell force or user input force. The
mathematical model is patterned to automatically decreased the desired load cell force
to 2000N when the LOM system is activated in order to avoid undesirable movements.
Throughout the whole test, the sensitivity sets to +£500N. In Figure 5.3 black line
represents the user draft force input, Wp, and the red-painted field represent the

sensitivity interval of the system.
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Figure 5.3. Draft input

Next, in the current system, load cells are the sensors of the load cell forces. They are

located at the lower links body connection points.
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left load cell force

data_left_draft

system load cell force average
H ﬂ

right load cell force

data_right_draft

Figure 5.4. Detail of the load cell sensor (force sensor)

According to the Electro-Hydraulic Draft control system specifications [8], the
average of the measured signals from left and right draft sensors should be taken.
Then, the system load cell force, Wa, is obtained like Figure 5.4. Meanwhile, load cell

force test data, Wy, is shown in the previous section, Figure 4.11.

The second type of sensor in the system is an angle sensor. In the angle sensor, instead
of test data, mathematical model data is taken. At the end of this part, the result of the

HPL angle 6, is compared with the 3PL mechanism test angle, 0,,_,.

The error signals for draft and position values are obtained by using an error detector.
Then, the angle difference (64.1t4), and load difference (Wye;:q) data enter the
controller as an input. Data is converted to current in the controller in a certain ratio.

Details about the controller occur in section 3.1.3.

Since the directional control valve has separate slices for lifting and lowering, there
are two outputs in the controller. One of them is the lifting current (I11) and the other
one is the lowering current (I2). The lifting current (11) directly goes to the lifting slice
solenoid of the valve. With the same logic, lowering current (I2) goes to the lowering

slice solenoid of the valve.

There are two gains between the controller and the plant. The first one is related to
unit conversion (meter to the millimeter). The next one is related to the current ratio

between the controller and the hydraulic valve solenoid. The maximum allowable
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Amperes value in the controller is taken as 4A whereas the valve solenoids have 3.5A
as maximum allowable Amperes value. In order to adaptation the Ampere values, this

conversion must be performed.

Hydraulic valve is an actuator of the system. The lifting and lowering current are the
inputs of the hydraulic valve solenoids. The spool of each slice is opened with the
proportion of the current. The spool gap is determined by the amount of oil pressurized

into the cylinder. The details about the hydraulic valve are written in section 3.1.2.

The amount of oil pumping from the hydraulic valve determines the velocity of the
external lift cylinder, Vcy. This motion is transmitted to the 3PH model external lift

cylinder, which is the plant of the system.

The 3PH system model is exported from PTC Creo 3.0®. Details about the procedure
are written in section 3.1.1. Apart from the hydraulic cylinder velocity, the disturbance

is another input of the plant.

The load cell measured forces are given to the 3PH model as a disturbance. Yet, since
this location is the fixed point, any applied force to this location cannot be transferred
to another side. For that reason, draft sensor force is relocated to the implement
draught force point (Wp) by using the proper transformation equations. The
transformation equations are obtained from section 3.1.1. The force diagram of the
3PH mechanism is shown in Figure 3.10. The outputs of the disturbance are

longitudinal and horizontal components of the draught force.

Finally, the outputs of the plant are the mathematical model HPL angle (6,) and the
piston stroke (S,). Piston stroke is taken as an input in transformation equations. Since
it affects almost all variables in the transformation equation, piston stoke has great

importance for the accuracy of the transformed data.
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Figure 5.5. MATLAB Simulink model of the simplified model
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The Simulink data of the simplified parameter estimation model is shown in Figure
5.5. Now, the simplified model for parameter estimation is established. There are five
parameters to determine the characteristic of the controller. The equations of the

parameters are shown in section 3.

Some initial conditions are given to the system in order to achieve the most relevant
results in estimation cost. In every given initial condition, the system is encountered
local minimum values. Hence, in order to approach global minimum points, a number
of initial conditions are given to the system by considering the estimation cost of the
parameter estimation. The most suitable initial conditions for parameters are found as

follows;

1 5 5
» 2 =73, 03 =7, Qg =7, A5 =7 (5.1)

A lw

a, =

The aim of the parameter estimation is correlating the HPL arm angle for the test

(01,4) and the HPL arm angle for the mathematical model (6, ). For that reason, the
3PL mechanism angle test data (6,,,,.) are chosen as an experiment in the parameter

estimation method. Figure 4.10. shows the mechanism test angle along the period of

test time.

Next, initial conditions are defined, and the estimation progress is started. Ninety

iterations are done throughout the estimation. The results are shown below.

The parameter trajectory displays the parameter values as they change during
estimation in Figure 5.6. Estimation cost displays the estimation cost as it changes

during estimation in Figure 5.7.
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Figure 5.7. Estimation cost
At the end of the iterations the parameters are found as;
a, = 0.8256, a, = 0.3242, a3 = 0.3191, a, = 0.7887, as = 0.4624 (5.2)

From now on, these parameters will be used in the systems to obtain better results. In
order to save time, the test data trimmed in the parameter estimation process. At the
specified time period, the first 85 seconds is taken. With final estimation values,

correlation result along the whole simulation process is shown in Figure 5.8.
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The angle of the HPL arm vs. time for simplified model
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Figure 5.8. Correlation result for the parameter estimation model

5.1.2. 3PL Control System Simulation

In the simplified model, load cell force in the test is directly given to the controller.
For that way, the plant could not be verified properly. Under normal working
conditions, the load cell force in the test (W,,..) should be transformed to the
implement draught force. Then, it could be supplied to the mechanism as a
disturbance. Next, the load cell force is measured from the 3PL mathematical model,
which is exported from PTC Creo 3.09. With that way, the plant is added to the
mathematical model, and it is verified. Except for this procedure, the remaining

components of the 3PL control system simulation are the same as the previous
simulation model.
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CONTROLLER ‘(Hydraulic Vo> @PL
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Figure 5.9. Current model block diagram
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Since, instead of test data, mathematical model load cell force results are got in contact
with the controller, there are three outputs in the plant. Load cell force is the additional

output of the plant.

81 = mathematical model angle

8p = user input angle

Wp = user input draft

WA = draft sensor

WDX = implement forxe (x-comp) m

WDy = implement force (y-comp) M Ol N
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Figure 5.10. MATLAB Simulink model of the current model
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In the MATLAB Simulink model, mathematical load cell output has three axes.
Formerly, it was assumed that the effect of the lateral axis is neglected. For that reason,
only the longitudinal and vertical axes are combined. Then combined load cell force

IS given to the system as feedback.

longtitudional axis

4 (D

> fen combined force

vertical axis

load cell force

model draft force

lateral axis combination

Figure 5.11. Detail of the combination block in MATLAB Simulink model

In this part, the mathematical model of the whole system is simulated. The angle of
the HPL arm is the main output of the mathematical model. In Figure 5.12, HPL arm
angle test data and the angle of the HPL arm for the mathematical models are
compared. By looking at the figure, it can be observed that the mathematical model is

correlated with the test data.
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Figure 5.12. HPL arm angle comparison for test and current mathematical model

5.2. Proposed 3PL Mechanism Control System Simulation

The main goal of the thesis is obtaining a novel draft control mechanism by

eliminating the load cells and integrating pressure sensors to the external lift cylinders.
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In order to understand the usability of the new sensor, it is necessary to see the external

lift cylinder forces at the current system. For that purpose, the previous section model

plant section is modified. External lift cylinder force is added to the system as an

output like in Figure 5.13.

POSITION INPUT

e o
i

DRAFT INPUT

user input force

81 : mathematical model angle

8p - user input for HPL angle

Wp : user input for oa

11 - lifting current
12 lowering current
Se- piston stroke

6dotia

we Wdelta

transformation load sensor force to implement force

P stroke

implement force (x-comp)

forca implemant )

ange diflerence fing

foad differant

CONTROLLER

mto mm

COMBINATION BLOCK

TRANSFORMATION MATRIX

HYDRAULIC VALVE

ACTUATOR

WA

load ceil

WA

hpt angle system I-—

POSITION SENSOR

HPL angle test

angle sensor

Figure 5.13. Modified current model

COMPARISON BLOCK

extemal liftforce

In Figure there is a comparison block. The detail of the comparison block is shown in

Figure 5.14. The mathematical model, external lift cylinder data enters the comparison

block. Then, the longitudinal and vertical axes are combined. The mathematical model

and pressure transducer test data are compared in that block.

external lift force

D

external lift force

:‘

longitudinal axis
piu
vertical axis ‘ y
>V fcn
lateral axis COMBINATION

Pressure Sensor

-

Figure 5.14. Detail of the comparison block

The mathematical model and test results are compared in Figure 5.15. Red line

represents the mathematical model result for the external lift cylinder, and black line

represents pressure sensor test data for the external lift cylinder.
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Figure 5.15. Comparison of the external lift cylinder force for test data and mathematical model

It can be seen that the external lift cylinder force mathematical model and the test data
are correlated. Therefore, the pressure sensor might be used to control the draft

mechanism.

The new proposed mechanism block diagram is shown in Figure 5.16.

POSITION li—> |
Bp—’@*@delta—) : ACTUATOR PLANT
y CONTROLLER (Hydraulic —\/.,,—»  (3PL

DRAFT W, ,Qb Woera— I2—-> valve) Mechanism)
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LTRANSFOFIMATION PRESSURE TFRANSFOFIMATION"_WDy
2 *_WEnsv'_‘ SENSOR WEm«r'_'> 1 ‘
t Se t Se

01 ANGLE SENSOR LI-

Figure 5.16. Block diagram of the proposed model

The only difference between the current design and the new design is sensors. In the
new design, a pressure sensor is used. In the controller, load cell force is evaluated, so
pressure sensor value must be transformed, which is the first method. Another method
is instead of transforming, chancing the controller logic, but, this method is more
complicated with respect to the first case. For that reason, transformation 2 is used to
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transform the pressure sensor force to load cell force. In the meantime, the pressure
sensor data is transformed to implement draught force by using transformation 1.
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Figure 5.17. MATLAB Simulink model of the new proposed design
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In the MATLAB Simulink model, pressure sensor and new disturbance are added to
the system. The controller, plant, position sensor, and the inputs are exactly same as
the current model. Pressure sensor and the disturbance input are the main differences

with respect to the current model.

WEtest *
F external_cylinder_newton j« ’ =
WAtest 4 e
7 draft_load =
fen stroke [€— Pressure Sensor
transformation 2 stroke (Se)

—D

Figure 5.18. MATLAB Simulink model of the pressure sensor in new model

Pressure sensor measures the pressure in the external lift cylinder bore side. The bore

radius of the cylinder is 40 mm. Therefore;
Ay = 1 * (40)? =5028.5 (5.3)

Next, the unit of the measured data in the pressure transducer is bar. Therefore, firstly
we need to convert the bar to MPa and multiply it with the area of the cylinder in order

to obtain the external lift force.
Foxe = -2 Agy, (5.4)
where;
WEe : External lift cylinder force (N)
Peyi . External lift cylinder pressure (bar)

Aq  : Bore area of the external lift cylinder (mm?)

Next, with transformation 2 equations, external lift cylinder force, WE, converted to

load cell force Wa in order to give the controller appropriate data input.
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Figure 5.19. MATLAB Simulink model of the disturbance in new model

In the current model, since the applied location of the load cell is fixed, it is not
possible to read any reaction forces on other joints. For that reason, the load cell force
is transformed to implement draught force, Wp. In the new model, usually, the applied
force acting on the external lift cylinder is a revolute joint (point G). Yet, in order to
provide the same environment with the current model, force is transformed into the

implement draught force by using the transformation 1 equation.

Note that, all transformation equations need piston stroke because almost all angle in

the kinematic equations is altered along with chancing stroke.

In the light of this information, the new mathematical model HPL angle is obtained.
The comparison between the test data HPL angle and the mathematical model HPL

angle is tabulated in Figure 5.21.
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Figure 5.20. Angle comparison for the test and the new proposed model
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CHAPTER 6

DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS

6.1. Outline of the Study
The tasks carried out within the scope of this thesis study include;

« Defining tractor and tractor related sub-components to understand the thesis
study content better

e Surveying the literature to identify data sources that other researchers have
used and to develop alternative research projects to better understand the
system and its requirements

o Performing kinematic analysis and force analysis of the 3PL mechanism and
validating them with ADAMS® simulation software

« Exporting the solid model to MATLAB® Simscape Multibody® version and
defining the joints to make a dynamic analysis.

e Modeling of a solenoid actuated three slices directional control valve in
MATLAB® software Simulink tool.

« Modelling a gain scheduled proportional controller in MATLAB® Simulink
Stateflow module

« Defining the test materials and conducting the field tests by considering the
different editing scenarios

« Estimating the controller draft load characteristic by using the MATLAB®
parameter estimation method

o Establishing the system control model and simulate the field test

« Constituting the new proposed model by eliminating the load cell sensors from
the system and by adding the pressure sensors to the system
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6.2. Discussion and Conclusions

The agricultural tractor is used for various duties, and there is a large variety of
implements to satisfy for this purpose. In order to mount numerous types of
equipment, there are specific standards. The test tractor has 4 cylinders 88 hp Diesel
engine. In this study, the category of the tractor of interest is cat2. All dimensions of

the 3PL mechanism are designed by considering the chosen category.

At the beginning of the study, the definition of the tractor and tractor-related
components are given. Hydraulic power lift, three-point hitch mechanism, and
hydraulic lift system control units are scrutinized. Position control and draft control
are the main controllers of the system. On the other hand, lift-o-matic control and slip
control are auxiliary control mechanisms. In order to simplify the system in the
mathematical model, auxiliary controller mechanisms are neglected. Only the main

controllers are taken into account.

In order to transform the forces acting upon the mechanism, kinematic analysis and
force analysis have crucial roles. With these analyses, the force at any point and angle

of the mechanism can be estimated and recorded.

During the calculations, there are two main assumptions. Firstly, the tractor is not a
rapid device. The moment of inertia of the components and masses does not affect the
dynamic analysis excessively. For that reason, masses and moment of inertias of the
components are neglected during the calculation of the force analysis. Note that, under
normal working conditions, PTC Creo 3.0® solid model is exported to the system and
the moment of inertia and masses are taken into account. They are neglected only for

transformation equations for simplicity and reduce the possible calculation errors.

Secondly, according to Bentaher [26] study, since the magnitudes of the lateral
direction forces are quite low, especially for symmetric equipment, they rarely affect
the 3PL mechanism. For simplicity, the lateral forces are neglected. Besides, the
system dimension is decreased two instead of three by neglecting the lateral axis. In

order to verify this assumption, the ADAMS® model is used. The lateral axis is added
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to the ADAMS® model. The kinematic model and ADAMS model run with the same
scenario. According to the scenario, both systems are exposed to 18 kN draught force,
and they are lifted at the same speed. The results show that the simplifying assumption
of the two-dimensional system affects the system at most by 2.6 percent. However,
when the assumption is not made, the solution time will be very long. Further, the risk

of calculation errors increases.

For simulation, the solid model is created from PTC Creo 3.0® and exported to
MATLAB® Simulink. During this process, some connection ports such as revolute
joints or cylindrical joints lost their definitions. They had to be re-defined in the
Simulink® tool. According to the signal coming from the controller, the movements
of the mechanism can be seen in the system in concrete form. Besides, note that, since
the fixed points are not reacted by the applied forces, they must be transformed. For
example, load cell forces are located at fixed points. Therefore, these forces are
transformed into the equipment draught load applied point. Then, the draught force is

applied to the solid model.

BOSCH EHRS5 hydraulic valve is used as an actuator. There are three slices in the
valve, which are compensator, lowering module, and lifting module. The compensator
compensates the pressure just for the lifting side. Lifting and lowering modules are
controlled with the help of the solenoids. Since the valve is not standard, every module

is modeled in Simulink by using variable orifices, hydraulic cylinder, and 2/2 DCV.

Hydraulic pump speed, the gap of the lifting module spool, equipment weight, and
disturbance force or acting force are the variables that affect the flow rate of the lifting
valve. The flow rate shows the lifting velocity of the external lift cylinders, which
corresponds to the velocity of the 3PL mechanism. Since fixed displacement hydraulic
pump is used in the system, the rotational speed of the motor is the only variable that
specifies the hydraulic pump speed. In field conditions, generally, tractor engine runs
at 1500 rpm. For that reason, in the model, it is assumed that the tractor engine runs at

this constant speed. Next, the Ampere value of the solenoid is directly proportional to
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the gap of the spool. In the test, chisel plow with a weight of 200 kg is used as

equipment. These variables also affect the lowering valve.

There are two controllers and three different stages in the system. Draft control and
position control are the two controllers in the system. Moreover, lifting, lowering, and
hold positions are the three operational stages. In order to manage these two-

controllers and the three different stages, MATLAB Stateflow® module is used.

In order to select the controller type, the simulations using the mathematical model
and the test results are analyzed. The speed of the tractor and the speed of the 3PH
mechanism are too slow, especially when compared to the robotic systems. Moreover,
as a construction machine, the tractor does not need a short response time as in the
case of robotic systems. On the contrary, with short response times, the controller
might have an impact on the system frequently. This situation might cause a non-
smooth surface on the soil during the cultivating process, which is an annoying issue
for farmers. Typically, derivative control tries to reduce the overshoot and rise time
error. In our system, no matter how much is the proportional constant, the system does
not overshoot. Since the study system is slow, there is no need to use derivative

control.

As a requirement, there is an offset error in the system. The mechanism works in a
manner that does not react within a specified range. This specified range is called
sensitivity. In control theory, integral control tries to minimize the offset error. In the
study, offset error, and the corresponding particular band is desirable. In the meantime,
integral control might be creating wind up problems. For those reasons, integral
control is not used in the mechanism. In the light of this information, only the P-control

is used in the controller.

The parameters of the position control for lifting and lowering valve module are
determined by performing tests. The details of the tests can be found in the controller
design part. During the test, it is observed that the character of the lifting or lowering

valve module current is changed non-linearly while changing the magnitude of the
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load difference. Since the system is non-linear, the use of a single constant
proportional gain is not sufficient. For that reason, gain scheduled P control is used to
determine the characteristics of the draft control. The nonlinear characteristics are
represented by, for simplicity, three different linear equations instead of a non-linear

equation.

The test tractor has force sensors and 3PL mechanism angle sensor. In order to
measure the pressure in the system, a pressure sensor is integrated into the system with
the help of the special connector. Besides, in order to understand the driving
characteristic of the tractor, a GPS module is also integrated into the system. The
recording process has a crucial role in the study. However, there is no recording
facility in the test tractor. Therefore, an Arduino card is designed to collect and record
all data, including the sensor data, time, GPS location, the velocity of the tractor, and
the height of the sensor location. In order to understand the characteristic of the

cultivation process, ten different scenarios are performed in the test.

Up to now, controller, actuator, plant, and sensors are handled. Moreover, the test is
performed to give inputs to the established mechanism. The only remaining unknown
is the controller characteristic for which no information is available. Therefore, test
data is the only acceptable choice to determine the gain scheduled P control constants.
For that reason, the parameter estimation method is used to determine the constants,
and a specified section of the test is the experiment for the parameter estimation

method.

3PL mechanism control system simulation is performed after finding all of the
variables. Load cell force is first transformed into the draught force, and it is given to
the plant as a disturbance. Then, the mechanism angle and lower link point force are
read by considering the disturbance. The error covariance for position angle and load
cell forces are calculated and these values enter the controller. The controller evaluates
the results and sends the electrical current signal to the actuator. Finally, the actuator

arranges the flow rate or the velocity of the 3PL mechanism by regarding the currents
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with the help of the external lift cylinder of the system. At the final stage, the measured
HPL arm angle and the HPL arm angle from the mathematical model are compared.
It can be seen that both results are well correlated, both qualitatively and

quantitatively.

Finally, in the proposed model, the main idea is that instead of controlling the 3PH
system draft mechanism with load cells in the lower links, it can be controlled by using
pressures from the external lift cylinders by predicting the loads coming from the
equipment. Under these circumstances, firstly, mathematical model external lift
cylinder force data and external lift cylinder force test data are compared. According
to the comparison in Figure 5.15, it can be seen that results are very similar, which is

an indication that the pressure sensor might be used to control the draft mechanism.

Next, instead of the load cell sensor, a pressure sensor is integrated into the system. In
the controller, under normal working conditions, the load cell force is evaluated. There
are two methods to adapt the new sensor to the current system. Firstly, pressure sensor
value could be transformed to load cell force value. Another method is to change the
controller logic instead of transforming. However, this method is more complicated
by considering the first case. For that reason, the first method is chosen. Figure 5.20,

shows that the proposed model works well.

There are several possible reasons why companies might use the proposed model in
the tractor draft control mechanism. Firstly, at the load cells, force only in one
direction could be measured. Whereas, in addition to the longitudinal axis, vertical
axis forces could also be measured with the use of the pressure sensors. Although
according to the studies, the effect of the vertical forces is small with respect to the
longitudinal forces, even the smallest force may have a vital role in proper draft

control.

Secondly, in the current mechanism, load cell sensors measure the amount of
deformation in the load sensing pins. Then, load cell sensors stimulate the ECU

electrically. Therefore, the draft control mechanism is controlled electrically and
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mechanically in the current system. In the proposed system, pressure sensors measure
the pressure in the external lift cylinder and stimulate the ECU electrically. Therefore,
the draft control system is controlled electrically and hydraulically in the new
proposed design. Mechanical control response time is slower than the hydraulic
system. Due to the shorter response time, it is better to use a pressure sensor instead

of the load cell sensor.

Thirdly, nowadays, during the design process, it is essential to keep production and
operation costs low. The cost of pressure sensors is lower than the cost of the load cell
sensor, in general. Additionally, the housing of the pressure sensor is straightforward
with respect to the load cell sensor because the housing of the load cell sensor must
be rigid. It is expected that costs will be reduced in the proposed system with respect

to the current system in use.

To sum up, in the light of the foregoing findings, the usage of the pressure sensor in
the draft control system of the tractor may be a better solution with respect to the use

of load cell sensor for accuracy of the measurement, response time, and cost.

6.3. Recommendations and Future Work

In the thesis study, all simulations are performed by considering the test data.
Therefore, the established model is an off-line system. According to the test data, all
calculations and systems are validated. On the other side, it is vital to see and validate
the system under all environmental conditions. However, it is not possible to perform
tractor tests under different conditions due to the high costs. For that purpose, it is
planned to establish a test setup. With this test setup, various test conditions may be
performed under different loading conditions and different loading angles. It is
planned to use one pneumatic double acting cylinder in the test setup. It will be
connected to the tractor 3PL mechanism, and the force will be applied to the system
gradually from the pneumatic double acting cylinder at any desired angle.
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After establishing the test setup, certain types of simulation could be performed. By
regarding different simulations, the soil model will be constituted in Simulink®.
During the creation of the soil model, MATLAB® parameter identification method
would be the right choice. With proper soil model, every working conditions of the
tractor will be simulated, and in this way, the online system would be obtained.

During the tests, apart from the external lift cylinder, top link pressure was also
measured. The pressure sensor was mounted to the hydraulic top link bore side.
However, it was observed during the cultivation process, that the direction of the
hydraulic top link acting force is changed during the up and down motion of the 3PL
mechanism. When the force acts as tension, the vacuum occurs in the bore side of the
hydraulic top link, and the pressure sensor does not read the vacuum data. For that
reason, it is not possible to obtain correct data by mounting a single sensor to the top
link. In the future, it is planned to mount two pressure sensors to the top link and
perform a new test. With the new data, the top link force will be integrated into the

proposed model.
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APPENDICES

A. 3PL DESIGN CONSTRAINTS

CATEGORY
UNIT DEFINITION 1 2 3 4
13 Mast Height 460+1.5 610+1.5 685+1.5 685+1.5
14 Degh,itch Point 200 max. 200 max. 230 max. | 230 max.
Height
15 Movement Range 610 min. 650 max. 735 min. 760 min..
16 Transport Height 820 min. 950 min. 1065 min. 1200 min.
17 Lower Hitch Point 100 min. 100 min. 100 min. 100 min.
Clearance
18 Horizontal Convergence | 1700 mm to 1800 mm to 1900 mm to 190§)Omm
Distance 2400 mm 2400 mm 2700 mm
2800 mm
. . . >0.9
Vertical Convergence >0.9 times the | >0.9 times the | >0.9 times the times the
19 . tractor tractor tractor
Distance tractor
wheelbase wheelbase wheelbase
wheelbase
Distance between PTO 575 to
L shaft 500 to 575 550 to 625 57510 675 675
and Lower Hitch Point
Distance between the 610 or
s Lower Links 359 435 505 612
Rocker (left-right
l2 motion) 100 min. 125 min. 125 min. 130 min.
Distance of the Links
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B. DRAFT PARAMETERS AND AN EXPECTED RANGE IN DRAFTS
ESTIMATED BY THE MODEL PARAMETERS FOR TILLAGE AND
SEEDING IMPLEMENTS [30]

Table 1 — Draft parameters and an expected range in drafts estimated by the model parameters for tillage and seeding implements

51 Units English Units
Machine Parameters Machine Parameters Soil Parameters
Width Width Range
Implement units A B c units A B c F, Fy Fa =%

MAJOR TILLAGE TOOLS
Subsoiler/Manure Injector
narmow point tonis b ] oo 18 tonls ] 0.0 7 10 0.7 045 50
30 cm winged point tooks 284 0o 24 tonls 1ar 0.0 a5 10 [} 0.45 50
Meldboard Plow m 852 0o a1 ft 13 0.0 23 1.0 0.7 0.45 40
Chisel Plow
5 om straight paint toois B 54 oo tonls 52 4.9 oo 1.0 0.85 0.85 50
7.5 cm shoveli3s cm sweep tonis 107 6.3 oo tools il 5.8 oo 10 0.85 0.85 50
10 em twisted showel taoks 123 ] oo topls T0 6.7 oo 10 0.88 0.85 50
Sweep Plow
primary tillage m 300 18.0 oo ft as 5.2 oo 10 0.88 0.85 45
secandary tilage m 73 133 oo ft 48 ar oo 1.0 0.85 0.85 35
Disk Harrow, Tandem
primary tillage m 309 16.0 oo ft 53 4.6 oo 10 0.88 078 50
secandary tilage m 218 11.2 oo ft ar 32 oo 1.0 0.88 0.7e 30
Disk Harrow, Offsat
primary tillage m 364 188 oo ft a2 54 oo 10 0.8 .78 50
secandary tilage m 154 132 oo ft 44 3.8 oo 1.0 0.88 0.7e 30
Disk Gang, Single
primary tillage m 124 64 oo ft M 1.8 oo 1.0 0.88 .78 25
secandary tilage m Bd 45 oo ft 15 1.3 oo 10 0.88 078 20
Coulters.
smooth or ripple toois 55 27 oo tonls £l 25 oo 1.0 0.88 .78 25
bubble or flute tonis ] 33 oo tonls ar 30 oo 10 0.88 078 25
Field Cultivator
primary tillage toois 48 28 oo tonls 26 25 oo 1.0 0.85 0.85 30
secandary tilags tonis 2 18 oo tonls 19 18 oo 10 0.85 0.85 25
Row Crop Cultivator
S-ine s 140 ] oo s a0 6.4 oo 10 0.85 0.85 15
Cshank s 280 130 oo s 145 11.8 oo 10 0.85 0.85 15
Me-tll s 4315 M8 oo s 248 18.8 oo 10 0.85 0.85 20
Rod Weeder m 210 0.7 oo ft ar 30 oo 10 0.85 0.85 25
Disk-Bedder s 185 a5 oo s 106 ar oo 1.0 0.88 0.7e 40
MINOR TILLAGE TOOLS
Rotary Hoe m 600 0o oo ft 41 0.0 oo 10 1.0 1.0 30
Coil Tine Harrow m 250 0o oo ft 17 0.0 oo 1.0 1.0 1.0 20
Spike Tooth Harrow m 600 oo oo ft 40 0.0 oo 10 1.0 1.0 30
Spring Tooth Hamow m 2,000 0o oo ft 135 0.0 oo 1.0 1.0 1.0 35
Roller Packer m 600 oo oo ft 40 0.0 oo 10 1.0 1.0 50
Roller Harrow m 2,600 0o oo ft 130 0.0 oo 10 1.0 1.0 50
Land Plane m 8,000 0o oo ft 550 0.0 oo 1.0 1.0 1.0 45
SEEDING IMPLEMENTS
Row Crop Planter, prepared seedbed
mounied

seeding anly oS 500 oo oo TS 110 0.0 oo 10 1.0 1.0 25
drawn

seeding anly oS o0a oo oo TS 200 0.0 oo 10 1.0 1.0 25

seed, fertiizer, herbicides s 1,550 0o oo s 350 0.0 oo 10 1.0 1.0 25
Row Crop Planter, no-gill
sead, fertilizer, herbicides
1 fluted coulesirow s 1,81 0o oo s 410 0.0 oo 1.0 0.96 0.9z 25
Row Crop Planter, zone-till
sead, fertilizer, herbicides
3 fluted coubters/row s 3.400 0o oo s 785 0.0 oo 1.0 0.4 0.a2 35
Grain Drill wipress wheels
< 2.4 m oill width WS 400 0o oo i H a0 0.0 oo 10 1.0 1.0 25
24 to 3.7 m drill width s 300 0o oo s ar 0.0 oo 10 1.0 1.0 25
e 3.7 m oill widsh s 200 0o oo s 25 0.0 10 1.0 1.0 1.0 25
Grain Drill, no-till
1 fluted coulerirow WS i) 0o oo s 180 0.0 oo 10 0.4z .79 35
Hoe Drill
primary tillage m 6,100 0o oo ft 420 0.0 oo 1.0 1.0 1.0 50
secandary tilags m 2,800 oo oo ft 200 0.0 oo 10 1.0 1.0 50
Preumatic Drill m 3,700 0o oo ft 250 0.0 oo 1.0 1.0 1.0 50
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C. KINEMATIC MODEL MATLAB CODE OF 3PL MECHANISM

clc
clear all
close all

$read field data to the matlab
dataset=xlsread('adams.xlsx');
external 1ift adams=dataset(:,2);
draft_load adams=dataset(:,4);
top_link force_ adams=dataset(:,6);
stroke adams=dataset(:,7);

draft load adams_x=dataset (:,8);

WD=input ('Draught force (N) =');

teta=15*pi/180; $the angle of the draft load
WDx=WD*cos (teta) ;
WDy=WD*sin (teta);

$---define constraints
Ey=350; $mm-distance btw equipment and point C in y-dir.
Eyx=300;

Ex=650; %$mm-distance btw equipment and point C in x-dir.

Ecx=500; %mm-distance btw center of gravity of the equipment and point C in x-dir.
mi=500; $kg-mass of the equipment

g=9.81; $N/mm” 2

$calculation of four bar mechanism

min=375;

max=550;

stroke=min:5:max;

for sl=min:m:max $stroke=175mm
k= (max-min) /m+1;

Pl(k,1)=zeros;

P2 (k,1)=zeros;

$define numbers

DF=310; AB=473.6;

DE=158.5; 12=DE;

DG=456.1; 11=DG;

teta7=285.3*pi/180;

S—————— equations for three bar mechanism DEG---------
alfal=acos ((1172+1272-s172)/(2*11*12));
tetal=teta7+alfal;

teta8=acos ((ll*cos(teta7)-12*cos (tetal))/sl);

Gm——m— - 3 bar mechanism DEG-------—--—----—-

plot ([130 130+12*cos(tetal)], [410 410+12*sin(tetal)], 'ro-');
hold on

grid on

plot ([130 250.1], [410 -30], 'ro-');

hold on

plot ([130+12*cos (tetal) 250.1], [410+12*sin(tetal) -30], 'ro-');
hold on;

R CONSTRAINTS for DFAB-—---—---—=-—-———-—

alfa2=23.8*pi/180;

DF=310;AB=473.6;

AD=622.7;FB=717.9;

alfa5=2.8*pi/180;

AG=sqgrt ((250.1-160.1) "2+ (212-30)"2);
alfa7=acos (((DG"2)+ (AD"2) - (AG"2))/ (2*DG*AD) ) ;

G————— equations for four bar mechanism DFBA---------
AF=sqrt ((DF"2)+ (AD"2) -2*DF*AD*cos (alfal+alfa2+alfa’7));
alfa3=acos (((AD"2)+ (AF"2)-(DF"2))/ (2*AD*AF)) ;
alfad=acos (((AF"2)+ (FB"2) - (AB"2))/ (2*AF*FB)) ;
alfa6=alfad-alfa3+alfa5;

tetal3=((3*pi)/2)+alfab;
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alfa8=acos (((AF"2)+(AB"2) - (FB"2))/ (2*AF*AB)) ;
tetad=pi/2-alfa8-alfa3+alfab;

Gm——m— = 4 bar mechanism DFBA--—--—-———-——-—--

lot ([130 130+DF*cos(tetal+alfa2)], [410 410+DF*sin(tetal+alfa2)], 'ro-');

hold on;

plot ([130+DF*cos (tetal+alfa2) 130+DF*cos (tetal+alfa2)+FB*cos (teta3) ],
[410+DF*sin (tetal+alfa2) 410+DF*sin(tetal+alfa2)+FB*sin(teta3)], 'ro-');

hold on;

plot ([130 160.1], [410 -212], 'ro-');

hold on;

plot([160.1 130+DF*cos (tetal+alfa2) +FB*cos (teta3) ], [-212
410+DF*sin (tetal+alfa2)+FB*sin(teta3)], 'ro-');

hold on;

Fm—mmm constraints for ACHI---------——-—-—---

alfal7=28.5*pi/180;
tetal0=241.5*pi/180;
HI=730; IC=610;
HA=565.6; AC=980;

f—————= equations for four bar mechanism ACHI---------
alfal2=pi/2-alfal7-tetad;

HC=sqgrt ( (HA"2) + (AC"2) -2*HA*AC*cos (alfal2));
alfa9=acos (( (HA®2)+ (HC"2) - (AC~2) )/ (2*HC*HA) ) ;
alfalO=acos (((IC"2)+(HC"2)-(HI"2))/(2*HC*IC));
alfall=alfa9-alfal7-alfal0;

teta6=3*pi/2+alfall;

alfal3=acos (((HI"2)+(HC"2)-(IC"2))/(2*HC*HI));
teta5=alfa9-alfal7+alfal3-pi/2;

G——————= for bar machanism ACHI--------

plot([430.1 430.1+HI*cos (tetab)], [285 285+HI*sin(teta5)], 'ro-'");

hold on;

plot ([430.1+HI*cos (tetah) 430.1+HI*cos (tetab)+IC*cos (tetab)], [285+HI*sin (tetab)
285+HI*sin (tetab)+IC*sin(teta6)], 'ro-");

hold on;

plot([430.1 160.1], [285 -212], 'ro-'");

hold on;

plot([160.1 430.1+HI*cos (tetab)+IC*cos (tetab)], [-212 285+HI*sin (teta5)+IC*sin(tetab)],
'ro-");
hold off;

axis ([-1000 1600 -500 10007]);
pause (1) ;

F-———————= define cylinder piston areas--------

A1=5026.5; $mm”~2 - external lift cylinder area (4072*pi)
A2=3117.2; $mm”~2 - hydraulic top link cylinder area (31.5%2*pi)

$define implement angles and measurements
alfalli=-0.0174533; %alfa 11 initial value
gama=alfall-alfalli;

Exx=Ex*cos (gama) ;

Exy=Ex*sin (gama) ;

Eyy=Ey*cos (gama) ;

Eyx=Ey*sin (gama)
Exp=Exx+Eyx;
Eyp=Eyy-Exy;
Ecxx=Ecx*cos (gama) ;
Ecxy=Ecx*sin (gama) ;

7

$Forces acting on the 3PH mechanism coming from equipment

$define WI (forces acting on the upper link)

WI=(WD*sin (teta) *Exp+mi*g*Ecxx-WD*cos (teta) *Eyp) / (IC* (cos (-teta5) *cos (alfall)
-sin( tetab)*sin(alfall)));

WIx=WI*cos (-tetab);

WIy=WI*sin(-tetab);

WCx= (WD*cos (teta) -WI*cos (-teta5))/2;

WCy=(WD*sin (teta)+mi*g-WI*sin (-teta5))/2;

sdefine WB

WB= (WCy*AC*cos (tetad) +WCx*AC*sin (tetad))/ (AB*cos (alfa6) *cos (tetad) +sin(alfa6) *AB*sin (teta
4));

WBx=WB*sin (alfa6) ;
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WBy=WB*cos (alfab) ;

%define load cell forces (forces acting on the lower links)
WAx=WB*sin (alfa6)-WCx;

WAy=WCy-WB*cos (alfab) ;

draft loadl=sqrt (WAX"2+WAy"2);

%draft load

draft_load(o,1l)=draft_loadl;

draft_load_x(o,1)=WAx;

o=o+1;

%define main cylinder forces, point E
alfald=15.27*pi/180;

alfal5=acos (((DG"2)+ (s1”2)-(DE"2))/(2*DG*sl)) ;
alfale=alfal5-alfald;

WE= (WB*cos (alfa6) *DF*cos (tetal+alfa2)+WB*sin (alfa6) *DF*sin (tetal+alfa2))/(sin(alfal6) *DE*
sin(tetal)+cos(alfal6)*DE*cos (tetal)) ;

%P1l is the main cylinder, connected to the lower link, pressure
P11=10*WE/Al; S%bar

P1(i,1)=P11;

externalicylinder(i,1)=P11*A1/10;

i=i+1;

%P2 is the lift arm pressure
P22=10*WI/A2; S%bar
P2(j,1)=P22;

top 1ink=P2/10*A2;

J=3+1;

AD

end

Figure

plot (stroke,draft_load, '-b', 'Linewidth',2)

grid

hold on

plot (stroke_adams,draft_ load_adams,':r','Linewidth',3) S%red
legend ('draft load matlab','draft load adams')

Figure

plot (stroke,draft load x,'-b','Linewidth',2)

grid

hold on

plot (stroke_adams,draft_load_adams_x,':r', 'Linewidth', 3) $red

legend ('draft load matlab x component', 'draft load adams x component')

Figure

plot (stroke,external cylinder, ':r','Linewidth',2)

grid

hold on

plot (stroke adams,external lift adams,'-b', 'Linewidth', 3)
legend('external cylinder matlab', 'external cylinder adams')

Figure

plot (stroke,top link,'--k', 'Linewidth',2)

grid

hold on

plot (stroke_adams, top_link force_adams, '-b', 'Linewidth', 3)
legend('top link matlab', 'top link adams')
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D. OPET FULLTRAC FLUID-X 10W-30 HYDRAULIC OIL SPEC. [41]

gp e C technical data sheet

Fulltrac Fluid X 10W-30
High Protection for Transmissions of Tractor And Agricultural

Machines

PRODUCT DESCRIPTION APPLICATIONS
Fulltrac Fluid X 10W.30, is a multi purpose o Itis suitable to use in manuel transmissions,
transmission ol for automatic or manuel hydraulic, axle, wet brake systems, final
transmissions, hydraulic, axie, wet brake systems, drives and PTO of tractor and agricultural
final drives and PTO (Power Take Off) of tractor machines.
and agricultural machines. Quality base oils and
anti-friction additives in its formulation provides PERFORMANCES
high performance while power transmission of « ALLISON C-4
moving equipments. . APIGL4

e CASEMS 1210
CHARACTERISTICS

e CNH MAT3525/3509

* FORD ESN-M2C86-B/C/ESN-M2C134-D

e JOHN DEERE JDM J200/C

e KUBOTA UDT FLUID

e MASSEY FERGUSON CMS M
1145/1143/1141/1135

e ZF TE-ML 17E/06K/O5F/03E

* It provides effective protection aganst high
velocitylow torque and low velocity/high
torque wear.

o Its excellent viscosity-temperature
characteristic offers reliable peformance at
very low temperatures,

e Its anti-friction additives allow wet brake
system to operate efficiently and silently.

* Its specially developed formula provides long
service life by controllig rust, corrosion and
foam formation.

e Its high thermal and oxidation stability
prevents siudge formation and Increases

efficiency
OPET.TDS.0804/Rev.09/24.05.2018
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gp ec technical data sheet

TYPICAL PROPERTIES

Density@15°C, g/mi ASTM D 4052 0,877
Viscosity@ 40°C, mm?/s ASTM D 445 58,7
Viscosity@100°C, mm?/s ASTMD 445 97
Viscosity Index ASTM D 2270 151
Flash Point, °C ASTMD 92 224
Pour Point, °C ASTMD 97 -36

HEALTH AND SAFETY RECOMMENDATIONS
Waste oils must not be d ged into underg: d or surface water sources, g

cans. Prolonged or repeated t with used oifs may cause skin di Theref ized gloves
should always be used. If part of the skin comes into contact with waste o, that part should be immediately
washed with plenty of soap and water. In case of skin i or d by contact, seek advice

of your doctor immediately. For more information contact Material Safety Data Sheet (MSDS)

The vehicle and equy L jons and relevant i X < were taken info consideration whie
prepanng the content of this Technical Data Sheet The expressions in Hhe content of this Technical Data Sheet can not be
idered as ¢ L or similar way in terms of product characteristics and product use in any appiicaions.

The comrect use of this product, with applicable laws and regulations is responsiblity of the user. Opet Fuchs Madeni
Yag. San ve Tic. AS. can not be held responsible for any boss or damage arising from the abnormal use and misuse or any
hazards of product content and its results.

This Technical Data Sheet is vald from the date of publication. The informasion in the content of this Technical Data Sheet are
subject to change without nodice. Please contact with Opet Fuchs Tech S Department for more

2R OPET.TDS.0804/Rev.09/24.05.2018

OPET FUCHS MADENI YAG SANAYI VE TICARET AS. Phone: +50 216 522 66 00
@7 Kog Ordl Prot. Or. Ferwettin Kerm Gokay Cad. Esref Cakomak Plaza Fax 400216 522 60 90
No: 32 Girig Kat TR 34662 A skiictarASTANBUL indor che.com.tr
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E. TECHNICAL SPECIFICATIONS OF BOSCH EHR-5 VALVE [35]

Technical data

general EHR5 EHR23

Design Flange design Sandwich plate design

Weight EHR5-0OC kg 3.1

EHR5-0OC Subplate kg 1.5
EHR5-LS kg 31
EHR23 kg 6.5

Installation position Axis Z-Z, max. 30 ° variation from the horizontal

Line connections Screw-in threads see page 21

Ambient temperature range [} o —-30 to +80

hydraulic EHR5 EHR23

Maximum operating pressure at P Prrax bar 220 250

the port A Pma  bar 220

Y o — bar 250
R o — bar 30

R1 o — bar 5. but smaller than load pressure
R2 Prmax bar 10

Flow rate q I/min See table page 6 See table page 14
and 10 to 19

Maximum load drop off at port A cm?/min 4 (with 125 bar, viscosity 35mm?/s)

Hydraulic fluid Mineral oil (HL, HLP) according to DIN 51524
Additional hydraulic fluids, e.g environmentally friendly
fluids, upon request.

Hydraulic fluid temperature range  Admissible range 2] °C +20 to +90; +100 for a short time

Admissible range for start 8 °C -30

Viscosity range Admissible range v mm?/s 10 to 800

Recommended range v mm?/s 20 to 100
Admissible range for start v mm?/s Up to 2000
Max. admissible degree of contam- Cleanliness class according to Class 19/16 For this we recommend
ination of the hydraulic fluid 150 4406 (c) using a filter with a mini-
Cleanliness class according to Class 10 mum retention rate of
NAS 1638 B =75
electric
Direct shutter actuation by means of proportional solenoids u ' 12
Ty A 3.35
Electrical connections Plug-in connection, 2-pole
Protection class IP&4A
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F. SECTION OF TEST DATA

left .
I:;(I’ left draft rlgTe:load right draft average load e)(tltief.;“al e)l(:;rsr:llr:ft external lift saer;gsloer anogfle I:::S:Tfke ;:’:s:‘:‘; top link velocity
sensor load (N) sensor load (N) cell data pressure (bar) force (N) data HPL data (bar) force (N)
data data data (deg)
315 7320,46 320 5849,36 6584,911875 249 74,5150667 37470,43354 89 11,77 45 12,40687014 3869,082 5
317 6732,02 323 4966,69775 5849,36 237 70,86164337 | 35633,28352 88 11,52 41 11,18906236 3489,309 5
317 6732,05 322 5260,9185 5996,470375 244 72,99280698 | 36704,95437 88 11,52 40 10,88461042 3394,36 5
312 8203,12 309 9085,78825 8644,457125 262 78,47294197 39460,67939 87 11,27 41 11,18906236 3489,309 5
311 8497,34 310 8791,5675 8644,457125 265 79,3862978 39919,96689 91 12,28 38 10,27570653 3204,479 5
308 9380,00 311 8497,34675 8938,677875 262 78,47294197 39460,67939 89 11,77 32 8,448994869 2634,81 5
312 8203,12 306 9968,4505 9085,78825 265 79,3862978 39919,96689 90 12,03 49 13,62467792 4248,855 5
300 11733,77 310 8791,5675 10262,67125 266 79,69074975 | 40073,06273 90 12,03 47 13,01577403 4058,96 5
310 8791,56 305 10262,67125 | 9527,119375 275 82,43081724 | 41450,92524 90 12,03 31 8,144542925 2539,875 5
315 7320,46 308 9380,009 8350,236375 255 76,34177836 | 38389,00855 92 12,53 48 13,32022597 4153,912 5
320 5849,36 309 9085,78825 7467,574125 248 74,21061476 | 37317,33771 92 12,54 45 12,40687014 3869,082 5
320 5849,36 319 6143,58075 5996,470375 250 74,81951864 37623,52937 91 12,28 21 5,100023486 1590,442 5
320 5849,36 317 6732,02225 6290,691125 246 73,60171087 37011,14604 92 12,53 50 13,92912986 4343,799 5
317 6732,02 316 7026,243 6879,132625 260 77,86403808 39154,48772 92 117358 42 11,49351431 3584,252 5
318 6437,80 312 8203,126 7320,46375 247 73,90616281 37164,24187 90 12,03 50 13,92912986 4343,799 5
314 7614,68 311 8497,34675 8056,015625 253 75,73287447 | 38082,81688 91 12,28 42 11,49351431 3584,252 5
314 7614,68 312 8203,126 7908,90525 254 76,03732642 | 38235,91271 92 12,53 35, 9,362350701 2919,649 5
315 7320,46 311 8497,34675 7908,90525 248 74,21061476 | 37317,33771 90 12,03 45 12,40687014 3869,082 5
316 7026,24 316 7026,243 7026,243 241 72,07945115 | 36245,66686 90 12,03 41 11,18906236 3489,30 5
319 6143,58 311 8497,34675 7320,46375 246 73,60171087 37011,14604 90 12,03 43 11,79796625 3679,195 5
312 8203,12 312 8203,126 8203,126 250 74,81951864 37623,52937 89 11,77 45 12,40687014 3869,082 5
312 8203,12 306 9968,4505 9085,78825 259 77,55958614 39001,39189 89 11,77 42 11,49351431 3584,252 5
311 8497,34 308 9380,009 8938,677875 261 78,16849003 39307,58356 91 12,28 34 9,057898757 2824,705 5
313 7908,90 314 7614,6845 7761,794875 249 74,5150667 37470,43354 90 12,03 46 12,71132208 3964,025 5
312 8203,12 315 7320,46375 7761,794875 251 75,12397059 | 37776,62521 90 12,03 45 12,40687014 3869,082 5
310 8791,56 303 10851,11275 | 9821,340125 266 79,69074975 | 40073,06273 90 12,03 38 10,27570653 3204,479 6
306 9968,45 312 8203,126 9085,78825 259 77,55958614 | 39001,39189 90 12,03 52 14,53803375 4533,685 6
305 10262,67 318 6437,8015 8350,236375 254 76,03732642 | 38235,91271 92 12,53 48 13,32022597 4153,912 6
304 10556,82 314 7614,6845 9085,78825 266 79,69074975 | 40073,06273 90 12,03 26 6,622283205 2065,159 6
306 9968,45 311 8497,34675 9232,898625 265 79,3862978 39919,96689 91 12,28 37 9,971254588 3109,535 6
311 8497,34 312 8203,126 8350,236375 271 81,21300947 40838,5419 91 12,28 42 11,49351431 3584,252 6
308 9380,00 312 8203,126 8791,5675 256 76,64623031 | 38542,10438 102 15,07 55 15,45138958 | 4818,51584 6
309 9085,78 305 10262,67125 9674,22975 264 79,08184586 | 39766,87106 94 13,04 35 9,362350701 2919,649 6
308 9380,009 308 9380,009 9380,009 267 79,99520169 | 40226,15856 93 12,79 46 12,71132208 3964,025 6
313 7908,90 304 10556,892 9232,898625 258 77,25513419 | 38848,29605 94 13,04 49 13,62467792 4248,855 6
311 8497,34 310 8791,5675 8644,457125 264 79,08184586 | 39766,87106 94 13,04 36 9,666802644 3014,592 6
318 6437,80 307 9674,22975 8056,015625 257 76,95068225 | 38695,20022 95 13,29 43 11,79796625 3679,195 6
313 7908,90 307 9674,22975 8791,5675 264 79,08184586 | 39766,87106 94 13,04 47 13,01577403 4058,96 6
314 7614,68 307 9674,22975 8644,457125 259 77,55958614 | 39001,39189 94 13,04 42 11,49351431 3584,252 6
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