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Preface

Combine Harvesters: Theory, Modeling, and Design was designed to be both introductory
and comprehensive for a two-course sequence for undergraduate and graduate students,
respectively. In regard to the theory, analytical techniques, engineering design expertise,
and software use, this book also serves as a useful reference tool for scientists and practic-
ing engineering professionals in academia and industry around the world.

The main impetus for this work was my realization that no similar textbook exists to pro-
vide a systematic, unified, and in-depth approach to combine harvester interdisciplinary
engineering knowledge, from fundamentals to design applications. Given its engineering
content based on the author’s practice, this book is also recommended for other courses in
biomechatronics and biosystems engineering that emphasize functional analysis, design,
and research in field machinery, crop harvesting dynamics, and modeling and controls
for agricultural systems. Considering green engineering in the evolving design strategy, as
outlined in this book, results in minimizing environment pollution and risks to human
health and a better quality of life, while improving the environment when the knowledge
is accordingly applied in practice by engineers, technologists, and farmers—the ultimate
beneficiaries.

Approach

The author’s objective was to provide the users with very well-organized engineering
knowledge that is progressive, qualitative, and quantitative. The claim to be progres-
sive and qualitative is based on (1) the coverage of the latest stochastic and deterministic
modeling methods and evolutionary computational techniques that lead to calculation,
simulation, and optimization of combine harvester processes; (2) its unitary approach to
combine harvester modeling, control, and design topics; and (3) the depth of engineering
and mathematics, and the use of simulation software (including MATLAB®) throughout
the text. The claim to be quantitative is proved by the book content in terms of the compre-
hensiveness of topics and the interdisciplinary approach, ranging from specific properties
of processed materials to immune systems for fault diagnosis and autonomous guidance
of vehicles. The book may also be used by specialists from other emerging technologies,
such as biosystems robotics and applied biomechatronics.

The manuscript of this book evolved mainly from lecture notes, research outcomes, and
papers developed by the author in the modeling, simulation, evolutionary optimization,
and design of combine processes. A deliberate attempt was made to round this knowl-
edge with additional material from other contributors’ experiences and industry practice.
The material in this book ranges from theoretical developments to practical applications
through the author’s research experience as an Alexander von Humboldt fellow, my teach-
ing and design expertise in harvesting machinery, and design and control of large com-
puter numerical control machining centers, and my reliability engineering experience for
aerospace electronics.

Xv
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Target

The students, engineers, researchers, and other colleagues who will be using this book are
offered a progressive exposure to the knowledge of combine harvester engineering, start-
ing with the combine systems construction basics, then going through key concepts in the-
ory, and ending with advanced modeling concepts and design optimization techniques.
Since process modeling and simulation necessarily entail mathematical representations
and computer programs, the users shall feel confident in handling statistics, derivatives,
and integrals as well as MATLAB programming. Basic knowledge of engineering control
and machine elements design is desired as well. The examples provided throughout the
text are intended to not only facilitate the learning process, but also be useful handy tools
for related applications.

.|
Main Features of the Book

® Book organization from technical specifications and basics of combine harvester
construction through comprehensive modeling and simulation theory develop-
ment to optimal control and design optimization of machine processes: cutting,
husking, conveying, threshing, and separation, including specific power require-
ments for each unit.

¢ Anintegrated approach of modeling, simulation, optimization, and control that is
uniformly applicable to any structure of combine systems.

* A top-down mechatronic design approach integrating kinematics and dynam-
ics of processed materials with machine systems mechanics, control, and design
techniques.

* Use of MATLAB software and Simulink, and associated toolboxes. These are pri-
marily intended not for students” software training, but for learning the engineer-
ing fundamentals and problem-solving techniques outlined in the book.

¢ Examples of current combine systems/elements design throughout the book.

¢ Applications/exercises, many of them inspired by the author’s engineering and
research experience.

® Both SI (metric) and imperial/U.S. measuring units used throughout.

¢ Exhaustive material that cannot be conveniently integrated into the book pre-
sented in separate appendices at the end.

Organization of the Book

In this 15-chapter book, the author identifies, organizes, and develops key concepts of
combine harvester process theory and mathematical models for equipment and machine
process simulation and optimization. This most up-to-date knowledge is accompanied by
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practical applications adopting a top-down method for mechatronic design of combine
harvesters, starting from the general technical specifications, developing machine layout
as defined by engineering calculations, and finishing with design considerations of major
subassembly processes.

The theory, calculations, and examples have been developed to serve for:

* Combine process modeling and simulation
¢ Development of combine process and driving task-based control systems

¢ Sizing and top-to-bottom design of combine assembly and components

The author strongly encourages direct communication with users whose qualified sug-
gestions, comments, and questions may help clarify some concepts and topic approaches
and may also help improve this work in the next edition.

MATLAB® is a registered trademark of The MathWorks, Inc. For product information,
please contact:

The MathWorks, Inc.

3 Apple Hill Drive

Natick, MA 01760-2098 USA
Tel: 508 647 7000

Fax: 508-647-7001

E-mail: info@mathworks.com
Web: www.mathworks.com
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Introduction to Combine Harvesters

1.1 Introduction

A modern combine harvester, or simply combine, is a versatile machine designed to efficiently
harvest a variety of grain crops from the field to deliver clean grains, usually collected in
the machine tank and discharged periodically for transportation and further processing
or storage.

The following main crops are harvested using combine harvesters: wheat, rice, barley,
oats, rye, triticale (hybrid of wheat and rye), soybeans, flax (linseed), sunflower, and corn
(maize). Actually, modern combines can harvest more than 80 types of grain crops, from
canola seeds to beans, and from clover to corn. To harvest grain crops, a combine harvester
is self-propelled and controlled (by a human operator or an automated pilot) on certain
paths in the field; combine harvesters are also driven on public roads or transported with
a special trailer to different fields when travel distances are long.

While clean grains are collected in the combine tank, material other than grain (MOG) that
enters the combine is left behind the machine, on the field, in a continuous windrow (later
to be baled), or further chopped and spread continuously on the entire width of the harvest-
ing area. The MOG is composed of fragmented, dried stems and leaves of the crop plants.
Although the MOG has limited nutrients, it enriches the soil and changes the soil texture
through chemical decomposition, or it may be used for livestock feeding and bedding,.

The combine harvester combines all technological operations of grain crop harvesting:
cutting and gathering of the plants, grain threshing and separating, and grain cleaning and
collecting in the combine tank. Using such technology requires certain growing conditions
for the grain crops, but it ensures a rapid collection of clean grains, minimizes grain losses,
and clears the field of plants at a relatively reduced cost.

In the following, we briefly define and describe the above-mentioned processes. The
processes of cutting and gathering the plants are performed by removable heads (called
headers) that are designed for particular crops, harvesting technologies (e.g., corn grains
vs. corn ears), or both. The header is mounted in front of the combine, usually in symmetry
with the combine width. The main types of headers are standard header (platform header),
draper header (for wheat, rice, barley, oats, rye, triticale, and soybeans), corn header, strip-
per header (for rice), sunflower header, and pick-up header (for beans).

The threshing and separating processes are the detachment of the grains from the flowery
cover (panicle, ear, etc.) and the separation of grain from the MOG. These processes are
performed by a threshing system that can consist of one module or a sequence of thresh-
ing modules. Since not all grains are separated by the threshing system, a conventional
combine is equipped with straw walkers to shake the straw and recover the rest of the
threshed grains.
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In the threshing unit, the MOG becomes a mixture of long stalks, chaff, and small frag-
ments of spikes, stalks, leaves, and husks. The combine cleaning shoe separates the grain
from the MOG that is released with the soil at the back of the machine. The clean grains
are collected into the combine tank and discharged when necessary.

Because the crop material follows a certain path into the combine, conventional combine
harvesters work on fields with a maximum hillside slope of 6% (side-to-side or transverse
direction) and 8% for the longitudinal direction (front to back). Hillsides can have slopes
as steep as 45%. Working on high slopes involves leveling the machine to prevent grain
and chaff from sliding to the lower side of the separating and cleaning units, while the
header remains at all times parallel to the soil to cut and collect the crop properly. Leveling
the body of the combine allows the straw walkers to operate more efficiently, maintaining
the same machine feedrate as when working on flat fields. Leveling the separating units
repositions the machine’s center of gravity relative to the base area defined by the wheels’
position; this improves the machine’s stability against tipping on the hill. The best hillside
combines have leveling on both the transversal and longitudinal planes with the follow-
ing inclinations: downhill slopes of up to 12%, uphill slopes of up to 30%, and transver-
sal slopes of up to 42%. This manner of combine harvesting is on the decline; however,
big modern combine harvesters, which have axial rotary grain threshing and cleaning
units with improved design allow the machine to work on transversal slopes of up to 20%;
besides, these combines are much more stable on hillsides.

Grain crops may be harvested using different technologies. This book organizes, gener-
ates, and integrates knowledge for modern, self-propelled combines, including hillside
combines, which perform in the field all the operations mentioned above. The theory, cal-
culations, and design are very useful in designing pulled combines or their components,
such as threshing and separating units.

1.2 Technological Requirements for Combine Harvesters

Harvesting of grain crops with combine harvesters constitutes a very important task
among agricultural activities. Therefore, combine harvesters must satisfy certain techno-
logical requirements regarding the crop type, field conditions, weather, and postharvest-
ing technologies, as well as quality performance indices of combine processing of grain
crops. The importance of combine harvesting derives from many considerations:

¢ Itis the main harvesting technology of cereals in the world.

¢ It is seasonal, though it has to be done at the right moment, over a short period
of time (e.g., 4-6 days for wheat harvesting), and with minimal grain losses.
Optimally, harvesting of a crop starts when the quantity of useful organic sub-
stances (proteins, lipids, amino acids, etc.) contained by grains reaches a maximum.

* When the weather is uncooperative, the plants fall on the ground; the machine
is able to lift the plants and cut and properly process them inside the machine.
Not getting the grains inside the combine may determine a major portion of grain
losses.

e For a better quality and quantity of grains, sometimes it is better to modify the
harvesting and storage technology, for example, first cutting the plants and placing
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them in windrows or swaths, followed later by threshing, separating, drying, and
so forth.

e The combine has to have modular construction that allows the connection of differ-
ent equipment or subassemblies, such as different headers, concaves, and so forth,
to be flexibly equipped and operated for a variety of grain crops. Consequently, the
combine and appropriate equipment are adaptable and flexible, that is, versatile.

¢ The combine process parameters are adjustable in relatively large ranges to accom-
modate technological requirements when processing a variety of grains and MOG
that vary in terms of shape, size, moisture, mechanical resistance, aerodynamic
properties, and so forth.

¢ The speed of the machine varies according to the crop conditions, while the pro-
cess parameters are maintained at optimum values. That implies at least two split,
independent channels of power transmission from the same engine.

® Operating the machine properly results in an efficient harvesting operation. This
could be substantially improved by monitoring and controlling the machine
processes.

¢ Combine operator comfort (less dust, noise, and vibrations, coupled with proper
temperature and humidity) in an optimally controlled cab is of great importance
for machine design, manufacturing, and operation.

* Increasing combine feedrate is driven by two basic requirements: increasing the
production of grain crops and the necessity of grain harvesting within optimal
harvesting time periods.

e Self-propelled combine harvesters have already reached the limiting width of
roads, so cost-effective continuous improvement of combine harvester perfor-
mance will certainly be obtained through modeling, simulation, and optimiza-
tion of both processes and component design, coupled with implementing a high
degree of process automation, control, and improvement of grain transportation
and storage logistics (Miu and Kutzbach, 2000).

¢ The above conditions require highly trained and skilled operators, possible imple-
mentation of autonomous vehicle guidance, and very well-planned harvesting
operations involving precision farming.

¢ The combine operating rate can additionally be improved by working in a field
until the crop is fully harvested (avoiding switching between different fields), pro-
viding enough trailers for unloading harvested grain on the go and for transpor-
tation, scheduling operators in shifts with proper breaks, and performing good
preventive maintenance. A proper capacity of grain storage, drying, or posthar-
vest processing is very desirable.

1.3 History of Combine Harvester Development

Wheat harvesting technology goes back to 75 AD. At that time, Roman Gaius Plinius
Secundus (23-79 AD), known as Pliny the Elder, described in his encyclopedia, Naturalis
Historia, a reaping device pushed by oxen (Book XVIII, Ch. 72) to gather the ears of wheat
and barley from the plant stems. This device was mainly composed of a primitive chassis
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with two wheels, a collecting box mounted on the chassis, and a front row of sharp-pointed
teeth for ear reaping. Although this device was quite wasteful, destroying the straws as
well, it remained in use for more than 300 years. During the Dark Ages (derived from the
Latin saeculum obscurum, which denotes the medieval period), scythes and sickles were
used to gather grain crops, as depicted on a later Roman bas-relief in Augusta Trevororum
(today’s Trier town, Germany).

In 1799, the English inventor Joseph Boyce was granted the first recorded patent for a
mechanical reaper. The reaper cut an approximately 0.6 m (2 ft) wide path and laid grain to
the lateral side. Eight years later, Plucknett was the designer of the first horse-pulled reaper
(Maw and Dredge, 1879).

Figure 1.1 shows the 1811 reaper implementation of James Smith, of Deanston (England),
which was pushed by two horses. It consisted of a vertical shaft with a cutting disc and
a cone that was rotated through a long, horizontal shaft. During a trial, it cut more than
0.405 ha (1 acre) per hour, but the cutting disc required sharpening four times. Except for
the irregularity of cut material lying on the field, the machine showed a great deal of origi-
nal ingenuity (Maw and Dredge, 1879).

In 1826 in Scotland, the Reverend Patrick Bell designed (but did not patent) a reaping
machine, which used the scissors principle of plant cutting—a principle that is still used
today (Figure 1.2a and b). The Bell machine was pushed by horses. A few Bell machines
were available in the United States.

In 1831, during the first public demonstrations, Cyrus McCormick claimed that he devel-
oped in 18 months a pulled reaper that cut and guided the plants laterally. Using a revolving
reel, the reaper swept the cut plants onto a platform, from which they were raked into piles
by a man walking alongside the machine. Consequently, McCormick was granted a patent
for the reaper on June 21, 1834 (Patent X8277 (U.S.)). In 1835, McCormick received a second
patent for an improved reaper (Wikipedia, 2011). The improvements referred to cutting the
grain by the serrated edge of a straight and vibrating cutter, operated by a crank, with the
plants being sustained by fingers. The blade was serrated like a sickle, except that the angle
of the teeth was reversed for every alternate tooth (Maw and Dredge, 1879). By 1847, Cyrus
McCormick began the mass manufacture of his improved reaper (Figure 1.3) in a Chicago
factory. In England, the production of McCormick’s “Virginia Reaper” started in 1855.

In 1835, in the United States, Hiram Moore built and patented the first combine harvester,
which was capable of reaping, threshing, and winnowing cereal grains. With a length of
5.2 m (17 ft) and cut width of 4.57 m (15 ft), this combine harvester was pulled by 20 horses
fully handled by farmhands.
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FIGURE 1.1
Smith’s reaper, 1811.
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FIGURE 1.2
Bell’s reaper, 1826. (@) Maw, W.H. and Dredge, J., Engineering: An Illustrated Weekly Journal, Vol. XXVII, 1879,
figure 24, p. 544 (663); (b) Crochet, B., 150 ans de machinisme agricole, Editions de Lodji, 2006.)

FIGURE 1.3
McCormick’s improved reaper, 1847. (From Crochet, B., 150 ans de machinisme agricole, Editions de Lodi, 2006.)

In 1841, 2 years after a truly portable steam-powered engine had been developed, the
manufacturer Alexander Dean (Birmingham, England) built the first threshing machine
powered by steam. In the same year, in Liverpool, Ransomes and Co. exhibited a threshing
machine powered by a disc engine (Figure 1.4). This machine could be drawn by horses
or made self-propelled by a pitched chain passing over a pulley on the main axle. A simi-
lar machine was produced in 1842 by Messrs. Tuxford in Boston. Both the engine and
machine were mounted on a single frame.

In 1857, John F. Appleby (Wisconsin) invented the fwine binder (Maw and Dredge, 1879).

In the United States, by 1860, combine harvesters had been built with a cutting width
of several meters; they were drawn by up to 30 horses. In 1872, William Deering, with his
Chicago-based Deering Co., built the first reaper-binder (Cornways, 2011). The machine was
able to cut small cereal plants and tie them into small bundles, or sheaves. Such sheaves are
usually arranged into conical teepees to allow the grain to dry before threshing.

The 1879 Kilburn Show of Royal Agricultural Society of England debuted a few station-
ary threshing machines; one of them was built by Clayton and Shuttlework (Figure 1.5).
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FIGURE 1.4
Ransome’s threshing machine powered by steam. (Maw, W.H. and Dredge, J., Engineering: An Illustrated Weekly
Journal, Vol. XXVII, 1879, figure 38, p. 549 (668).)

FIGURE 1.5

Threshing machine of Clayton and Shuttleworth, 1879. (Maw, W.H. and Dredge, J., Engineering: An Illustrated
Weekly Journal, Vol. XXVII, Office for Advertisements and Publication, London, 1879, figure, p. 556 (675), descrip-
tion at page.)

The machine was fed by a worker who stood on a platform on the side. The width of the
threshing drum was 1600 mm (63 in.), and the fan blew through the threshed material
mixture as it fell through the exit to the sack. The machine was equipped with leveling
devices. Similar machines were made by Nalder and Nalder of Wantage, England (Maw
and Dredge, 1879).

By 1890, several companies, such as Best, Houser and Haines, and Young and Berry,
were manufacturing horse-drawn combines. They were quite large, with header widths
up to 30 ft. The crew team included up to 10 people (driver, separator man, header tender,
sack jig, and sewers).

Such heavy combines created problems with tipping on hillside fields, sometimes injur-
ing people or igniting fires due to coals falling out of the boiler heaters. Then, there was
the problem of setting everything back. In 1891, the Californian Stockton-based Holt
Manufacturing Company invented a tilting mechanism to level the combine thresher on
slopes up to 30° and improve its balance. The leveling was allowed by two separate wooden
frames that enabled the drive wheels to be raised or lowered independently. The combines
incorporating this mechanism were called hillside combines, and that was considered a
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major technical breakthrough that improved harvesting work safety, reduced fire hazards,
and prevented repair costs due to the machine tipping over.

In 1911, in Ilinois, the Holt Manufacturing Company acquired the facility of a farm
implement maker and founded the Holt Caterpillar Company. The Holt Company used
the first combustion engines to drive a threshing machine.

The first tractor-pulled combine was made in 1925 by International Harvester from
Chicago (Wiley, 2010). It was also possible to adapt the existing horse-drawn combines
by replacing the horse hitch with a tractor one. In 1939, the company Massey Harris
from Wisconsin created the Model 21, the first self-propelled combine with a combustion
engine. It was small compared with a horse-pulled combine. With the header placed in
the front and equipped with a grain tank, this combine was more efficient and able to har-
vest around 12 ha (30 acres) a day. The Model 21 combine was a big milestone in combine
development history.

In 1927, the German company Krupp developed the first reaper-binder equipped with a
power take-off drive. Then, the first reaper-thresher-binder was developed in 1940 by the
German manufacturer CLAAS. It was drawn and driven by a tractor using a power take-
off drive (Figure 1.6).

In 1951, the German company Fahr built the first self-propelled combine MD-1, with a
free-cutting width of 2.1 m. In 1953, CLAAS launched Herkules, a self-propelled combine
that was able to harvest up to 5 metric tons of wheat a day.

The technology of self-propelled combine harvesters had spread and evolved so that by
1960, they outnumbered the tractor-drawn machines. Besides being operated by a single
operator, self-propelled combines used their engine for both propulsion and harvesting
processes. They became more and more efficient due to using increased-power engines. At
the same time, the engines were equipped with self-cleaning rotary screens to prevent over-
heating of the engine due to the chaff and dust that clog the engine radiator, blocking the
cooling airflow. Newer combine harvesters are equipped with diesel engines. A schematic
of a conventional combine is pictured in Figure 1.7a, and a cutaway model of a modern
conventional combine is shown in Figure 1.7b.

Then, engineers concentrated on improving the threshing unit, straw walkers, and
cleaning shoe separation processes. Also, the width of the headers was simultaneously

FIGURE 1.6
CLAAS' first reaper-thresher-binder, 1940.
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FIGURE 1.7
(See color insert.) (a) Schematic of a conventional combine. (b) Cutaway of a modern conventional combine 3D
model. (Courtesy of CLAAS.)

increased with the cutting speed. The introduction of axial-flow rotary combines in 1977
by International Harvester represented one of the most significant technical advances in
modern combine development (Figure 1.8).

In 1963, International Harvester introduced the combine model 403 with transversal (side-
to-side) and longitudinal (front-to-back) leveling. This machine could operate on a 36% side
slope and 34% uphill grade or 12% downhill grade. The leveling mechanism was based on
an oil-cushioned pendulum that activated two hydraulic distributors, allowing leveling of
the thresher by two independent hydraulic systems (Ganzel, 2007).

Self-propelled combines started with standard manual transmissions. The machine
speed varied based on engine revolutions per minute set up through the acceleration pedal.

FIGURE 1.8
Axial-flow IH combine schematic. (Kydd, H.D. Combine types. PAMI Gleanings, Prairie Agricultural Machinery
Institute, Humboldt, Canada, 1980.)
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In the early 1950s, combines were equipped with a variable-speed drive that was based on a
V-belt transmission with a variable-width sheave controlled by a spring and a hydraulic
actuator or manual adjusting mechanism. Varying the sheave width allows the V-belt to
ride on different sheave diameters, thus modifying the transmission ratio. This drive was
coupled with the input shaft of the gearbox. When hydrostatic transmission (a system of
hydraulic pumps and motors) was introduced by Versatile Manufacturing, this technol-
ogy was also transferred to combine harvesters. The hydrostatic transmission has been
coupled with the input shaft of a regular four-speed gearbox, forming a hydrostatic drive
system. During harvesting (e.g.,, when the third or second gear is used), the operator can
continuously modify the machine speed from zero to the maximum ground speed allowed
by the selected gear. Thus, the standard mechanical clutch is no longer needed.

While the basic combine design works for all grain crops, corn harvesting follows two
approaches. In both of them, a specialized corn head is used. For every corn row, such head
is equipped with snap rolls that strip and pull down the corn stalk and leaves, while the
ears are collected and enter the feeder throat. Then, in a regular combine, the corn ears are
threshed, and after cleaning, the corn grains are collected into the grain tank. The other
technology, developed in Russia and Eastern Europe, uses a corn ear husker to remove the
husks and preserve the ear as a whole. This technology has a great advantage for corn
drying and storage because the airflow exchange through the ears is much greater than
that through the bulk grains. Later, the corn ears are threshed with stationary threshing
machines or delivered to livestock without further processing.

Today’s combine harvesters can cut swaths of more than 12 m (39 ft) and are equipped
with global positioning system devices to track their position, as well as to assess or mea-
sure the grain production. Combines have air conditioning, heaters, cushioned seats, and
adjustable steering wheel height for the comfort of the combine operator (Figure 1.9). Details
about the construction of modern combine harvesters are given in Section 1.4.

The history of combine harvesters allows us to understand and learn about their tech-
nical evolution: the operating crew has been reduced and the overall efficiency has been
increased countless times, while preserving grain quality at high purity. An increased
modern grain production coupled with combine harvesting keeps grain prices low. This
saves money and time for the harvest workers, who can carry on different activities in
other fields or use the saved time and money for their hobbies. More about the history of

grain harvesting and the development of grain harvesters has been written by Quick and
Buchele (1978) and Crochet (2006).

1.4 Construction of Modern Combine Harvesters:
Specifications and Performance

1.4.1 Conventional Combine Harvesters

Modeling, simulation, control, design, and development of modern combine harvesters
require a thorough understanding and suitable representation of combine system con-
struction and processing of various grain crop properties. The objective is to optimize the
combine harvesting process outputs—minimized grain loss, harvesting time, that is, har-
vesting costs—while preserving grain quality (less damaged grain, clean grain) and the
environment (less soil compaction and soil fertilization with fragmented MOG).
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FIGURE 1.9
Cab of a modern combine. (Courtesy of SAME Deutz-Fahr.)

A combine harvester is a mixed and multifunctional system that consists of different types
of processing units and their drives, which process a large variety of crops. Such large,
self-propelled machines may cost more than US$500,000.

A self-propelled combine consists of specific processing units, their drive systems, and a
tank mounted on a chassis along with the ground driving system (engine, mechanical/
electrical power drives, wheels, and steering mechanism). The cab with seat, control con-
sole, all driving and process control instrumentation, and climate control system gives the
operator maximum convenience in controlling the machine with minimum effort.

Two main types of combine harvesters are prevalent: conventional combines and rotary
(axial-flow) combines. Both combine types have a T-shape longitudinal flow of processed
material, beginning with collecting the material from the field with the header to dis-
charging the MOG on the soil, behind the machine. A conventional combine is defined
by its tangential threshing system and straw walkers, while a rotary combine has an axial-
flow threshing system. Combine harvesters are usually manufactured in series of different
dimensions to accommodate various farm production needs. Although today there are
many rotary combines on the market, manufacturers have returned to carrying conven-
tional combines alongside their rotary models.
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FIGURE 1.10
(See colorinsert.) Longitudinal section view of a conventional combine harvester. (Courtesy of Same Deutz-Fahr.)

The longitudinal section view of a conventional combine harvester is shown in
Figure 1.10. The main parts of a self-propelled conventional combine are as follows:

* Chassis with engine and fuel tank, ground power train, wheels, and steering
mechanism (and chassis leveling system for hillside/sidehill combines)

* Header (auger header/draper/pick-up head/corn head/chopping corn head/sun-
flower head)

* Threshing—separating system (one, two, or more modules)

® Separating straw walkers

¢ Cleaning system (with leveling system for hillside combines)
¢ Conveying, storage, and discharge system

e Cab with seat, driving control, process control console and instrumentation, and
climate control system

The crop is cut and collected by the header; then this material is carried up the feeder
throat by a chain-and-flight elevator, and then fed into the threshing unit/system. A descrip-
tion of headers and their process can be found in Section 1.5.

The combine threshing unit/system is the most important assembly from the point of
view of working processes and the power requirement (Campbell, 1980; Kim and Gregory,
1989a, 1989b). A tangential threshing unit (Figure 1.11a and b) is mainly composed of a rotary
threshing drum (commonly known as cylinder) and a concave (a meshed grill) whose posi-
tion can be adjusted relative to the cylinder by a manually or automatically driven mecha-
nism. The cylinder speed must be continuously adjustable as required by the threshing
process of different crops.

In a tangential threshing unit, the crop material passes the narrow space bordered by
rotational rasp bars of the cylinder and concave surface. As high-speed movies show, the
threshing process is accomplished mainly due to the impact of the rasp bars or other active
elements on material, accompanied by friction with and drawn by the rasp bars and con-
cave. The action of the grooved rasp bars and concave bars in separating the grains and
chaff from the straw is controlled by an adjustable rotation of the cylinder against the
concave, through which the threshed mixture (grain and fragmented MOG) separates and
falls onto the cleaning shoe. The concave could be provided with dis-awning plates (Quick
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(b)

FIGURE 1.11
(@) Conventional tangential threshing unit. (Courtesy of Laverda.) (b) Threshing unit for rice. (Courtesy of
Laverda.)

and Buchele, 1978), which remove the awns (bristle-like appendages, e.g., in wheat and
barley) through generating additional friction with the moving crop material. The concave
segments must be interchangeable, as required by the harvesting of different crops whose
stem and grain size, as well as their mechanical and aerodynamic properties, vary. The
threshed but unseparated grains that exit the threshing unit are recovered from the straw
by the straw walkers, whose oscillatory movement shakes the straw and leads the grains
to the cleaning shoe system.

A small fraction of unthreshed ears or panicles are conveyed back to the threshing unit
and rethreshed. The clean grains are conveyed with a paddle elevator or auger for tempo-
rary storage in the combine tank. A flapping auger discharges the grain from the tank into
a trailer for later processing or storage.

Increasing the throughput capacity of conventional combines has been achieved through
the following changes:
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¢ Increasing the width of the tangential threshing unit from 0.7 to 1.7 m or even
more.

¢ Increasing the concave wrap angle from 85°-90° to medium values of 110°-120°
up to 145°

¢ Increasing the cylinder diameter up to 800 mm and maintaining the wrap angle.

* Decreasing the size of concave rods from 8-9 mm to 3.5-4.5 mm. This increases
the proportion of the active separation surface of the concave relative to the entire
surface.

In certain crops and favorable harvesting conditions, grain separation through the con-
cave can be as high as 90%, though a proportion of 80% grain separation in a tangential
threshing unit is common at the nominal feedrate.

A more efficient way of increasing the throughput capacity of conventional combines
is using a series of tangential threshing units with two or more cylinder-concave units
(Figure 1.12a and b). A beater can be placed between two cylinders or an impeller at the
end of the threshing module.

A two-cylinder threshing system has a 65%—75% higher threshing—separating area, while
the separating area of the straw walkers is diminished by 20%—25% within the same size
of the machine. Overall, the capacity throughput of a two-cylinder conventional combine
is 15%—25% greater than the capacity of a one-cylinder combine.

This technical solution of a two-cylinder threshing system has two advantages: increas-
ing the separating area of the grains through concaves and using a less intensive process-
ing action (smaller rpm) with the benefit of less grain damage. These advantages explain
the replacement of the straw walkers with a separating system made of multiple rotary
separators mounted in a series in previous combine models developed by CLAAS and
New Holland.

The tangential threshing/separating system of Fendt’s L-Series combines (Figure 1.13) is
made of a regular tangential unit, an active beater, and a multicrop separator, that is, a full
cylinder with welded in-line brackets and plates. The concave is swung under the sepa-
rator when harvesting crops with relatively long straw in wet conditions, or the concave
of this separator can be rotated above the cylinder when processing crops that require
less agitation of the material for grain separation or in dry conditions of brittle crops
(Figure 1.14). An arrangement of two or more cylinders, beaters, and so forth, determines
the change of material direction when passing from one cylinder to the next; that increases
the impact of the rasp bars on the material by changing the beating angle and grain path
for better separation.

Depending on crop properties, harvesting conditions, and threshing unit construction
and settings, the material that exits the threshing system is composed of certain propor-
tions of unthreshed grain, threshed but unseparated grain, chaff, and straw of different
sizes. In conventional combines, this material falls on the straw walker system, which per-
forms the task of separation of the remaining grains from the straw. A conventional com-
bine may have four to eight straw walkers with a stepped separation surface (Figure 1.15).
Each straw walker is usually made of a U-shaped, long sheet metal channel for collecting
separated grain and chaff. The upper edge of the lateral plates of the channel is cut into a
sawtooth configuration. On top of the channel are mounted separation grates a few steps
along. The number of steps, their height, and the inclination angle of straw walkers differ
among manufacturers. The straw walker parallel motion is generated by a pair of spaced-
apart crankshafts, of which one is the driver. The crankshaft rotation has an angular offset
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(b)

FIGURE 1.12
(a) Two-cylinder tangential threshing module with final beater. (Courtesy of CLAAS.) (b) Two-cylinder tangen-
tial threshing module. (Courtesy of CLAAS.)

phase that generates an orbital, parallel motion. The crank throw is about 0.05-0.08 m.
Adjacent straw walkers are arranged to be substantially in opposite phase, so that as one
moves forward, the other moves rearward. In this way, the straw is lifted and then moved
rearward by its engagement with the sawtooth edges. Due to this parallel motion, the
recovered grains through the separation web slide backward through the walker channel
to the cleaning shoe.

To improve the separation efficiency, on top of the straw walkers an auxiliary system has
been transversely mounted, such as a cross-shaker (John Deere), agitation tines (CLAAS),
a swinging shaker (Laverda), or a transversely mounted multifinger separation intensifier
system (Figure 1.16). This system may consist of a rotary drum having an eccentric axle
mounted herein. Rigid, retractable fingers are mounted on the axle, whose position can be
modified. During rotation of the drum, the fingers, projecting to the greatest (adjustable)
length at the bottom of the drum, tear apart the mat of straw, increasing grain separation.
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FIGURE 1.13
Tangential threshing module with a middle beater and a multicrop separator. (Courtesy of Fendt.)

FIGURE 1.14
Tangential threshing module with a rotated concave above the cylinder. (Courtesy of Fendt.)

The breaking-up action performed by the fingers on the straw can be optimized by
adjusting the following parameters: the elevation of the drum relative to the straw walk-
ers, drum rotation, rotation direction, inclination, and length of retractable fingers outside
of the drum.

Drum rotation is usually varied within a 100200 rpm range. By changing the fingers’
inclination angle, the material is conveyed more or less aggressively, which may avoid pos-
sible entanglement problems.

Straw walkers limit the throughput capacity of a combine due to relatively reduced sepa-
ration intensity compared with that of a threshing unit. The most intensive separation of
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FIGURE 1.15
Straw walkers with multifinger separation intensifier system. (Courtesy of CLAAS.)

FIGURE 1.16
Retractable, multifinger rotary drum. (Courtesy of CLAAS.)

the grain takes place when the straw falls down from a step onto the successive section.
The inclination angle of the straw walker sections is also very important for optimization
of the grain separation process (Steponavicius et al., 2011).

The cleaning shoe, necessary to both conventional and rotary combines, is usually com-
posed of a receiving element (preparation floor), a grain pan, a chaffer, a sieve, and a blower
system (Figures 1.17 and 1.18). The preparation floor receives the crop material directly
from the threshing concave (or rotor grates), straw walkers, or possibly a return pan under
the straw walkers. The preparation floor’s delivery edge extends a series of conventional
fingers that break up the straw mat during its step fall to the grain pan. The blower or fan
system directs a portion of airflow through this walker-type step, partially blowing the
chaff downstream to the end of the cleaning shoe system.

FIGURE 1.17
Conventional cleaning shoe system. (Courtesy of Laverda.)
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FIGURE 1.18
Cleaning shoe system. (Courtesy of CLAAS.)

The grain pan is provided with an underair blast, and the grain pan thus does double
duty: as a conveyor due to its reciprocating movement and as a precleaner. The grain pan
also has conventional fingers at its end, where the material falls down on a second step. At
this stage, the material already stratified with the grains segregated by their passage along
the grain pan is delivered to a chaffer.

Beneath the chaffer, a sieve assembly includes a conventional sieve portion and a chaffer
extension coplanar with the sieve portion and spaced from it by a transverse tailing slot,
located above the tailing auger of the cleaning shoe. The chaffer and sieve assembly are
provided with a conventional air blast from the cleaning shoe fan system. The clean grains
are collected over the cleaning shoe width by an auger that transports them to one side of
the machine, and then they are loaded into the grain tank by a paddle conveyor. Tailings,
including unthreshed ears, or panicles, and some heavy MOG components are recovered
through the tailing slot, and then collected by a tailing auger and returned to the thresh-
ing system for rethreshing. Light trash, including chaff and grain loss, is discharged to the
ground from the rear of the cleaning shoe by the air blast from the blower.

When the straw reaches the end of the straw walkers, it falls out the rear of the combine.
The straw can be baled for livestock bedding or spread by rotating spreaders at the back of the
combine. Figure 1.19 shows the process of a straw chopper followed by a straw/chaff spreader

FIGURE 1.19
Straw chopper and MOG spreader. (Courtesy of CLAAS,)
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FIGURE 1.20
Straw chopper and adjustable-blade spreader. (Courtesy of Laverda.)

with a swinging discharge to spread the chaff and chopped straw at the desired width from
the rear of the machine, for a good mulching of straw and chaff in the soil. A different MOG
chopper/spreader is shown in Figure 1.20; the chaff and chopped straw are guided by a sys-
tem of metal shields with an adjustable angle of orientation for the desired width of material
spreading. Proper positioning of these shields allows a certain compensation for crosswinds.

Table 1.1 shows a comparison of technical specifications of a few modern conventional
combine harvesters made by very well-known manufacturers.

A major objective in combine harvester design is balancing the machine throughput
capacity with the process efficiency of the main systems: crop gathering, threshing, sepa-
rating, and cleaning. The wide range of crop types, harvesting conditions, and machine
operations and controls make this task very difficult.

Today, conventional combines are used less due to their relatively limited material
throughput (up to 9 kg/s), which is dictated by the size of threshing-separating and straw
walker systems. The limited performance perspectives of this separating system have
eventually led to an integral transfer of the grain separation task to the axial-flow thresh-
ing system that is discussed below.

Clean grains are temporarily stored in the combine tank, and then they are discharged
by an auger whose swing angle from the combine longitudinal position is higher than 90°.

The other main components of conventional combines are also common to rotary com-
bines; they are described in the next section.

1.4.2 Rotary Combine Harvesters

In 1975, New Holland released the first rotary combine, the model TR70 Twin-Rotor com-
bine with two longitudinally mounted axial threshing and separating rotors (Figure 1.21).

Figure 1.22 shows a longitudinal cutaway of a rotary (Case IH Axial-Flow AFX Series)
combine harvester. The tangential threshing module and straw walkers have been com-
pletely replaced by a larger, rotary threshing—separating system. In this system, a smooth,
continuous flow of material moves on a helical path within the space bordered by the
rotor and a 360° wrapping system of concave and cage. The AFX axial-flow threshing unit
has three zones: feeding, threshing, and separating. The feeding transition cone draws
high volumes of crop material into the threshing space. Inside the concentric cage of the
rotor there are adjustable vanes to control the crop flow. The recently developed ST rotor
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TABLE 1.1

Technical Specifications of Modern, Conventional Combine Harvesters

Manufacturer CLAAS John Deere New Holland Fendt Deutz-Fahr

Model Lexion 560 T670 CX860 6335C 6090

Dimensions

Length without 9,200 (362.2) — 9,969 (392.5) 8,910 (351) 9,240 (364)
header to auger end,
mm (in.)

Height in transport, 3,870 (152.4) — 3,960 (156) 4,000 (157.5) 3,990 (157)
mm (in.)

Weight with tires, kg 14,000 (30,865) 13,640 (30,070) 15,500 (34,171) 13,360 (29,453) 11,070 (24,405)
(Ib)

Engine

Rated power, kW (hp) 216 (290) 268.5 (360) 246 (330) 246 (336) 228 (310)

Maximum power, kW 227 (305) 293 (393) 266 (357) 265 (360) —
(hp)

Number of cylinders 6 6 6 6 6

Piston displacement, 7.2 (442) 9 (549) 7.8 (476) 7.4 (451.5) 7.15 (436)
L (in.3)

Rated speed, rpm 2,100 2,200 2,100 — —

Fuel tank capacity, L 605.6 (160) 800 (211.3) 750 (198.2)) 620 (163.8) —
(gal)

Header

Header widths, m (ft) — — — 4.8-7.6 54-7.2

(15.7-24.9) (17.7-23.6)

Cutting frequency, — — — 1,254 1,220
strokes/min

Feeding System

Number of chains 3 4 4 4 —

Chain size 557 — CAS550HD — —

Slat design Serrated Serrated T-slat Serrated — —

Reverser drive type Electrohydraulic =~ Mechanical-  Electrohydraulic — —

hydraulic

Torque-sensing drive — No Standard — —
available

Housing lateral float Optional Yes Standard — —
available

Threshing and Separating System

Number of threshing Preseparation + 1 1 6 1+1 1+1
cylinders separation separation

Cylinder width, mm 1,420 (56) 1,676 (66) 1,575 (62) 1,600 (63) 1,521 (60)
(in.)

Cylinder diameter, 600 (24) 660 (26) 750 (29.5) 600 (23.6) 600 (23.6)
mm (in.)

Cylinder speed, rpm — — — 430-1,310 420-1,250

Cylinder speed control ~ Electrohydraulic Electrical Electrohydraulic — Electrical

Concave wrap angle, ° — — — 120 121

(Continued)
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TABLE 1.1 (Continued)

Technical Specifications of Modern, Conventional Combine Harvesters

Combine Harvesters: Theory, Modeling, and Design

Manufacturer CLAAS John Deere New Holland Fendt Deutz-Fahr

Model Lexion 560 T670 CX860 6335C 6090

Concave area, m? (ft?) — — 1.18 (12.7) 0.99 (10.66) 1.13 (12.16)

Beater diameter, mm — — — 380 (14.96) —
(in.)

Beater speed, rpm — — — 800 —

Separating cylinder N/A — 1,575 (62) 1,600 (63) 1,521 (60)
width, mm (in.)

Separating cylinder N/A — 750 (29.5) 600 (23.6) Separation
diameter, mm (in.) 590 (23.2)

Total separating area, 1.71 (18.4) 1.75 (18.84) 7.15 (76.97) 2.25 (24.22) 2.1 (22.6)
m? (ft?)

Separating Straw Walkers

Number of straw — — N/A 6 6
walkers

Number of walker — — N/A 4 4
steps

Straw walker length, — — N/A 4.26 (13.98) —
m (ft)

Straw walker area, m? 6.25 (67.27) 8.76 (94.3) N/A 6.81 (73.3) 6.7 (72.12)
(%)

Cleaning System

Leveling system Optional No Optional — Optional

20%/6%

Total sieve area, m? (ft?) 4.93 (53.07) 4.98 (53.6) 4.57 (49.17) 5.58 (60.06) 6.32 (68.03)

Total cleaning area, 6.25 (67.27) 6.79 (73.09) 6.5 (69.96) 8.64 (93) 6.32 (68.03)
m? (ft?)

Fan type 4-turbine fans 4-fan motors 6-blade fan Radjial fan —

Fan speed, rpm — — — 350-1,050 —

Grain Handling System

Tailing elevator type Paddle Paddle Dual auger — —

Clean grain elevator Paddle Paddle Paddle — —
type

Grain tank capacity, L 9,867 (2,607) 11,000 (2,906) 11,630 (3,073) 9,000 (2,378) 8,500 (2,246)
(gal)

Tank unloading rate, 99 (26.16) 78 (20.6) 105 (27.24) 105 (27.24) 90 (23.78)
L/s (gal/s)

Unloading auger 6.6 (21.65) 6.553 (21.5) 5.49 (18) 5(16.4) Optional 5.6
length, m (ft) (18.4)

Standard unloading 3.96 (13) 4.29 (14.08) 3.79 (12.42) 4.45 (14.76) 43(14.1)
height, m (ft)

Crop Residue Disposal

Straw chopper 2-speed 2-speed Optional 64 knives Optional

Straw spreader With adjustable Yes — — Optional

vanes
Chaff spreader Variable speed Yes Optional — Optional
Quick switch — — — Yes —

chopping/swathing
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TABLE 1.1 (Continued)
Technical Specifications of Modern, Conventional Combine Harvesters
Manufacturer CLAAS John Deere New Holland Fendt Deutz-Fahr
Model Lexion 560 T670 CX860 6335C 6090
Power Train
Drive type/number Hydrostatic/3 ~ Hydrostatic/3 ~ Hydrostatic/4  Hydrostatic/4 Hydrostatic/4
of gears
Ground speed, km/h — — — 0-20 (0-12.43) 0-30 (0-18.65)
(mph)
Transport speed at — — — 20 (12.43) 30 (18.65)
1,550 rpm, km/h
(mph)
Brakes, turning Disc Drum — — —
against
Brakes parking Drum Drum Disc — —
Final drive type Double reduction — Planetary — —
Steering
Tread width, 2,990 — — — —
adjustable axle, mm (117.7)/3,300
(in.) (129.9)
Tread width, rear 3,150 (124)/3,675 — — — —
wheel assistance, (144.7)
mm (in.)
Standard steering type Dual cylinder Dual cylinder ~ Dual cylinder ~ Dual cylinder —
Turning radius, mm 9,370 (369) — — — —
(in.)
Tires
Drive tire size 800/65 R32 800/65 R32 900/60 R32 800/65 R32 650/75 R32
Steering tire size 500/82 R28 480/80 R26 14.9 x 24 460/70 R24 405/70 R20
Cab
Operator seat Luxury/air ride Yes Air ride Yes Yes
suspension
Instructor/passenger Standard RH console Standard Yes —
seat
Control, position Tilt/ telescope RH console RH console Yes Yes
Monitor Yes Yes Yes Yes Yes
Heating — — — Yes Yes
Automatic air — — — Yes Yes
conditioning
Note: — Data not provided or feature not available.

features a smaller diameter of the longitudinal rotor tube and taller threshing elements
mounted on the tube. This configuration allows higher throughputs of material and a
lower power requirement.

Compared with tangential threshing systems, the rotary ones offer the following advantages:

* Reduced damage to fragile grains.

¢ Better adaptability of all crop processing.

¢ Low level of grain losses.
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FIGURE 1.21
Sperry New Holland TR70: (a) rotors, (b) threshing concave, (c) separating concave, (d) back beater, (e) beater
grate, (f) cleaning shoe, (g) tailing return, and (h) stone ejection roller.

FIGURE 1.22
(See color insert.) Section view of Case IH Axial-Flow AFX combine harvester. (Courtesy of Case IH.)

® Reduced sensitivity to the variation of volumetric feedrate.
* Small variation in grain loss with increasing MOG/grain mass ratio.
* Very efficient at threshing crops with relatively high moisture.

¢ Although the specific power requirement (kW/(kg/s)) of the axial system is 16%—
20% higher, the throughput capacity is 50%-90% higher in axial than in tangential
threshing units. That is due to a higher separating intensity in a rotary threshing—
separating system than in straw walkers.

* Fewer adjustments, low vibration level, and less maintenance when compared
with the straw walkers.

The disadvantages of rotary combines are an increased power requirement and a higher
degree of MOG fragmentation and separation through concaves and grates that lead to
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FIGURE 1.23
Cutaway of a Gleaner R-Series rotary combine. (Courtesy of Gleaner.)

overcharging the cleaning shoe system. Because rotary combines do not preserve the qual-
ity of the straw, it is more difficult to bale or remove it from the field, though it is easier to
incorporate the crop residue that results from rotary combines into the soil furrows during
plowing.

Later, each major combine manufacturer adopted quite different rotary combine con-
structions. The Gleaner combines (Figure 1.23) follow the design of Allis Chalmers manu-
facturer; the rotary threshing/separating unit is mounted crossways so that the material is
fed tangentially into the left end of the rotor. To intensify the after-threshing chaff separa-
tion process, a pair of rollers accelerates the material movement to the cleaning shoe across
from the airstream blown by a fan.

New technical solutions for a threshing-separating system combine a tangential threshing
system with an axial threshing-separating system, forming a hybrid threshing-separating
system. Figure 1.24 shows this arrangement (APS threshing system + Roto Plus separa-
tion system) in a modern CLAAS Lexion combine (Figure 1.25). The first cylinder is an
accelerator of material movement that is followed by the tangential threshing cylinder and
main concave; the impeller behind them divides the material into two parts for feeding
two axial separating rotors that separate the remaining grains in the fragmented straw.

FIGURE 1.24
Hybrid threshing-separating system. (Courtesy of CLAAS.)
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FIGURE 1.25
(See color insert.) Cutaway of a Lexion CLAAS combine with a hybrid threshing-separating system. (Courtesy
of CLAAS)

A similar threshing-separating system is used in John Deere’s C-Series combines
(Figure 1.26). The material is fed into a large tangential threshing cylinder, and then an
intermediate beater prevents material wrapping and slugging. The following overshot
beater further processes the material and pushes it to two counterrotating tine separators.

The hybrid threshing—separating systems allow the setting of a lower peripheral speed
of the cylinders and beaters, whose action will be later complemented by the rotors’ effect.
Such technical solutions favor a higher material throughput, lower mechanical damage of
the grains, and minimal threshing and separation losses.

The separated grain, chaff, and some fragmented straw are directed to the cleaning
shoe, using different technical solutions: an assembly of augers (Figure 1.26), a backward
inclined floor (Figure 1.21), or a pair of rollers, as used in the Gleaner combines (Figure 1.23).

The mechanical resistance of grains” detachment from their flowery cover varies within rel-
atively large ranges (Jbail, 1994). Thus, developing a constant threshing intensity, coupled with
an increased acceleration for grain separation along the threshing space, an axial threshing
unit shall develop a variable peripheral speed along the rotor. At smaller speeds, the grains
from the ear center will be initially detached, and then the other grains will be detached at
progressively higher speeds. That means the rotor/concave radius shall increase from the
feeding zone to the separating zone. An exponential variation law of the radius of such a

FIGURE 1.26
Cutaway of a John Deere rotary combine. (Courtesy of John Deere.)
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threshing/separating unit shall be close enough to the law that describes the grain detach-
ment from the cereal or corn ears. At this time, although patents have been granted, no com-
bine harvester has been equipped with an axial threshing unit with a variable rotor radius.

The other main components of rotary combines (cleaning shoe, grain handling system,
and the tank) are also common to conventional combines, as described in Section 1.4.1.
Table 1.2 shows a comparison of technical specifications of several modern rotary combine
harvesters.

1.5 Equipment for Combine Harvesters

To harvest a large variety of crops, combine harvesters need special equipment or attach-
ments, such as front headers, closed threshing cylinders, cleaning sieves, huskers, stalk
choppers, and corresponding material conveyors. Additional equipment/features may be
necessary when the machine operates on hillside fields, or for rice harvesting that requires
high underframe clearance and traction aids, half-tracks, or even full crawler ground drive.
Combines that belong to one or more of a series developed by a manufacturer are
equipped with interchangeable front headers for gathering and cutting the plants of par-
ticular crops. We distinguish the following headers: grain header, draper header, stripper
header, corn header, chopping corn header, sunflower header, and pick-up header.

1.5.1 Grain Headers

Grain headers (Figure 1.27a and b) are used for harvesting cereals with small grains: wheat,
barley, oats, rye, triticale, rice, soybean, flax, milo, and other cereal crops. The headers are
built in series of four to six sizes (e.g., 6—12 m, 20—40 ft) to be coupled with combines of dif-
ferent sizes for a variety of crops as needed.

FIGURE 1.27
(a) Lateral view of a grain head. (Courtesy of CLAAS.) (b) Grain head. (Courtesy of CLAAS.)



ign

Theory, Modeling, and Des

Combine Harvesters

26

10}01
10301/ I9pUI[AD Axejo1 uimy, A1eyoy A1ejoy 10)OI ISIDASURI], reurpmduoy ad £y 1opur[A> /10)0y
$10301 /SIdPUI[Ad
2/t 2/0 1/0 1/0 1/0 1/0 Surysanys jo JequmN
wajshs Suyvivdag puv Suiysaiy ]
a[qe[reae
— piepuelg SoK. SOK. SOK reuondo jJeo[y [e1aye] SuIsnopy
a[qe[reae
— piepuelg SOK. SOK. SOK. — aaurp ursuss-anbioy,
ormerpAy AP LAD
— /qed up OIMEIPAYOIDS[  OIMeIpAyonds[y SIMeIPAYOIOT snid 1omoJ [OIFUOD SALIP IISIDAY
— Je[s-S PoIRIISUON] joysIapun pajerIog pojeLIag u31sap ye[s
— LSSVD £8S £8S LSS dH £8S 9ZIS urey)
— € 14 € 14 i sutep jo IsquinN
wayshs Suipaaq
(012) 008 (002) LS2 (091) 09 (0g2) S¥6 (0ST) 898 (T'%92) 0001 (1e8) 1 “Kyoedes yue) Py
006'T 001°C 001°C 00T 001 0012 widx ‘paads pajey
(5299 €6 (1€9) '8 (€19 ¥'8 (8%9) 6 (€19 ¥'8 (1€9) £°8 (¢'ur) 7 “yuswsde[dstp uoisig
9 9 9 9 9 9 s1apur[4d jo JaquinN
(¥6€) v6C (S1%) 01€ (52€) 08¢ (g6€) €6C (5¢) 08¢ (S1%) 60€ (dy) M “emod wmurxey
(09¢) 89¢ (09¢) 89¢ (0g€) 19¢ (09¢) 89¢ (0s€) 19¢ (09¢) 89¢ (dy) M3 ‘mod payey
aurduyg
(000°£€) S8491 (0S1°5¢) $¥6°ST (£65°62) STF'EL (9924°2€) 79871 (005'82) 008CT (080°Ge) TI6'ST (qD) 3% ‘sa1m ynm 3ySepm
— (§'GST) 056°¢ (Z¥D) veL'e (841) 128% (T¥1) 185°¢ (191) 680F% ("ur) wwr rodsuen ut 3ySeH
(ur) wu “pus 18ne
— (£1£8) 016 (26€) LS6'6 — (6£€) 1198 (0£€) 86£°6 0} Iapeay JNOWPIM 3Sua]
SuoISUIL(]
Jel], BLI™], OFL/0VL 0906AD 9646 S.LS 0446 924 0CLZ AV [PPOIN
SVVID PUe[[OH MdN uossnS1ag a9 uyof 0DOV 1dues[n HI 9seD IInpeynuey
Aassen

SI9ISOAIRL] JUIqUIO)) A1RJ0Y “UIIPOIA] JO SUOTIedIjIdadg [edruyday,

¢'L3I1avl



27

Introduction to Combine Harvesters

(panuzguoD)

piepueig

(£'0¢) 911
(£6£7) LG0T

auIqin}-9
(S8F9) TS

pIepuelg

(CSD ¥
(99) 0T¥'1
(¥2) 009

(eTe) €

wd1 050'1-09¢

(G°21) S¥F
(#991) 007

sarerd Surume-siq

pIiepueig
pIiepueis
pIiepueig

(8¢LD) TFF
(25D 79

(9°62) 21T
(£2€6'0) 00111
s[pped
s[pped

ape[q-9
(€1'89) 'S
(zos1) €41
(zos1) €41
(86'01) 20'1
piepuelg

(9r'61) 82°1

ormerpAyonoddrg

(L16 T€F

(F01) Tv9'C
porextds
“parad3eys 1eg

Sax
poaads-g

piepueig

(1£1) %¢'F
(€60) #¥'2

(2¥) 651
(z6£'0) 048701
a[pped
a[pped

(11) 642

OSI9ASURIL],
(9°£9) se'S
(£T90) 1¥¥'C
(7£0€) 958°C

(CXeR=ia

(87S1) 2’1
o1eISOIPAH
(6°£2) 002
(0%T) 955

1eq dsey

1addoyd
U3m pajerdajug
ON
prepuelg

(T1) €7
(852) 659

(#9°0€) 911
(g6£"0) L8701
s[pped
s[pped

(£°61) 00§

[[010s 2pe[q-71
(ee8%) 67'F
#FF LD 291
(¥€00) 68°1
(85°01) 86'0

(sT9m st

FIDTT

srnerpAyonosrg

(0¢) 792

(Crankzax>
103e1edos
aun s[3uIg

Sax
poads-g

prepueig

(¢681) 1%
(8£2) 66'9

(ST28) 191
(2£0°€) 62911
s[pped
s[pped

(11) 642

OSISASURI],
(12°€9) 66
(28€0) 61T
(20°£2) 18T

(L6'1€) L6T

(189 ¥5°0
(62) 59

(88) seT'C
sIeq 9[qQISIaAI

pawonyD

poads ayqerrep
prepuelg

(e£1) 6€F
(#92) £'9

(68'62) €11
(£27€6'0) 00TTT
s[pped
doomsuy,

(S1) 18¢
snid
MOT[J-SSOID)
(€1'89) ¥'S
(zo81) €21
(zo81) €21

(86'01) T0'T
SuIPA[-J95

(96°00) 16'1

(zs'11) 20T
e “OTuoI3da[g
(00€) 292

(8201) T19'C
s1eq
dser parag3eig

1opeaxds yeyd
Iopeards meng
1addoyo mens paads-g
wsodsiq anpisay doiD

1

w yS8ray Surpeopun Emvwmwm
(3) w y8uay 18ne Surpeorun

(s/1€9)
s/ “oyex Surpeoyun yuey,
(1e2) 1 “Ayoeded yuey urern)
od 4y 103eA09[0 UTRIS UBI]D
od 4y 103en[d Surrer
wajshs Suijpuvy uvio)

("ur) ww “I93awerp ue

od4y ueyg

(A3) ;u “eare Sunyeredas [ejoL,
(39) ;W “eare aAaIg

(4) (W “eare 1dFRYD

(%) 7w “eare 1ouURIIAL]
waysAs Surpaa]

wayshs Suiuvar)

(33) ;w “eare Suneredsg

("ur) W QIpIm Lpurh)

("uT) W “1ejeurerp BpurA)
@9

;I “eare jeId pue aALdIUOD)

[0137U0D paads 1030y

("ur) wrw “rajaurerp 1030y

(ur) wu q33us] 10j0y

uondrnsap 1030y



ign

Theory, Modeling, and Des

Combine Harvesters

28

"3[qe[TeA® JOU 21Njed] IO papIiaold Jou eje ‘— 270N

piepuelg pIepueig pIepuelg Sax prepuelg pIepueig IO}UOIA]

— adoosapay /111, adoosapay /a1 adoosaray /1L adoosaray /1L adoosaray /1L uonisod ‘[onuo))
papped

— piepuelg Sax Sax Sax prepuelg jeas 1a3usssed /1030n135U]

apiI

Sax opLI 1Ty apur 1re / Amxn] e apqeisnipy opu 1re / Amxn] uorsuadsns 11y uorsuadsns jess 103erad

)

9T A18C 824 99/009 ¥Tx 691 9TA 7’81 FT*x 691 0¥ 99/0%S az1s 211} 3uL193)5

v 024/029 €4 09/006 ce19°0¢€ A1 Se ce190¢ v 68/0¢2S 9ZIS 311} 9ALIQ

Ssad1]

— (€41) ¥6€F (€52) 929 — (0£2) 8589 (£ST) 0007 (‘ur) wnw ‘snipex Surumy,

— 1apur4o rengq 1apur(4o rengg 1apurAd o[durg 1opurAd rengg 1opur[Ad o[durg 2d A3 Surreays prepuelg
(€'9v1)

L1£'€/(§92T) (PT) (§229) ("um) urur ‘aouresstsse

- e1T’e £89°¢/(121) €£0°¢ - 899°¢/(9¢1) 00T (6'£11) 66T [93YM Teal \PIM pedi],

(T¥¥D)
£99'¢/(5921) (e71) (e71) UOTSUR)XD (um) wrw

— €IT’e 0£9°€/(611) €£20°€ — 0£9°¢/(611) €20°€ 3xe (¥°01) §9¢ ‘axe a[qeisn(pe "qipim peai],

8U142913

— Amp Aaearg 1$-S 1298 andg uononpar S[3uIg 1% 1293 andg 133 [ng ad £y aanp Teury

wnip wrn.Ip
— as1(q [CRIEEEREYAN wnicq [edTUeRYdIN as1(q Sunyred sayerg
oSIp oreIpAy osIp

— 1adieo-reng —uwniq wniq orneIpAy—umicy 1adieo-renq jsuree Suruiny ‘soxerg

(g'sT) 5T — — — — — (qduw) y/uny “paads jrodsuedy,

(§°S1-0) S0 — — — — — (ydu) y/ury ‘paads punorn

— ¥ /o1e1s0IpAH $/o1e1s0IpAH ¢/o1eIsoIpAL] ¥/o1e1s0IpAL] §/o1e1s0IpAL] s1ead jo equunu/ad4£) aatig

UIDAT, 49MmO]

oel] elIdY, 0VL/0¥L 09064D S6L6 SLS 0446 9.4 0CLL AV [PPOIN

SYVID pue[[o MaN uossnS1ag a1 uyof 0DOV Idued[ HI 358D IInpeynuey

KasseN

SI9ISAIRL] dUIqUIO)) A1RJ0Y “UIIPOIA] JO SUOTIedIIdadg [edTuyday,

(panunuo)) g'L 319VL



Introduction to Combine Harvesters 29

FIGURE 1.28
Grain head with side cutter bars. (Courtesy of SDF.)

A grain header is made of a platform with a frontal, reciprocating knife cutter bar; two
lateral dividers of the plants; cross-mounted, equidistant crop-lifting devices; a reel with
slates and metal or plastic fingers; and an intake auger combined with a retractable-finger
drum that pushes the gathered material into a combine feeder-house. A grain header may
have some improved or additional attachments as follows: extendable platform, flexible
floating cutter bar, full-fingered intake augers, full-width retracting fingers, side cutter
bars (Figure 1.28), different knife-guard combinations, headlights, or an extended platform
for rapeseed harvesting. All headers have a single-lever hydraulic hookup.

Due to reel rotation, each bar/slate with fingers enters vertically among the plants, which
are then pushed toward the cutter bar, falling on the platform, and gathered to the header
center by the intake auger. The cutting height of the plants and vertical and horizontal
position of the reel relative to the cutter bar, as well as reel rotation relative to the machine
speed and crop type, affect shattering of the grains and collecting of grain losses. A flex-
ible cutter bar can flex over field contours and ridges to better cut the plants that have pods
close to the ground (e.g., soybean). An extendable platform (e.g.,, CLAAS VARIO header) is
hydraulically adjusted by extending its cutter bar position under the crop prior to contact
with the reel bar to improve gathering tall plants or for straight-cutting canola in a variety
of crop conditions.

1.5.2 Draper Headers

Draper headers differ from grain headers in that they use two fabric or rubber conveyors
and a center feeding belt conveyor apron instead of a cross auger (Figure 1.29). This combi-
nation allows faster collecting of the material toward the header center than cross-augers,
that is, higher throughputs. Due to its increased efficiency, a draper header requires less
power, though the draper header needs more maintenance/repair time than the grain
header, whose cross-augers have a higher mean-time-between-failure characteristic. Draper
headers are offered in a wide range of cutting widths with flexible or rigid cutter bars.

An interesting draper header was built by CLAAS; the MAXFLO header (Figure 1.30a)
features an intake system composed of two compression augers mounted laterally onto the
intake auger with retractable fingers (Figure 1.30b). The speed of the auger can be adjusted
to three settings (150, 200, and 250 rpm), and its moving direction can be reversed by the
operator from inside the cab. The speed of the conveyor belts is monitored by the machine



30 Combine Harvesters: Theory, Modeling, and Design

FIGURE 1.29
Draper header. (Courtesy of Case IH.)

control system. In areas where crop swathing is required, this draper header can be con-
verted into a swathe platform by removing the central auger, sliding one of two belts over
(to close the feeder-house section), and having both belt conveyors move in the same direc-
tion (both left or right) as needed.

1.5.3 Corn Headers

Combine harvesters are equipped with row crop corn headers for harvesting 6-24 rows

at a time (Figure 1.31). These corn headers are built in series of 6 rows, 8 rows, 12 rows,

16 rows, and so forth. The number of harvested rows is determined by the combine class

following capacity and engine power requirement, for example, 165-215 kW (220-290 hp)

for 6-8 rows, 225-345 kW (300-460 hp) for 8-12 rows, and so forth. The distance between

cornrows can be as tight as 0.38 m (15 in.), although 0.76 m (30 in.) is the most common.
Corn headers can be classified based on their main functions as follows:

* Corn headers for collecting the ears only, while the stalks are pulled down

® Chopping corn headers that collect the ears and chop the stalks whose fragments are
spread on the field

o Integral corn headers that collect the ears, and chop and collect the stalk fragments
to be left on the soil as a continuous swath or to be collected into a trailer that
moves in parallel with the combine

Most of the corn headers have common features, such as:

* Crop/row dividers, whose spacing accurately matches the row width (some mod-
els may have an adjustable row spacing design)

¢ Durable poly snouts or leading edges of the cornrow units, and ear saver flaps

* Gathering chains with hardened pins, gearbox-driven row units, and a transver-
sal auger for gathering the ears

¢ Automatic header height control, terrain contour—following capability, and flex-
ible sensing wand-based row steer function, as well as single-unit coupling sys-
tems for hydraulic and electric connections with the machine
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FIGURE 1.30
(@) MAXFLO draper header. (Courtesy of CLAAS.) (b) Detail of CLAAS draper header.

FIGURE 1.31
Corn header view. (Courtesy of Case IH.)

Using whisker-based sensors (Figure 1.32) attached to the center row snouts, the row’s
path is better tracked and the combine direction is corrected through the automatic steer-
ing control; that allows a reduction of ear loss due to operator fatigue, lack of attention, or
distractibility of any nature.



32 Combine Harvesters: Theory, Modeling, and Design

FIGURE 1.32
Snouts with ear saver flaps and whisker-like sensors. (Courtesy of Case IH.)

FIGURE 1.33
(@) Gathering chains with tapered fingers. (Courtesy of Case IH). (b) Cantilevered stalk rolls and plates.
(Courtesy of Case IH.)

Feeding each row unit of a corn header is ensured by poly snouts and by tapered-finger
gathering chains (Figure 1.33a) that drive the plant stalks between a pair of cantilevered
stalk rolls (Figure 1.33b) placed underneath the deck plates. The ear-detaching process con-
sists of pulling down the stalks by the stalk rolls (Figure 1.34), while the ears are retained
on top of the snapping plates and pushed further backward by the chains toward the gath-
ering auger. The detaching process of the ears from the stalks is based on the fact that the
tensile strength of the stalk is greater than the tensile strength of the ear peduncle, though
this difference in tensile strength may be affected by the way the stalks are handled. That
depends on the settings of the rolls and plates, as well as the chain speed versus combine
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FIGURE 1.34
Schematic of ear-detaching process. (Courtesy of Geringhoff.)

speed. The opening between the plates needs to be adjusted just enough to accommodate
a certain range of ear peduncles and stalk sizes—wide enough to avoid butt shelling, but
not too wide to let the ears escape.

Some corn headers have the deck plate position hydraulically adjusted. The chains and
stalk rolls of each row unit are driven through a row unit gearbox.

The flight-to-trough clearance of the ear auger shall be tight enough to prevent small ear
shelling. Auger speed shall be correlated with the machine speed.

Each row unit of a chopping corn header is fitted with a two-blade or three-blade rotating
cutter (Figure 1.35), which is driven right from the row unit gearbox. This cutter chops the
stalks that are pulled down by the stalk rolls. The chopped material is spread on the field,
and later it is incorporated in soil during plowing or tillage operations. The Geringhoff rolls
sever the stalks while being pulled down. This innovative design eliminates a subsequent
stalk-shredding operation, though some stalks break and enter the machine with the ears.

Instead of rotating cutters at each row unit, an integral corn header has underneath it a trans-
versally positioned rotary cutter with two to four longitudinal blades. This rotary cutter chops
the stalks and simultaneously throws the mixture of chopped stalks, leaves, and possibly
weeds back to an auger that collects them and leaves them on the field as a continuous swath.
The cut material may also be collected into a trailer that moves in parallel with the combine.

Special row crop headers have been developed for sunflowers, sorghum, and soybeans.

1.5.4 Sunflower Headers

Sunflowers headers need to be collected by the shuttles. The detaching process of the sun-
flower heads aims to cut the stalk underneath the flower head by a cutting bar (Figure 1.36).

The hydraulically adjustable front plate keeps the flower heads in a forward position,
while the snapping roller prevents their cutting too soon (Figure 1.37). To collect all flower
heads and prevent seed shaking, the seed pans are quite long, and they can be adjusted rel-
ative to the stalk diameter via adjustment rails. The gradient of the seed pans, reel position,
and rotation speed can also be adjusted to accommodate the most diverse crop conditions
during harvesting and to maximize the throughput of the machine. The auger collects all
sunflower heads and pushes them into the feeder-house.
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FIGURE 1.35
Three-blade cutter for stalk chopping. (Courtesy of CLAAS.)

FIGURE 1.36
View of a sunflower header. (Courtesy of SDF.)

Some grain headers can be relatively easily modified to harvest sunflowers as follows:
the metal pans are fitted to the cutter bar and a modified reel with wide slates will handle
the plants toward the platform and cutter bar (Figure 1.38).

Instead of a reel, other sunflower headers are equipped with poly snouts and a pair of
guiding chains with fingers for each row. Due to plant shaking during handling, such
headers have higher sunflower seed losses on the field.
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Adjustable front plate ~ Reel

Cutter bar
Snapping roll

FIGURE 1.37
(See color insert.) Schematic of a sunflower head working process. (Courtesy of CLAAS.)

FIGURE 1.38
Modified grain header for sunflower harvesting. (Courtesy of CLAAS.)

1.5.5 Pick-Up Headers

The pick-up (rake-up) header enables the swath harvesting of all crops, especially beans,
peas, rapeseed, grass seed, canola, and lentils. A pick-up header (Figure 1.39) consists of a
wide conveyor belt with equidistant bars that carry a lot of metal tines (fingers). The tines
go deep into the stubble and lift up the swath on the belt, and then a large auger collects
the material and pushes it into the feeder-house of the combine.

The belt rollers are vulcanized to provide an increased traction that means reduced slip-
ping of the belt. The belt and auger are hydraulically driven, and that allows a variable
speed based on harvesting conditions and working capacity of the combine. The pick-up
header floats in front of the machine following the rough terrain. A mechanical or hydrau-
lic suspension changes the pick-up flotation sensitivity, and two or four individual rollers
help maintain the belt at a constant height from the soil. The pick-up has a single-point,
hydraulic multicoupler that allows direct fitting to the combine hydraulic system.

1.5.6 Stripper Headers

In certain regions, stripper headers have become increasingly popular for harvesting
rice and small grain crops. Up to 25% of rice in the United States, Australia, and South
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FIGURE 1.39
View of a pick-up header. (Courtesy of Case IH.)

America is harvested with combines equipped with stripper headers. Although the col-
lecting grain loss of a stripper is higher than that of a header, it is generally of an accept-
able level in rice harvesting. This is because stripper harvesting has some advantages,
as follows: high throughput (up to 17 kg/s), high harvesting speeds (as high as 2.2 m/s
or 5 m/h), reduced fuel consumption, and fewer maintenance operations (Kutzbach and
Quick, 1999).

The stripper header (Figure 1.40) was originally developed by Keith Shelbourne
(Shelbourne Reynolds, UK) in 1989. The latest design of Shelbourne, RVS and CVS strip-
per headers (Figure 1.41), are stripping rotors that rotate under an adjustable hood and
a small platform, followed by an intake auger. The stripping rotor that spins backward
is fitted with rows of stripping teeth (Figure 1.42) that strip the grain from the ears or
panicles as the combine moves the header forward. The auger and rotor are placed
closer together, and most grains are moved directly from the rotor to the deep-flight
auger. Thus, only the grain and some leaves are the primary plant components that pass
through the threshing unit of the combine. The stems of the plants are left standing in
the field.

The latest stripper models feature more stainless steel than previous rice models. The
stripper is equipped with a variable-speed belt drive that enables the operator to adjust the
rotor speed from the cab.

FIGURE 1.40
View of a Shelbourne stripper header. (Courtesy of Shelbourne Reynolds.)
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FIGURE 1.41
Schematic of a stripper header. (Courtesy of Shelbourne Reynolds.)

FIGURE 1.42
Teeth of a Shelbourne stripper header. (Courtesy of Shelbourne Reynolds.)

1.6 Power Systems of Combine Harvesters

Modern harvesters have a high capacity for material processing, while the ground speed of
the combine in the field can be easily controlled as a function of crop type, crop variety, and
field conditions. Processing a high material throughput requires maintaining the engine
at constant speed, a threshing—separating cylinder/rotor, a straw walker crankshaft, and a
cleaning shoe driving shaft. At the same time, the ground speed of the machine has to be
varied from zero to the required harvesting speed or to the transport speed on the road.
A modern combine harvester requires different power systems (mechanical, hydraulic,
pneumatic, electric, and electronic), respectively, for propulsion, driving, actuating, and
control of its processing equipment and systems. Some of the engine power is used for
combine process control as well as cab environment control (heating, air conditioning, etc.).
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The propulsion system of a combine harvester includes a diesel engine and a power
transmission system. Ideally, the engine operates at a constant rotation that is controlled
by the engine control unit. The classical power transmission system includes a master
clutch on the input shaft, a manual stepped transmission, a differential, drive axles, final
reduction drives, and brakes.

The driving system is composed of the master clutch, parking brake, gearshift mecha-
nism, steering system, and engine control unit.

1.6.1 Engine

A typical modern combine harvester is equipped with a diesel engine (Figure 1.43) to
power all functional systems of the machine, in addition to propelling it in the normal
course of operation or down the road. The engine typically has six to eight cylinders and
develops a nominal power within the 150-300 kW (200-400 hp) range. The load on the
engine varies according to the loads applied by various assemblies that are activated, oper-
ated, and deactivated during routine use of the machine. Hydrostatic drives use more
power than conventional stepped drives, especially on slopes with the grain tank fully
loaded.

The combine usually operates at a set engine speed such as low speed (about
1200 rpm), medium speed (about 1600 rpm), and high speed (more than 2000 rpm).
Once the speed has been selected by the operator, the engine control unit controls the
speed by dynamically adjusting the amount of fuel injected into the engine cylinders.
The engine control unit may use a power curve or an algorithm for a power curve to
proactively adjust fuel flow rate, thereby adjusting the engine power. The engine con-
trol unit can also combine input from a proactive algorithm with input from a reactive
algorithm.

Generally, the process power requirement can be roughly calculated using a specific
power index of 9 kWh/t of MOG throughput. Conventional combines need an engine with
a total power of about 155 kW/m of cylinder width.

FIGURE 1.43
Cutaway of a 8-7L engine. (Courtesy of Case IH.)
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1.6.2 Power Transmission System

Self-propelled combines were initially equipped with conventional stepped transmissions
whose input shaft rotation was modified using a mechanical continuous variable trans-
mission (variable-diameter, pulley-based V-belt transmission) that was mechanically or
hydraulically controlled to allow the operator to speed up or slow down. A clutch was still
needed for stopping the machine or changing transmission gears. This type of transmis-
sion has a very good efficiency: above 90% for the gearbox and 85%-87% for the total
transmission system. However, this technical solution does not allow an efficient split of
the mechanical power flow required for crop processing and that required for combine
propulsion.

The latest trend in combine propulsion is using a hydrostatic continuous variable transmis-
sion (CVT) that allows a continuous variation of the ground speed of the machine while
maintaining the constant engine speed required for steady operation of material process-
ing systems.

Hydrostatic continuously variable transmissions with automatic control were intro-
duced after 1995 for standard tractors (Renius and Resch, 2005). A CVT allows an infi-
nite transmission ratio of nominal speed down to zero, while the engine speed remains
constant. The most basic hydrostatic CVT is a system composed of at least one hydro-
static pump and a motor. At least one of these units must have a continuously variable
displacement.

Figure 1.44 shows a drive transmission with an axial piston variable-displacement motor
and two-stage shift gearbox.

The engine turns the variable-displacement pump, which is capable of high flow rates
at very high pressure of transmission fluid. The pressurized fluid is then directed to the
variable-displacement motor for high efficiency. The motor displacement is usually higher
than the pump displacement. A very well-designed and -manufactured hydrostatic CVT
with swash plate units can have about 8% speed loss and 10% torque loss at a typical work-
ing fluid pressure between 200 and 300 bar (2900 and 4350 psi) (Renius and Resch, 2005).
The driving shaft of a CVT can have a constant angular velocity over a range of output
velocities. This translates into better fuel economy than other transmissions by enabling
the engine to run at its most efficient rotational speed.

&4

Variable motor
Variable pump (A6VM)
(A4VG)

FIGURE 1.44
Continuous variable transmission with axial piston variable-displacement motor and two-stage shift gearbox.
(Courtesy of Bosch-Rexroth.)
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FIGURE 1.45
Components of an open-center hydrostatic steering system. (Courtesy of Sauer-Danfoss.)

1.6.3 Steering Mechanism

The basic hydrostatic steering mechanism used in combine harvester construction is made
of the following components: steering wheel, steering unit, gear pump, tank with oil, and
steering cylinder (Figure 1.45). The steering unit is supplied with oil by a fixed-displacement
pump. When the steering wheel is turned, the steering unit directs an oil flow rate to the
corresponding side of the steering cylinder, while the oil from the opposite side flows
toward the tank. The oil flow rate is proportional to the rotation angle of the steering
wheel. When the vehicle is not being steered, the oil is pumped at a low pressure toward
the steering unit.

The steering mechanism may also have improved features for load sensing, oil flow
amplifying, and electrical control. The power steering, electrohydraulic power steering,
and steering sensors can be integrated to form an autoguided steering system, which can be
coupled with a global positioning system (GPS) receiver, enabling autoguidance of com-
bines in the field, monitoring of machine position in the field, and collection of harvest
yield data.

1.6.4 Wheels

Combine harvesters are equipped with rubber wheels that are configured for dry or paddy
fields (Figure 1.46). Their size, which is different for the front axle and rear axle, depends on
combine weight and load, as well as on maximum allowable pressure on the soil. Paddy-
use tires can be classified as high-lug tires, wide-lug tires, and paddy-lug tires (Sakai, 1999).
Research trials show significant differences in the level of soil compaction from a com-
bine harvester, depending on the tire make and type of tire fitted. This can have a sig-
nificant impact on plant root growth and crop yield even within crop rotation. If very
wet soil conditions are encountered, the tire inflation pressure should be lowered to the
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FIGURE 1.46
Rubber tires. (Courtesy of SDF.)

minimum recommended for the load being carried. To decrease the compaction of the
soil, the weight is distributed evenly over a larger footprint; that means wider tires, dual
tires, or a self-leveling track system (Figure 1.47) with tandem wheels should be used. The
tracks give better grip in wet and muddy conditions and also spread the weight of the
combine, reducing soil compression, while the powered rear axle easily turns the machine.
The Mobile-Track System (MTS) of CLAAS Lexion combines allows half the ground pres-
sure (average 0.72 bar or 10.5 psi), as well as faster ground speeds—as high as 29 km/h or
18 mph (Wehrspann, 2010).

Provided that driving the combine on the road is not extensive at moderate speeds,
somewhat lower pressure in the tires can be acceptable, but only if the manufacturer speci-
fications are met.

Tables 1.1 and 1.2 compare the specifications of modern combines by manufacturer; they
show the tire size versus combine weight with tires.

FIGURE 1.47
Self-leveling track system with tandem wheels. (Courtesy of CLAAS.)
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FIGURE 1.48
Header inclination on nonhillside combine harvesters. (Courtesy of CLAAS.)

1.6.5 Chassis/Cleaning Leveling Systems

The header of a modern combine can be inclined up to a certain degree for harvesting the crops
on hillside fields (Figure 1.48). However, in a combine without a leveling system, the threshed
material moves to the lower side of the straw walkers and cleaning shoe; this results in losing
the air provided by the fan through the sieve’s clear openings. Thus, the straw walkers and
cleaning shoe will work in a less efficient way and the grain separation losses will increase.
Each leveling system has a design limitation in terms of the slope, which quantifies the
terrain inclination to the horizontal. The slope is usually expressed as a percentage (tan-
gent of the angle of inclination x 100). The tangent of the angle is the ratio between the rise
(distance measured on the vertical) and the run (distance measured on the horizontal).
There are a few methods of leveling systems used in combine harvester construction, as follows:

* Hillside transverse leveling (side to side, perpendicular to the moving direction) of
the chassis and header. In this case, as the combine moves on the elevation contour
lines (across the hill slope), the chassis, with all processing systems and cab, is
continuously maintained in a horizontal position (Figure 1.49); the wheels may or
may not be vertical. The chassis rotates around two coaxial pivots mounted on the
wheel undercarriages due to the lateral lift cylinder action that is mechanically or
electronically controlled.

The feeder-house tilt frame rotates around a pivot pin located at the bottom or
top of the feeder-house, and is leveled synchronously with the chassis by a single
double-action cylinder. The inclination angle is between 20° and 30° with a maxi-
mum of 44°.

* Hillside longitudinal leveling (front to back). In this case, as the combine moves along
the hill slope, two hydraulic cylinders that are joined with the chassis and rear
wheel undercarriage lift the back side of the combine according to the hill incli-
nation angle (Figure 1.50). In this case, the best leveling performance reaches 35°
when the combine travels uphill and 12° for downhill traveling.

* Hillside full leveling (both transverse and longitudinal directions), as shown in
Figure 1.51.

¢ Hillside transverse leveling of the cleaning shoe system, up to 20° in rotary com-
bines (Figure 1.52).

Although hillside leveling requires a complicated design, it offers several advantages
in terms of increased processing efficiency on sidehill and normal threshing, separation,
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FIGURE 1.49
Combine with transverse leveling of the chassis. (Courtesy of SDF.)

FIGURE 1.50
Combine harvester with longitudinal leveling system. (Courtesy of SDF.)

and cleaning operations. Thus, the straw walkers are able to operate at the highest MOG
throughput, while the grain loss is maintained at a low level. Then, leveling improves
combine stability on the hill by maintaining the machine’s center of gravity within the
area defined by the points of wheel contact with the soil.

1.6.6 Hydraulic System

Modern combine harvesters must meet the requirements of high processing capacity, effi-
ciency, easy operation, and maximum reliability during the harvesting season while pre-
serving the quality of harvested grains.
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FIGURE 1.51
Combine harvester with full leveling system. (Courtesy of Laverda.)

FIGURE 1.52
Tilted cleaning shoe system. (Courtesy of Case IH.)

High-performance hydraulic drives and control systems are essential components for
generating and controlling the movement (speed, speed direction, acceleration, and damp-
ing), as well as the position of different mechanical processing units of the machine. Thus,
in a combine harvester, the hydraulic or electrohydraulic systems can be used for the
following:

¢ Hydrostatic continuous variable transmission of power transmission systems (dis-
cussed above)

Gearbox with dynamic brakes
* Steering system (discussed above)

Remotely powered brake system

Hillside machine transverse or longitudinal autoleveling
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¢ Positioning, driving, and control of the header and its components: reel, auger, or
deck plates of a corn header

e Control of variable-speed V-belt-based drive
¢ Fan drives with constant or variable-displacement pumps
¢ Grain tank extensions

* In/out positions of the tank discharge auger

Hydraulic system schematics are represented by graphic symbols standardized by
ISO 1219-1:2006, which focuses on general design rules of the symbols. The second
part of the standard, ISO 1219-2, describes typical circuit diagrams through examples.
In connection with these standards, ISO 5598 describes the specific terminology in
English, French, and German. An extract of ISO 1219-1’s graphic symbols is given in
Table 1.3.

A general schematic of closed-circuit hydraulics equipment used in combine harvesters
is shown in Figure 1.53. The open or closed hydraulic system (Figure 1.54) is composed
of the following components: oil reservoir, filter, hydrostatic pump, hydrostatic motor,
pipes, fittings, and heat exchanger. A closed-circuit piston pump is normally provided
with a charge pump, charge pressure relief valve, and control (direct displacement con-
trol or servo control). It may also be equipped with relief valves or pressure limiters for
high-pressure protection. The hydraulic actuator converts hydraulic pressure into force
and linear displacement (hydraulic cylinder) or into torque and angular displacement
(hydraulic motor).

The hydraulic system of the header fulfills its functions for two modes with the com-
bine: transport mode and working mode. When the combine is down the road, due to the
road irregularities, coupled with rubber tire elasticity, the header vibrates accordingly.
The hydraulic active damping of header vibrations prevents the machine from becoming
uncontrollable, allows a higher driving speed, and increases the driver comfort. In work-
ing mode, the hydraulic system serves to

¢ Lift the header at a certain height over the soil when harvesting tall crops (corn,
sunflower). The pitching movement is reduced by active vibration compensation.

o Tilt the header for harvesting crops on hillside fields.

¢ Lift the header to ensure constant pressure on the ground (e.g., for picking up crop
swaths). This also prevents possible damage to the header, cutter bar, and crop
separators.

¢ Lift the reel.

¢ Horizontally position the reel relative to the cutter bar.

¢ Rotate the reel.

* Reverse the rotation system for the header auger and feeding conveyor.

When using mechanical-shift gearboxes coupled with a hydraulically controlled vari-
able-speed drive, it is possible to shift the gears while the machine is in motion. Shifting
through a frictional connection makes the gearbox less prone to failure due to improper
shifting (Bosch-Rexroth, 2011).

The hydraulic systems and electrohydraulic systems are controlled automatically or by
the combine operator according to the harvest conditions.
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Extract of ISO 1219-1:2006: “Fluid Power Systems and Components—Graphic Symbols and

Circuit Diagrams—Part 1: Graphic Symbols”

Component Description

Symbol

Component Description

Symbol

Shutoff valve

Diaphragm accumulator

Pressure sensor

Pressure gauge

Pressure regulator

Pump, one direction of flow,
fixed displacement, one
direction of rotation

Pump, two directions of flow,
variable displacement, one
direction of rotation

Directional 2/2-way valve
(two ports, two positions,
muscular control)

Directional 4/2-way valve
(four ports, two positions,
muscular control)

4/2-way solenoid actuated
valve

Single-acting cylinder

Double-acting cylinder

Heater

_N_ Nonreturn valve
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Hose line

Flow sensor

Adjustable restriction
valve

Pressure relief valve

Hydraulic motor, one
direction of flow, fixed
displacement

Hydraulic motor, two
directions of flow, fixed
displacement

Directional 3/2-way valve
(three ports, two
positions, muscular
control)

4/3-way valve, four ports,
three positions, closed in
midposition

4/3-way valve, four ports,
three positions, relieving

in midposition
2/2-way stem actuated
valve

Filter

Cooler
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1.6.7 Electrical, Electronic, and Control Systems

Electrical, electronic, and control systems have multiple roles, as follows:

¢ Increasing machine/operator productivity

* Maximizing machine availability and adaptability to various crops and harvest-
ing conditions
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Schematic of typical closed-circuit hydraulic transmission. (Courtesy of Sauer-Danfoss.)

® Preserving quality of harvested grains

¢ Minimizing harvesting grain losses and costs

® Reducing operator stress while improving overall machine operability
® Acquiring data about the crop (yield mapping, moisture, maturity)

¢ Integrating harvest management
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These systems are connected with mechanical components, a hydraulic system, multiple
sensors, GPS (where proven economically), an information and control center in the cab,
and possibly the harvest management control center.

The electronic and control system may perform control functions of the following sys-
tems and working units of the combine:

¢ Engine power control

¢ Axle hydrostatic drives with fixed- and variable-displacement motors and auxil-
iary drives for steering axles

¢ Single-wheel drives with electronic anti-wheel-slip control

¢ Electronic drive management with control units

¢ Implementation of hydraulics with load-sensing systems

¢ Leveling of hillside combine or cleaning shoe

¢ Hydraulic steering and remotely powered braking systems

¢ Automatic steering down the crop row for corn and sunflower harvesters

¢ Electrohydraulic header/component control (cutter bar position, platform height,
vertical and horizontal position of the reel)

e Fan drives

The load on the combine engine varies in accord with the power requirement from the
driving system on different road and field conditions and from the operating units, which
are activated, adjusted during operation, and deactivated during routine use of the com-
bine harvester. Thus, the engine power control system adjusts the engine power to respond
to engine speed changes, and weight changes due to grain collecting in the tank, and in
anticipation of changes in loads being imposed on the engine. Based on a power curve
(algorithm) stored in its memory, the engine control unit dynamically maintains a con-
stant engine speed in the face of different load requirements, by changing the fuel flow
into engine cylinders. Although this is typically a reactive response, there are other func-
tional options, such as proactive change inputs, at predetermined rates of change, in the
rate of fuel delivery due to anticipation of load requirements.

Other systems of power management control monitor the available engine power to addi-
tionally power subsequent processing units, such as a chopper or straw agitation system
that may be selectively configured and disengaged.

The introduction of microcontrollers to agricultural machinery led to the development
of bus configurations and data structures to support continuing machinery evolution. The
controller area network (CAN) data bus used in combine harvester electronic drive management is
an acknowledged standard that integrates the

¢ Control of the drive transmission and hydraulic leveling mechanism of the machine

¢ Control of ground speed, reel speed, fan speed, and implemented hydraulic drives

® Sensors, control units, display, and multifunction joysticks, which are intercon-
nected and communicate simultaneously

* Stations with the same rights and connected via a serial bus

¢ Diagnostics parameter settings and process monitoring

The transmission errors due to electromagnetic interference are automatically corrected
by retransmitting the data.
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The next protocol for combine harvesters will be FlexRay, a distributed network protocol
that has been developed to improve existing CAN technology. It allows the transfer of the
data at higher frequencies (10 Mbit/s) than CAN protocols (250 kbit/s). The FlexRay proto-
col allows data transmission and reception at predetermined time frames, which helps to
eliminate the errors occurring when multiple messages are sent out (Shearer et al., 2010).
Additionally, this protocol allows for various bus technologies: point-to-point connection,
multidrop bus, passive star, cascaded active star, or hybrid (both multidrop and star) net-
work (Shaw and Jackman, 2008).

1.7 Cab, Information, and Control Center

During the harvesting period, a combine harvester can be operated for an extended number
of hours a day, by one or alternate operators. The operator drives the combine and observes
most of the combine processing functions. Thus, to increase machine-operator productivity,
decrease harvest costs, preserve harvest quality, and reduce operator stress while offering
protection against dust and sun radiation, modern combines are equipped with a cab with
seating accommodation for machine driving (Figure 1.9), and a control center for setting
the tasks, acquiring process data, supervising process parameters, and making adjustments.
The cab is environmentally controlled by a heating, ventilating, and air conditioning system
to maintain a comfortable working space. Current cab design focuses on many aspects:

® Operator’s seating accommodation

* Good view of the header, crop, and road during transportation, as well as the
inside control panel

¢ Ergonomic use of a multifunction control lever or joystick
¢ Increased size to accommodate the air exchange, and around the operator’s seating
¢ Optimized cab environment control system with easily replaceable components

* Good access for maintenance and repair of the threshing unit and its drive

A series of international standards regulate many of the above-mentioned design
aspects, while addressing other design features, depending on the manufacturer’s design
tradition, expertise, and own standards; economic reasons; and ultimately designer expe-
rience and esthetic faculties.

The control center comprises devices for process parameter control, work quality index
supervision and adjustment, data registration and management, and communications
with the operation manager. Adjustment settings of the main functional parameters for
specific crop and harvest conditions are updated by the operator or electrohydraulic con-
trollers in the memory of a microprocessor.

Most modern combine harvesters are equipped with devices for real-time supervision
of and warning on the functional regime and dynamics of work quality indices. Besides
checking functional parameters of the engine (rotational speed, oil pressure, and tempera-
ture), fuel level, and machine speed, the control panel displays information and allows
setting of the functional parameters of combine working units, such as rotational speed of
different shafts, grain level in the tank, and proportion of grain loss and damaged grain.
As an example, in Figure 1.55, a monitor displays a series of such settings and the status of
process parameters from a Case IH crop simulator.
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FIGURE 1.55
Crop flow simulator: monitor displaying process parameter status. (Courtesy of Case IH.)

Such information is gathered by specific sensors mounted in different locations in the
combine. Through different methods, these sensors convert instantaneous values of the
material (grains and MOG) weight, volume, throughput, impact force on a surface, fre-
quency of grain impacts, and so forth, into electric signals. Then, a microprocessor con-
verts all signals into corresponding values of measured parameters, which are further
used to control the machine processes.

Soils and crop yields are not uniform; that is, they vary according to terrain location. The
throughput of the grains gathered from a certain field surface can be converted into crop
yield associated with a certain map area. When coupled with information from a GPS, the
data can be stored, plotted, and used in the future for precision farming,.

The practice of precision farming is based on mapping systems and applies farming
concepts that refer to

* Crop yield monitoring and control of plant growth
® Precise fertilizing based on soil nutrients, moisture, and crop needs
¢ Controlling weeds and pests

¢ Spatial information acquisition, database structuring, and integration and man-
agement of all data

Combine harvesting using a GPS can be very well integrated into precision farming prac-
tice as an essential functional component. Further details about using GPS are described
in Chapter 15: “Guidance and Control of Autonomous Combine Harvesters.”

1.8 Combine Harvester Performance

Combine harvesters must harvest a wide range of crop types of different sorts whose
size of grains or seeds, plant height, and plant density are very diverse—not to mention
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that the crop condition and field/terrain configuration are also important influencing
factors on combine crop processing. Consequently, the combine working capacity and
quality of work are significantly influenced by such factors. By design and operation
settings, a modern combine must achieve a proper level of performance indices, as
follows:

¢ Throughput of material (grains and MOG): g, kg/s (Ib/s)

¢ Proportion of grain separation from MOG: s;, %

¢ Overall proportion of grain losses: s;, %

® Grain damage: sp, %

e Grain cleanliness: s., %

* Rate of grain tank unloading: s;;, kg/s (1b/s)

e Straw/stalk fragmentation mean size: y,, mm (in.)

* Straw/stalk fragmentation standard deviation: 6,, mm (in.)
¢ MOG spreading uniformity (variance): 5,2, %

* Specific processing power requirements: P,,, kW/(kg/s) (hp/(Ib/s))
e Overall power requirements: P,,, kW/(kg/s) (hp/(lb/s))

Apart from these working performance indices, a combine harvester is characterized by
a series of technical specifications, such as transport speed, turning radius, accessible ter-
rain slope during harvesting operations, operator seating and cab environment conditions,
operation autonomy, and so forth.

The combine throughput (feedrate) of material is the instantaneous value of material
(grains and MOG) mass (kg/s or Ib/s) that can be processed by the machine in current
crop and field conditions, providing that the proportions of grain losses and damaged
grains reach acceptable values consistent with a conventional standard or regulation.
Accordingly, one can also define the grain throughput q; and MOG throughput gq,. For a
given class of combines, the general tendency is to maximize the material throughput
by decreasing the length of the crop harvesting period, as favorable weather conditions
may change.

As the grains are removed from the ears in a combine, the flows of grains and MOG get
separated during different processing stages performed by certain working units. Thus,
one of the basic design requirements refers to correct sizing of consecutive working units
due to varying specific loads of grains and MOG.

The proportion of grain separation (%) depends on the overall performance of the thresh-
ing unit as well as the ability of the cleaning shoe to recover the unthreshed ears to be sent
back for threshing.

The overall proportion of grain losses is related to the total mass of grains that should
be harvested over a certain field area. Thus, the proportion of grain losses is composed
of a series of losses corresponding to successive processing operations of working units,
as follows: gathering grain losses s,; (header/pick-up header, stripper), threshing grain
loss s,;, separating losses (threshing unit separating loss s, straw walker separating loss s,
cleaning shoe separating loss s.;), and grain handling losses (conveyors) s, all measured as
percentages.

The grain damage means the percentage of damaged grain mass relative to the gathered
grain mass. A damaged grain means a broken grain, damaged grain coat, or internal grain
damage not visible with the naked eye. Most grain damage takes place in the threshing



52 Combine Harvesters: Theory, Modeling, and Design

unit, while less damage occurs during grain handling by different conveyors (header con-
veyor, feeding conveyor, and other conveyors).

A high level of damaged grains and a low level of grain cleanliness may require
additional processing operations and influence grain germination, storage, use, and
price.

The other combine performance indices are self-explanatory; however, they will be
clearly defined in the corresponding chapters with theory and modeling of combine
processes.

Table 1.4 classifies the dependence of combine performance indices on the type of
actions taken by working units and their physical components. Thus, the performance
indices depend on crop properties and harvesting conditions, desired work quality

TABLE 1.4

Combine Performance Indices and Influence Factors

Processing Functional
Unit Component Action Influence Factor/Parameter Effect
Grain Plant separator Plants shattering, that is, Working height above the soil =~ Grain losses
header and Reel grain removal Machine ground speed Grain
draper Cutter bar (flexibility Improper plant approach ~ Reel bar entering direction damage
header for field contour)  Plants shattering, grain Reel rotational speed
Draper conveyor(s) removal Cutter bar versus machine
Collecting auger(s) Uncut plants speed

Uncollected, cut plants
Damaged grain by friction

Auger rotational speed

Conveyor versus ground
speed

Clearance to platform

Corn header Row unit/row Improper plant guiding Steering direction Grain losses
and snouts Stalks breaking Height above the ground Grain
sunflower  Stalk rolls Stalks improperly pulled Center-to-center distance damage
header Gathering chains down Roll rotational speed and loss

Snapping plates Stalks breaking Chain speed Grain
Collecting auger Not detaching ears Plate clearance damage
Small ear shelling Flight-tip-to-trough clearance

Feeding Chain conveyor Grains shattering Peripheral speed Grain
conveyor Clearance to the feeder-house =~ damage

Threshing  Cylinder(s)/ Incomplete grain threshing Peripheral speed, concave Grain losses
system concave(s) Low level of grain clearance, design of rotor, and grain

Rotor(s)/concave/  separating concave and cage, damage
cage Aggressive action on throughput
material

Straw Straw walkers Low level of separation Design, crankshaft rpm and  Grain losses
walkers phase angular offset

Cleaning Sieve Low level of separation Design, dynamics, inclination =~ Grain losses
shoe Fan angle

Speed, airflow angle

Grain Pivoted auger/ Grain squeezing Flight-tip-to-trough clearance ~ Grain
handling paddle damage
system conveyors/tank

unloading auger
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(grain damage and grain cleanliness), acceptable level of overall losses, desired through-
put, combine design, level of process automation and control, and harvest operations
management.
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2

System Modeling, Simulation, and Control

2.1 Introduction

System modeling and simulation are extensive techniques for emulating, investigating, eval-
uating, and improving the process, design, and functional parameters of the system that
performs the process. The system receives input and provides output for some purpose.
A system/process associated with a proper controller forms a control system to deliver the
desired output (response) at a desired level of performance, given a certain input.

Most of the time, a system consists of interacting subsystems that perform specific pro-
cesses in a mixed synchronous or successive manner. When the system generates time-
dependent response variables whose rates of change are significant, it is called a dynamic
system. A combine harvester is a mixed, multifunctional, and dynamic system that con-
sists of different interacting working units, which process a very large type and variety
of crops. To monitor and automatically control the combine subsystem processes, in most
parts of this book we concentrate on process theory and modeling in reference to process/
system optimization, and design of physical components, as applied for the design of com-
bine control.

The objective of this chapter is to provide students and researchers with relatively
advanced knowledge of process/system function analysis, mathematical modeling, com-
puter simulation, and automatic control that may be applied in the research and mecha-
tronic design of self-propelled machines, particularly combine harvesters. The topic
is both exciting and challenging, and requires a multidisciplinary approach to master.
Although this knowledge is not exhaustive, it is strongly recommended that the practitio-
ners whose training is dated read, understand, and take notes on the concepts, approaches,
and methods used or developed to enhance their comprehension and skills in applying
them. Readers are also referred to other excellent books, such as those in the References
and Bibliography at the end of this chapter.

2.2 System/Process Modeling

System definition is the first step in an overall methodology for achieving a set of objec-
tives (Ayyub and Klir, 2006). According to Albert Einstein, “the mere formulation of a
problem is often far more essential than its solution” (Einstein and Infield, 1938). In engi-
neering, the formulation of a system is a critical task in the process of analysis, modeling,
simulation, and design.

55
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A system is a set of interacting components, which have certain attributes, forming an inte-
grated whole that receives an input, performs a function/process or a series of processes,
and generates an output for a certain purpose. A common function of a system is to alter
material, convert energy, or process information.

The components’ type and the way the components are arranged define the system
structure.

Because the system components interact, they are interdependent through a set of spe-
cific physical and functional relationships defined during the (conceptual) design process
of that system. Then, the system may interact with other systems to get the input and
deliver the output, which characterizes the interconnectivity of the system. This interaction,
coupled with internal functional relationships, defines the behavior of the system. A system
may have one or more functions that are performed by its component(s); that means a sys-
tem may contain multifunctional components as well. If a system consists of different types
of components, it is termed a mixed or multidomain system.

Given a system, the following expression can be formally stated:

S=(C,AR) 1)

where S, C, A, and R denote, respectively, a system, a set of components, a set of attributes, and
a set of relationships defined on C. Although Equation 2.1 has an overly simple form, its sym-
bols may contain different sets of elements with distinguished properties and subjected to
certain relationship requirements.

Each nondivisible component of the system must meet the following two requirements
(Blanchard and Fabrycky, 2011):

e [ts attributes and behavior influence the attributes and behavior of at least one
adjacent component.

* Its attributes and behavior influence the properties and behavior of the system.

When designing a system, the objectives and purpose must be clearly and comprehen-
sively defined so that the system performs the necessary function to provide a desired
output for each given input.

Redesigning a system assumes that an end user—the customer—exists; thus, the project
is financed. To redesign an existent or new system with its associated processes, the fol-
lowing techniques have to be applied:

* Problem identification

* System/process definition

* Input data collection and analysis

¢ System/process modeling

* Process simulation/model validation

¢ Experimental design

* System/process analysis

¢ System/process simulation-based optimization
* System control development

¢ Final design and launch in production
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In the next sections, we discuss the classification of the systems and the correspond-
ing models that describe them. This chapter only refers to physical, human-made, and
computer-based information systems that can be associated with the book subject.

Application 2.1: Combine Harvester System

As a physical, dynamic system, a combine harvester interacts in terms of input with the
crop and operator, and then after material processing, it delivers an output consisting of
clean grain and material other than grain (MOG) as a swath, spread MOG, or chopped
MOG that is loaded onto a trailer. The combine system can be further divided into
subsystems that may be considered independent systems by themselves. It is up to the
researcher how this division is done; that means which components are inside parts of
a certain system within its boundary and which ones are left outside. For the purpose
of this example, one can mention that the combine harvester system converts the input
crop feedrate to an output feedrate of clean grain based on a global processing function
that is, generally speaking, controlled by the operator, who, based on the sensor’s feed-
back, makes decisions for setting of the machine’s functional parameters during the
harvesting process. The combine interacts with the crop and the trailer using specific
interface subsystems, such as the header and tank-unloading auger. The environment
represented by terrain and weather conditions influences the combine processes as a
disturbance.

2.2.1 System/Process Definition and Data Analysis

For a practitioner in the field, problem identification means enumeration of the problems
with an existing system and associated process to help develop requirements for a new
proposed system. Thus, the problem formulation process consists of the formal problem
statement and formulation of the specific objectives of the project and specific issues to be
addressed. At this stage, one must define the performance measures/quantitative criteria as the
basis on which different system configurations will be assessed.

Formulation of specific objectives of a project is mainly related to the optimization of the
level of performance indices of the system/process, and minimization of the cost of prod-
uct redesign or new product development for a given team’s knowledge and expertise, as
well as the technical and financial resources of the organization.

To define a new system/process means to determine the type, function, location, and inte-
gration of a physical system, and its functional and performance specifications that derive
from requirements generated at a higher level, as well as requirements from interaction
with adjacent systems. The system specifications are statements that explicitly state what the
system/process is to be and do. At this stage, the system configuration and hypotheses
about system performance must be defined as precisely as possible.

Phenomena occurring in physical processes, which integrate the subjects of this book,
are described with quantities measured by physical units. Each physical unit is charac-
terized by a dimension and a numerical value. There are seven independent units: length
(meter, m), mass (kilogram, kg), time (second, s), electric current (ampere, A), temperature
(Kelvin, K), amount of substance (mole, mol), and luminous intensity (candela, cd). Other
units can be expressed in the seven base units. For reader convenience, this book uses both
SI and imperial system units.

Collecting input data and data analysis are steps in modeling the system to be developed.
Data consists of unconnected numbers or symbols representing entities with appropri-
ate levels of reliability or belief. In terms of availability, the sources for input data are
historical records, scientific and engineering literature, competitor models (manufacturer
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specifications, reverse engineering), organization expertise (in-house research, practitio-
ners’ and management estimates), and direct observation of previously developed models.
In developing a model, the data shall be obtained from all sources and correlated accord-
ingly since some data may be outdated, not relevant to the project, or not reliable enough.
This is, of course, provided that time and resources (financial, personnel, and equipment)
allow such an approach.

There is a risk associated with collecting and using input data. The risk of using his-
torical data comes from data referring to quite old models or data that was collected at a
now outmoded technical level. The data organized in Tables 1.1 and 1.2 is an example of
the starting process of collecting input data. Some specifications may be provided based
on lab measurements or an educated extrapolation and have yet to be proven in a real
environment.

Reverse engineering is an activity of gathering information and data connected to techno-
logical principles of an existing device or equipment by analysis of its structure, function,
and operation; physical measuring of the component sizes and material properties; direct
experimenting in real conditions; and cost calculation. Reverse engineering is an expen-
sive activity consisting of comprehensive market research, product specification analysis,
acquisition of models of interest, and the gathering of information of interest. The risks
associated with using the acquired data and information include patent infringement and
creation of a similar product that is already on the market. However, this way of direct
learning, coupled with a strong technical expertise, may lead to developing a better prod-
uct and avoid the repetition of possible conceptual or even design mistakes. When used
only for learning how to improve the new product, this practice, although not recom-
mended due to professional ethics and law regulations, may prove economically efficient
by saving time and investments costs of fundamental or applied research activities.

The data obtained by an organization through in-house research represents a reliable
source of knowledge to build on. This data and knowledge accumulate from the research
and direct analysis of previously developed products. This knowledge may be limited by a
series of factors, such as management policy, staffing capacity, research budget, lab equip-
ment availability, schedule constraints, financial risk, and even lack of special expertise
and innovation.

Analysis of input data starts with organizing the available data, classifying it based on
specific criteria, and comparing it on a certain basis. This shall be accompanied by further
mathematical processing, engineering calculations, and estimations.

Data abundance does not necessarily grant us certainty, and sometimes it can lead to
error in decision making, with undesirable outcomes due to either overwhelming and con-
fusing situations or overconfidence (Ayyub and Klir, 2006).

It is a common error to fit a mathematical equation to a set of data for given experimental
limits and then apply it by extrapolation beyond those limits (Grimvall, 2008a). Such a pro-
cess, unless cautious, ceases to be a proper interpretation of available data and may later
prove to be unsafe to use. Among other subjects, in Section 2.3, data-fitting procedures and
techniques are proposed and discussed while drawing attention to certain instabilities
that can follow such improperly applied procedures.

2.2.2 System/Process Modeling Concepts

Formulating a system allows engineers and scientists to develop a comprehensive under-
standing of the nature of the problem, underlying physical phenomena, and processes.
But, as physicist Werner Karl Heisenberg said, “What we observe is not nature itself, but
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nature exposed to our method of questioning” (Heisenberg, 1958). Thus, scientists and

engineers need to define an image or a model of the system that performs a process.

System modeling is the process of developing a model of the system. The generic term
model refers to a conceptual representation or physical entity that resembles, describes, or
conveys information about the system behavior in performing the process. For the pur-
pose of this book, we define a model as a mathematical representation of a system and its
afferent process, while a three-dimensional (3D) or two-dimensional (2D) model is the design

or image representation of the system assembly with its components.
System modeling purpose and significance is outlined as follows:

Modeling is a combination of science and art; it relies on intuition, application of
scientific laws, empirical.

Modeling allows exploration of the intrinsic behavior of a system/process.
Modeling allows computer simulation of a system/process and prediction of the
effects of changing functional and constructional parameters of the system.
Modeling, followed by simulation and optimization, may decrease the overall cost
of system development.

Modeling, simulation, and optimization of a system rely almost exclusively on
high-speed computational techniques and generated imagery.

Here are some features of the models and their development circumstances:

No matter what the purpose is, every mathematical model can be characterized by a set

A model is developed when the system being modeled is not accessible or does not
exist, or when a scaled-down version of the system was not previously developed.

A model of a system is not that system; the system being modeled is unique, while
the model may assume different forms. There might be many models representing
the same system under different sets of system operating restrictions.

A model is primarily developed to emulate known data, explain experimental
results, and fill in desired information by interpolation or extrapolation.

A model reproduces the data in a form that is suitable for further use, or extracts
information about a specific physical quantity.

A model is similar to but simpler than the system it describes.

A model incorporates most of the significant features of the system and most rel-
evant effects in the studied phenomena.

A model embodies both scientific principles and previously obtained experimen-
tal data related to the system.

Model complexity is increased iteratively while maintaining or improving its
accuracy.

A good model is a judicious trade-off between realism and simplicity and between
usefulness and complexity, unless economical, military, or other reasons prove
otherwise.

of criteria such as sensitivity, robustness, and accuracy.

The sensitivity of a model to a parameter is quantified by the magnitude of change in
the system output with variation of that parameter. A large sensitivity of the model to a
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parameter suggests that the system output can change substantially with relatively small
variation in that parameter, and vice versa. Thus, the sensitivity of a model can be under-
stood as the persistence of a modeled system to the perturbations in a single parameter.

Methods for optimal experimental design use model sensitivity analysis to determine
the conditions under which an experiment is to be conducted to maximize the information
content of the data (Emery and Nenarokomov, 1998).

The robustness of a model is associated with the sensitivity of the model to errors in the data
the model is based on. A model is robust if its results remain true, even though the model
may not be very accurate. The robustness of a model can be understood as the stability of the
system behavior under simultaneous changes in model parameters. Thus, the robustness of a
model can be interpreted as the persistence of the modeled system to simultaneous pertur-
bations in many model parameters.

The accuracy of a model is a measure of the model’s ability to accurately describe the phe-
nomena involved in the process that is performed by the modeled system.

The model accuracy depends on how well the model incorporates the key features of
the system and relevant aspects of the process, and how robust the model is with respect
to its mathematical form and the numerical values of input parameters (Grimvall, 2008a).

Mathematical models can be categorized based on the following main classification
criteria:

¢ System nature: Physical system, management system, and meta-model (a system of
rules that evaluate different models of the same system).

* Dynamics: Steady-state or dynamic models. These are models whose outputs show
no variation over time and space; that is, they do not account for the element of
time while the outputs vary over time and across space. Dynamic models are typi-
cally composed of differential equations.

® Probability: Deterministic or stochastic models. A deterministic model uses math-
ematical relationships to determine a unique set of variable states of the system
based on model parameters and previous states of considered variables. Due to
random events that are characteristic to the processing of phenomena, a stochas-
tic model is based on probability distributions of variable states, rather than on
unique variable states.

® Reasoning: Deductive, inductive, and floating. A deductive model is developed
as a logical structure based on theory. An inductive model is developed based
on observations (experimental data) and generalization from them. A floating
model is not based on theory or experimental findings, but on an expected struc-
ture, for example, a model of phenomena that are based on a possible catastro-
phe theory.

Modeling of combine harvester physical systems and processes will employ steady-state
and dynamic models, as well as deterministic and stochastic models. The next section dis-
cusses this topic in detail, along with different mathematical modeling methods.

2.2.3 Parameters and Variables

A mathematical model of a system consists of one equation or an assembly of equations,
inequalities, and data (quantities) employed to describe the behavior of the system in quan-
titative values of its process performance indices. Mathematical models are essentially
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composed of relationships between parameters and variables. Model equations can be
solved mathematically or translated into a computer code to obtain numerical solutions
for state variables.

Parameters define characteristics, features, or measurable factors of the modeled system.
A parameter is normally a constant, which stands for a certain property (e.g., properties of
component material and size, such as the length of a grain sieve), at least in a single simula-
tion, and it is changed only when adjusting the system behavior, that is, model response,
is desired.

The quantities that can be measured independently in an experiment are called vari-
ables. There are independent (input) variables, state variables, and dependent (output)
variables. An independent variable is does not depend on the process; it varies by default
independently, or it is varied by the researcher. In the mathematical models of dynamic
systems, time is an example of an independent variable. There are also independent
variables that vary with spatial dimensions. Depending on the context, an indepen-
dent variable is also known as a predictor variable, controlled variable, or explanatory
variable.

A state variable represents the state of the system/process. The value of a state vari-
able at an instant gives information about the process state at that instant; for exam-
ple, the threshed and segregated grain proportion on a certain location of the concave
in the threshing space (i.e., at a certain moment) is an example of a state variable of
threshing-separating processes. The number of state variables for a dynamic system
is not unique, but is limited to the minimum number of variables, which satisfies the
requirement of characterizing future states given the current state of the system and
future inputs.

A dependent variable is the response that is measured. The inequalities in a model
constrain the variation of one or more dependent variables. A dependent variable is
also known as a response variable, measured variable, observed variable, or outcome
variable.

The equation models of dynamic systems are called lumped parameter models because the
spatial variation of the system parameters is negligible, or else is being approximated by
lumped sections with a constant parameter value (Klee and Allen, 2011).

2.3 Deterministic Models

In a deterministic model, the output is precisely quantified through known mathemati-
cal relationships derived from physical laws among input, state, and output variables.
Basically, a given input will always determine the same output. One may think that math-
ematical relationships are often deterministic, though this is not the case because of the
difficulty to correctly express a physical law.

A mathematical model of a dynamic system where the single independent variable is
time is composed of ordinary differential equations (ODEs). The differential equations are
usually developed by applying known fundamental principles of physics (e.g., Newton's
law of motion) that govern the kinematics and dynamics of a modeled system. The math-
ematical models may be linear or nonlinear, with single, double, or multiple inputs and
outputs. The inputs are known or unknown excitations applied to the system. The outputs
are the system responses.
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Dynamic system
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FIGURE 2.1
Functional diagram of a dynamic system with MIMO.

Let us consider a nonlinear mathematical model of a system (Figure 2.1), with multiple
inputs and outputs (MIMO) as follows:

u(t) = [ (t) ts(B)... u, (B)] 2.2)
x(t) = [x:(5) %(8)... xu ()] 23)
v =) 1)y, )] 24)

where:
u(t) is the input vector
x(t) is the state vector
y() is the output vector

The state vector, x(f), contains a set of state variables that completely characterize the
state of a dynamic system at any time t. The number of state variables (in this case, m) is
the order of the system.

The system of differential equations is nonlinear and can be brought to the following
standard form:

x=f(t x,u) 2.5)

y= h(t, X, u) (2.6)

where f and & are nonlinear transformations. Equation 2.5 represents the m state differen-
tial equations, while Equation 2.6 represents the p algebraic output equations.
Considering the time interval [t,, ¢,], the transformation f{t, x, 1) can be defined such that

x(t) = f(to, b1, x (k) u(to, 1)) 2.7)

This means that by the causality property of a dynamic system, future states can be
determined if all the inputs from the initial time up to that future moment are known
(De Silva, 2009).

At any time t,, the system output vector y(t,) is uniquely determined by the state input
x(t;) and the input u(t,) at that time. That can be expressed as
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y(t)=h(t, x(t), u(t)) 2.8)

Equation 2.8 states that the system output at time ¢, depends on the time, the input, and the
state of the system at that time.

Let us assume that the input, state, and output vectors are influenced by the following
perturbations: du(t), input perturbation; dx(f), state perturbation; and dy(f), output pertur-
bation. That can be mathematically expressed in the following form:

u(t)=u, (t)+du(t) (2.9)
x(t)=x,(£)+3x(t) (2.10)
y(8)=ya(t)+3y(t) (211)

where u,(t), x,(), and y,(f) are the nominal (unperturbed) quantities. Taking into account
the perturbation of x, Equation 2.5 becomes

X = f(t, X, u)+ Sf(t, X, u) (2.12)

where the determinant of the perturbation 6f{t, x, ) satisfies the following condition:

Hﬁf(t, X, u)H < Hf(t, X, u)H (2.13)
That makes the output algebraic equation become
y= h(t, X, u)+ Sh(t, X, u) (2.14)
where 8h(t, x, u) is the resulting perturbation of the y output vector for a given input u and
all t and x of interest.
If we consider a single-input, single-output (SISO) dynamic system, the results of first-
order Taylor expansion for the functions f(t, x, 1) and h(t, x, u) (Equations 2.5 and 2.6) lead

to the following system of first-order equations of the perturbations:

dx(t)=F(t)8x(t)+B(t)du(t) (2.15)

dy(t)=H (t)dx(t)+D(t)du(t) (2.16)

where the matrices F(f), B(t), H(t), and D(f) are partial derivatives as follows:

of of
F(t)=-2 , B(t)=—" 217
® 0xly, u, ®) duly, u, 17

oh oh
H(t)=— , D(t)=— 2.18
) x|y, u, ) duly, 1, 219
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Let us review the use of a state-space approach to reduce nth-order linear ODEs to # first-
order ODEs. We start by considering a SISO nth-order linear ODE as follows:

n n-1
Y g Yopva ™ ay=u (2.19)

dt" ™! dt
where:
y(t) is the output variable

u(t) is the input variable

Converting the ODE into first-order form can be done by using the following variable change:

X1=Y
dy
Xy =—>
P dt
(2.20)
n-1
Xp = i n—:?
dt
Consequently, this leads to an equivalent system of n-order equations as follows:
X1 =X
X = X3
(2.21)
Xp=—0gX1 — M Xy —+— Ay 1X, + U

This canonical structure is known as a chained form and can be written in matrix form as
x(t)=Fx(t)+Bu(t) 2.22)
In Equation 2.22, the vector x(f) is the state variable vector

T

x(t)= |:x1 Xy oo x,J (2.23)

The matrix F, known as the state matrix, is given by

0 1 0 0
0 0 1 0
F=| : : SR (2.24)
0 0 0 1
=% —h a4z o Oy

and the matrix B is
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B=[0 0 - 1] (2.25)

The general SISO nth-order linear differential equation is given by

d"y d" 'y dy d"u d"'u du
+a,_ +--+a; > +ay =b, +by———++b—+b 2.26
e g By YT g T g T (2:26)

Equation 2.26 has two ODEs of an equivalent form as follows:

d"x d"'x dx
y = by, W‘f‘bn_lw‘f‘""kb]a‘f‘box
n - 2.27)
T/l:dx+ﬂn_17d 731C+“'+ﬂ1d7x+a0x
dt" dt" dt

where x is an intermediate variable.
To convert the above ODE into first-order form, the following variable change can be
used:

X =x
x - ﬁ
27 at
(2.28)
.- d"'x
n dtn—l

This leads to an equivalent system of n first-order equations, which in a matrix form, using
the above matrices F and B, can be written as follows:

x(t)=Fx(t)+Bu(t) (2.29)

y(t)=Hx(t)+Du(t) (2.30)
The matrices H and D are given by

H= [(bo - b"ao) (bl - b"al) (b;,,] - bnan—l ):| (231)

D=b, (2.32)

The matrix representation by Equations 2.29 and 2.30 is used in system control, which is
discussed in Section 2.6.

For further reading, refer to the textbooks written by Crassidis and Junkins (2004) and
Nayfeh (1981).
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Application 2.2: Development of a Model of Combine
Vehicle Kinematics While Steering

This is an example of developing a deterministic model of combine harvester kinemat-
ics following a curve on its trajectory. The combine is a front-wheel-driven, rear-wheel-
steered vehicle.

During transportation, combine speed restrictions are imposed only by traffic signs
and limiting the amplitude of transport-induced pitching vibrations. These restrictions
do not influence combine positioning in time on its moving path; that is, the combine
harvester can be considered a nonholonomical system. Mathematically, this means
the above-mentioned restrictions are not to be integrated within vehicle positioning
constraints.

Let us consider that the combine vehicle moves in an absolute inertial coordinate
system XYZ, as illustrated by Figure 2.2. The axis Z (not shown) points up, in a perpen-
dicular direction to the XY plane.

The system model assumes the wheels are rigid bodies and roll on the terrain with-
out slippage, meaning that the instantaneous velocity of a wheel is considered along
the direction tangential to the wheel-rolling path. The (x, y) Cartesian coordinates give
the location of the center C of the front axle. When the combine follows a curved path,
no matter the drive transmission type (mechanical or hydrostatic), the driving wheels
rotate in a compensatory way, similar to the effect imposed by a differential device.
Consequently, the combine velocity v, is the average of the drive wheel centers, and it is,
at all times, oriented along the longitudinal axis of the machine. Similarly, the velocity
v, is the mean of the steering wheels’ center velocities in the XY plane.

The exact current position and orientation of the machine is described by the follow-
ing generalized coordinates that form the state variable vector x() =[x y v, v,]", where
., is the current angle of the combine harvester orientation and , is the current angle
of the steering wheels’ direction.

The velocity of point C in the X direction, x = dx/dt, can be determined from

X =10, COSV,

while its velocity in the y direction is given by

FIGURE 2.2
Variables and parameters of combine vehicle kinematics.
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Y =0.siny,
Eliminating v,, the above equations lead to
xsiny, —ycosy, =0

In a similar way, applying the nonslippage constraint to the steering wheels, and
eliminating the speed v,, the following equation can be written:

X, sin (e + ) —ycos(ye +y,)=0

Between the points C and S, there is a constant distant L., which is the combine drive
wheelbase.
That means

Oc
cosy, = —

s

At any given time t, while the combine is steering, an instantaneous rotation center
(IRC) exists at the intersection of perpendiculars on the velocities” v, and v, directions.
The angular velocity . of combine rotation around point C can be expressed as

. _%_—vssin\ps
Vemou T L

In the above formula, the minus sign indicates a reverse direction with respect to the
Z axis direction. Combining the last two equations yields

t
__tany,
L.

c c

Now, the kinematic model of the combine can be written in a matrix form as follows:

Cf)S\.lIC 0
siny, 0
Ve =| _tany, |0+ 0 ()3
. L
v 0 1

where , = wy is the steering angular velocity of the rear wheels, that is, the rotation
speed of the kingpin.

One can distinguish the two input variables that form the input vector u(f) = [v, o]".
Should we know or establish the ratio between the rotations of the operator’s steer-
ing wheel and the rotations of the kingpin, this ratio will replace the number 1 in the
last matrix, while w; will be replaced by the angular speed of the operator’s steering
wheel. .

The output vector is y (t) = [x VRS ws] and describes how fast the combine moves
and how fast its position changes along the path.

The mathematical model is nonlinear, and theoretically, it has a singularity at
y, = /2 + kr, k € N, where the state vector has a discontinuity. This corresponds to
the position when the vehicle cannot move (due to an assumed nonslippage condition)
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because the rear wheel direction is perpendicular to the vehicle’s longitudinal axis.
Practically, due to inherent limitations in the mechanical design of the steering mecha-
nism, this situation never occurs.

A more useful model is one that describes the combine kinematics when follow-
ing a defined path. The variables and parameters of vehicle kinematics are defined in
Figure 2.3.

The same nonslippage conditions of the wheels are further assumed. The cur-
rent normal distance between the drive axles” center C and the path is given by d,,.
The angle y, between the current combine direction and the tangent to the path is
defined as

Yy =V~ VY
where , is the angle between the current tangent to the curve and the X axis.

The distance traveled along the path, starting at an arbitrary position, is given by the
length p of the arc. Thus, the curvature c(p) along the path is defined as

o(p)=DYe - AV AL _ W
dp dt dp p

which implies

2 :C(P)f7

The speed of the combine at point C approaching the curve along d, is given by

d, =v.siny,

FIGURE 2.3
Variables and parameters of a path-following combine harvester.
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The speed p on the curve of point C, (corresponding to the point C movement) can
be expressed as follows:

p =10, cosy, +\.d,

Introducing the last two equations in the previously developed kinematics model,
one can obtain the mathematical model of the path-following combine kinematics in
terms of state path coordinates: x,(f) = [p d, w, w.I".

i cosy, ]
p 1- dpc(p) 0
d, siny, 0
. = 0.+ (O]
Yy _tanys c(p) cos vy, 0
Vs L. 1- dPC(P) 1
L 0 =

One can note that, such a deterrmrustlc model always generates the same output
yp( )= [p d,, W, \yh] for a given input Mp [UC (Dk] as long as the system parame-
ters (e.g., L) remain unchanged.

A chained-form transformation of the above equation will be applied as an example
in Section 2.6.

2.4 Stochastic Models
2.4.1 Introduction

The word stochastic, derived form the Greek stohos, means “pertaining to chance,” and it
is used to characterize an event, process, or system whose behavior is nondeterministic;
that is, it is associated with some randomness. That means a stochastic system does not
generate all the time the same output for a given input. According to Kac and Logan
(1979), any kind of development in time that is analyzable in terms of probability can be
named a stochastic process. By extension, a mathematical model that describes the evolu-
tion of a stochastic process or the behavior of a stochastic system is called a stochastic
model.

A stochastic model is based on the probability theory for quantifying the probability dis-
tributions of potential outputs of a process or system. A probability distribution describes
the indeterminacy that is associated with the process evolution or system behavior by
considering which outcome is most probable.

Examples of stochastic processes performed by the units of a combine harvester are
plant gathering, corn detaching from the stalk, grain threshing, grain separation, MOG
fragmentation, and so forth. To further comment, even though each grain moves on a
deterministic path, the exact motion of grain collection is practically and computation-
ally unpredictable; that is, the grains” behavior under the action of bars, sieves, and so
forth, exhibits stochastic characteristics. The obvious conclusion is that the variability of
the above-mentioned processes can be significant and is a function of different parameters
and input variables.
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The following sections contain a condensed, structured review of the probability the-
ory the reader will need to know for understanding and further applying to the develop-
ment of stochastic models. When more information is needed, the reader is referred to the
References and Bibliography at the end of this chapter.

2.4.2 Random Variables

A random variable or stochastic variable is a variable whose value is determined by a process/
system that is subject to chance-induced variations. A random variable is a quantity that
can take on different values called random variates, which may or may not be predictable
within the range of a variable’s possible values.

A random variable associates a measurable value with the outcome of an experiment
that has a sample space. The experiment might be performed or computer simulated. The
latter implies computer generation of random variates.

Random variables can be classified as discrete, continuous, or mixed. Discrete random vari-
ables may assume any value of a countable set of exact values, while continuous random
variables may assume any numerical value (an infinite number of values) within a certain
interval. A random variable is mixed when its value domain is a union of a continuous
interval of values and a set of discrete values.

Random variable values are usually expressed by real numbers, although random
elements may be chosen, such as Boolean values, complex numbers, vectors, functions,
sequences, shapes, and processes. The real-valued variables are usually considered
because their expected value and variance (a measure of the extent to which the values are
dispersed) can be calculated.

Stochastic models of physical phenomena are essentially mathematical relationships
between random variables of the process and parameters of the system that performs that
process.

2.4.3 Probability Distribution Function

The advantage of considering random variables is that they do not depend on the
nature of the underlying random experiment. The modeler is interested in knowing
the values a random variable can assume, and the probabilistic law that describes their
occurrence. The law that defines the likelihood of a random variable X taking on val-
ues within a certain range Ry is called the probability distribution function Py (x), defined
as follows:

Py(x)=Pr(X<x) (2.33)

where Pr(X < x) is the probability that random variable X is smaller than or equal to a num-
ber x € (a, b), a < b. That means the probability distribution function P(x) allows calculating
the probability interval Pr(X € (g, b), a < b.

A discrete random variable can take on values that can be sequentially written as a finite
range (or a countable infinite range) Ry = {x,, x4, X,, ...}. Let p; be the probability that a ran-
dom variable X assumes the value x;:

pi=Pr(X=x), i=0,1,2,.. (2.34)

That means the probability interval is given by
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Pr(Xe(a,b))=Pr(a<X<b)= Y p, (2.35)

xi€(a, b)

Thus, the probability distribution function of a discrete random variable satisfies the nor-
malizing condition:

i pi=1 (2.36)
i=0

As an example, the graph of the distribution function of a discrete random variable is
shown in Figure 2.4.

The range Ry of a continuous random variable value is a finite or infinite interval. Thus, the
probability distribution function of a continuous random variable is given by the (cumula-
tive) distribution function:

F(x)=Pr(X<x), xeRy (2.37)

The above distribution function, which is nondecreasing on x, has the following two
properties:

F(—e<)=0
(2.38)
F(+eo)=1
For any X € (g, b), the probability interval is given by (Figure 2.5)
Pr(X €(a, b)) =Pr(a< X <b)=F(b)-F(a) (2.39)

A better understanding of the cumulative distribution function is given by a histogram
(see next section). Each frequency is a probability Py(x), and its sum from left to right is the
cumulative distribution function.

From lab or field experiments of combine harvesters or their processing units, research-
ers obtain discrete values of the variables of interest. These values can be further processed
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FIGURE 2.4
Graph of the distribution function of a discrete random variable.
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FIGURE 2.5
Graph of a continuous distribution function.

to obtain continuous functions by fitting an equation of a curve to each series of variable
values through regression analysis. From this perspective, the next section deals only with
significant probability density functions of continuous variables, followed by other very
important functions and best practices in curve fitting.

2.4.4 Probability Density Functions

A random variable X is called continuous if its distribution function F(x) is differentiable
over the function domain. The first derivative of the distribution function,

flx)= ) (2.40)

is called the probability density function (pdf) of X.
Similarly, a random variable, which has the distribution function F(x), is called continu-
ous if there is a function f(x) so that

F(x)=Pr(X<x)= jif(E,)dE, (2.41)

The probability density function f(x) corresponds to the individual probabilities p,(x;) of
a discrete random variable.

Consistent with the geometric interpretation of a definite integral (Bronshtein and
Semendyayev, 1978), Equation 2.41 shows that if the function f(€) > 0 for £ € (o, x), then the
integral [*.. f (£)dE represents the area of the domain bounded by £(€) and the X axis, to the
left of the vertical line corresponding to & = x. This area equals the probability distribution
F(x) (Figure 2.6) of a continuous random variable.

The mean value p or expected value E(X) of a continuous variable X is defined as

= Jf(x)dx (2.42)
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FIGURE 2.6
Probability density function and distribution of a continuous variable.

provided that
J- x| f (x)dx < oo (2.43)

The variance of a continuous random variable % also denoted by Var(X), is its mean
squared deviation from its mean value (Beichelt, 2006) and can be calculated as follows:

+oo

o = [ (x-n)’ £ (x)dx (2.44)

—oo

For a discrete random variable, the variance 62 measures the spread or variability of n
values’ (x)) distribution and is calculated as

n

o’ =Y (xi-n)'p (2.45)

i=1

where p; is the probability of the occurrence of value x;.
The square root o of the variance is called the standard deviation of the variable X.
The a-percentile x, of a random variable X is defined as

F(xy)= o (2.46)

The interpretation of the a-percentile is as follows: in a long series of random experi-
ments with outcome X, about a% of the observed value of X will be equal to or less
than x,.

2.4.4.1 Normal Distribution

If a continuous random variable X has a normal (or Gaussian) probability distribution,
then a relative histogram of the random variable has the shape of a normal curve (bell
shaped and symmetric) (Figure 2.7).
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FIGURE 2.7
Normal distribution of a variable with mean p and standard deviation o.

The normal density curve of a random variable X, with the mean p and standard deviation
o, has the following properties:

¢ It is symmetric about the variable mean, p.

¢ Because the mean equals the median, the curve peak (the highest point) occurs at
xX=p

¢ It has two inflection points at p —c and p + o.

* The area under the curve equals 1.

¢ Approximately 68% of the area under the normal curve is between x = p - o and
X = p + o. Approximately 95% of the area under the normal curve is between
X =p-20and x = p + 26. Approximately 99.7% of the area under the normal curve
isbetweenx=p-candx=p+o.

The probability density function of a normal curve is given by the equation

f(x)=—7 67(%J (2.47)

o271

The standard normal curve is used in practice based on the standard normal curve of vari-
able Z with mean = 0 and standard deviation = 1, using the transform

7= XM (2.48)
c
Thus, the probability density function of the standard normal curve is given by
. 2
f(x)= Ton e 2 (2.49)

The properties of the standard normal curve are as follows:

e It is symmetric about the variable mean, p = 0.

* Because the mean equals the median, the curve peak (the highest point) occurs at
z=0.
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¢ It has two inflection pointsatz=-1 and z = 1.
¢ The area under the curve equals 1.

¢ Approximately 68% of the area under the normal curve is between z = -1 and
z = 1. Approximately 95% of the area under the normal curve is between z = -2
and z = 2. Approximately 99.7% of the area under the normal curve is between
z=-3and z=3.

For a specified Z-score, in the standard normal table one can read the area under the
curve (e.g.,, 0937, i.e., 93.7% probability) to the left of the Z-score ordinate (Z = 1.53 in this
example).

2.4.4.2 Pareto Distribution

A random variable X has a Pareto distribution (type I) over an interval x € [d, o), d > 0, if its
distribution function F(x) and density function f(x) are as follows:

F(x)=1- (z) (2.50)
f(x)=cd x e (2.51)

where the coefficient ¢ > 1.
Then the mean and variance of the variable are

u=" >1 (2.52)
2 ¢ (dY
o _(6—2)(c—1) (2.53)

The calculation of the variance makes sense only if ¢ > 2. Note that F(x) = 0 and f(x) =0
if x < d. Figure 2.8 shows the graph of Pareto density functions for various coefficients ¢
andd =1.

2.4.4.3 Exponential Distribution
A random variable X has an exponential distribution with rate parameter A if its distribution
function F(x) and density function f(x) are

F(x)=1-¢™ (2.54)

f(x)=ne™ (2.55)

forx>0and A > 0.



76 Combine Harvesters: Theory, Modeling, and Design

S&)
3.0

251

20

15+

1.0

0.5

FIGURE 2.8
Pareto density functions for various coefficients c and d = 1.

The mean value and variance are
u=1/xr (2.56)
and
c’=1/\° (2.57)
Figure 2.9 shows the graph of exponential density functions for A = 1.

2.4.4.4 Gamma Distribution

A random variable X has a gamma distribution with the shape parameter o and scale parameter
p if its density function has the following form:
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FIGURE 2.9
Exponential density function graph for A = 1.
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FIGURE 2.10
Gamma density function graphs for various pairs of parameters («, p).

o
f(x)= B e 150,050, B>0 (2.58)
In Equation 2.58, gamma function I'(a) is defined as

[(o)=|x""edx, a>0 (2.59)

o'—..g

Figure 2.10 shows the graphs of gamma density function for a few pairs of (o, )
parameters.
The mean and variance are, respectively,

w=o/B 2.60)
o2 =0 / Bz (261)

By replacing a = 1 and p = A in Equation 2.58, we get the exponential density function
shown in Equation 2.55.

2.4.4.5 Beta Distribution

A random variable X has a beta distribution with parameters o and p if its density func-
tion is
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fx) C B)X‘H (1-x)*" (2.62)
where:
0<x<1
a>0
>0

The beta function B(a, ) is defined as follows:

B(a, )= FF(ZQI;E}B)) 2.63)

Because the beta distribution is limited to x values within the interval [0, 1], for larger
intervals of positive values X € [X,,, X/, one can perform a transform as defined by the
next formula:

== m 2.64
x X, _X, (2.64)
The mean and variance are
o

= 2.65
W=y B (2.65)
o2 = op (2.66)

(+B) (e +P+1)

Figure 2.11 shows the graphs of beta density function for a few pairs of («, f) parameters.
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FIGURE 2.11
Beta density function graphs for various pairs of parameters (a, f).
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2.4.4.6 Weibull Distribution

A random variable X has a Weibull distribution with scale parameter A and form parameter
c if its density function and distribution function are

f(x)=cAx e ) (2.67)

F(x)=1-¢ ™ (2.68)
where:
x>0
A>0
c>0

The mean and variance can be respectively calculated with the following formulae:
p=A"r(1+c7) (2.69)
o= [r(l +2¢1) -T2 (1+ c_l)] (2.70)

Figure 2.12 shows the graphs of Weibull density function for a few pairs of (A, ¢)
parameters.

2.4.4.7 Rayleigh Distribution

The Rayleigh distribution is limited to strictly positive-valued random variables.
A random variable X has a Rayleigh distribution with parameter A if its density function
and distribution function are

fl (1.5,2.5)

1.2 A«
[LALY
0.8 /
/ / \\ (0.5,1.5)
04 \L
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0 0.5 1.0 1.5 2.0 2.5

FIGURE 2.12
Weibull density function graphs for various pairs of parameters (A, c).
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f(x)= % 6’%@ @.71)
F(x)=1- e%(%) 2.72)

The mean and variance can be respectively calculated with the following formulae:
n=2 \/E (2.73)
2
o2 =2 (2 - ’2‘) (2.74)

Figure 2.13 displays the graphs of Rayleigh density functions with various parameters \.

2.4.4.8 Additional Functions

For process mathematical modeling, the author has derived additional functions, such as

f(x)=axe™ (2.75)
f(x)=ax?e™ (2.76)
f(x)=ax"e (2.77)
f(x)=ax"e™ (2.78)
S &)
12
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FIGURE 2.13
Rayleigh density function graphs for various parameters A.
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f(x)=ax"e™ (2.79)

where:
a>0
b>0
c>0

These functions can be used in regression analysis of experimental data.
For more information on probability density and cumulative distribution functions and their
visualization, see MATLAB R2012 documentation: Statistics Toolbox Distribution Functions.

2.4.5 Distribution of Continuous Random Variables Mixture

The distribution function of any random variable depends on one or more parameters
(namely, coefficients or exponents). The following theory emphasizes the dependency of
such distribution on a certain parameter, which is the realization of a corresponding random
parameter that is a variable as well.

Let’s consider the distribution function Fy(x, ) of a continuous random variable X that
depends (possibly among other parameters) on the parameter of interest A. Let f;()) be the
probability density function of corresponding continuous random parameter L, and F;(A)
its distribution function. One shall note that the distribution of parameter L depends on
other parameters as well, not specified in the above notations.

The mixture of probability distribution Fy(x, A) with regard to the structure distribution,
characterized by the density f, (M), generates the distribution F(x, \) of a mixed continuous
random variable that is defined as (Beichelt, 2006)

+oo

R (v0)= [ B (0 £ (1) (2.80)

0

The corresponding density function f,(x, A) can be obtained by differentiation of Fy(x, A).

Example

The proportion of unthreshed grains in an axial unit decreases exponentially over the
threshing unit length at a relatively constant threshing rate. This is mainly due to the
fact that the active elements of the rotor and concave have a relatively uniform dis-
tribution to guarantee a continuous flow of material within the threshing space and
to minimize the grain damage. However, the threshing rate may be subject to certain
randomness by adopting a different design. Thus, the cumulative distribution function
of the proportion of unthreshed grains may be mixed with regard to a structure distri-
bution of the threshing rate, namely, characterized by its density function, which is to
be determined. For further details on this subject, see Chapter 5.

2.4.6 Distribution of Random Variables Function

Let X denote a random variable with known density function fx(x) and distribution func-
tion Fy(x). Let Y = g(X) be a real function without jump discontinuities that transforms the ran-
dom variable X into the random variable Y. If the function g is invertible, then its inverse
function is denoted ¢!. That means
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g (y)=x (2.81)

We are interested in finding the density f,(y) and distribution F,(y) of Y that depends on
X as defined by function g(X) = Y. That means we are looking to find the distribution of the
function of a random variable.

Based on the definition of probability distribution function (Equation 2.37), we get

F(y)=Pr(y<y)=Pr[g(X)<y]=F[s" (v)] (2.82)

The corresponding density function f,(y) can be obtained by differentiation of Fy(y).
The mean or expected value of the variable Y can be calculated with the following
formula:

wy =E[Y]=E[g(X)]= j g (%) fi (x)dx (2.83)
The variance of the function Y is

o} = J(y —uy) fr (v)dy (2.84)

The distribution of the function Y, as defined by the real function Y = g(X), represents a
shifted distribution of the variable X.

Application 2.3: Example of a Shifted Distribution Case

Grain separation in straw walkers takes place in the separating grates mounted a few steps
along the straw walker channels. The proportion of grain separation along one separa-
tion grate could be considered a variable X. A function Y would transform the vari-
able X to characterize the separation along all of the straw walkers. Additionally, one
may consider another variable, Z, that takes into consideration the fact that different
regions of the straw walkers are subjected to nonequal accelerations generated by a pair
of spaced-apart crankshafts.

2.4.7 Laplace Transformation

The process of a system that is described by differential equations can be more easily
modeled as a block diagram using Laplace transfer functions. The Laplace transformation
converts a differentiation operation into a multiplication one by the Laplace variable s, and
an integration operation into a division one by s. The reader should note the difference
between transformation and transform as follows: a transformation is an operation, while the
transform is the result of a transformation operation.

The Laplace transform is useful in systems control and involves mathematical transfor-
mation from the time domain to the Laplace domain, also called s-domain (Figure 2.14). The
Laplace transform of a function f{f) is defined as

Lif (t)}(s)if]i £(£)e "t 2.85)
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t-domain s-domain

FIGURE 2.14
The Laplace transform L{f(t)} and its inverse f{(£).

if the function f(f) is piecewise continuous on every finite interval in the range t > 0, and it
is bound by the relation

() sMe™ (2.86)

for some k and M parameters. Then the Laplace transform exists for all s > k values
(Kreyszig, 1988).

The complex variable s = 6 + jw has a real value g that is chosen to be sufficiently large so
that the transformation integral (Equation 2.85) is finite even when ff(t)dt is not finite. The
set of s values for which the integral converges is called the region of absolute convergence of
the Laplace transform.

In terms of systems control, we note that the output Y(s) in the s-domain is

Y(s)=L{f(t)} (2.87)
The inverse Laplace transform is

o+jo

:Tnj J. Y (s)eds, or f(t):L"l[Y(s)] (2.88)

£(1)

To obtain a time-response solution for a system/process, the following operations are
necessary:

¢ Formulating of linear differential equations
¢ Performing Laplace transformations of the differential equations

¢ Solving the resulting algebraic equations of the variable of interest

Complex systems usually have more inputs (represented by an input vector) and more
outputs (represented by an output vector). In such a case, the system representation
requires several transfer functions resulting in a transfer function matrix.

2.4.8 Continuous Variables Convolution

The convolution integral is an important general property of the Laplace transformation
dealing with the product of transforms. Let f(t) and g(t) be the density functions of two
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independent continuous-time variables that satisfy the existence hypothesis, as formu-
lated in the previous section, for a Laplace integral to exist.

Assume that we know these functions f(f) and g(t) whose Laplace transforms are
F(s) = L{f(t)} and G(s) = L{g(f)}, respectively. Then, the product of their transforms H(s) = F(s)
G(s) is the transform H(s) = L{h(f)} of the convolution h(f) of f(f) and g(t), written L{(f * g)(£)}
and defined by the formula

t

h(t):Jf(r)g(y—r)dt,IZO (2.89)

0

That is, the joint probability density h(f) of the sum of two independent and continuous
random variables with the densities f{f) and g(f) equals the convolution of their individual
densities as expressed above.

The convolution (f* g) is commutative, distributive, and associative, as is the multiplica-
tion of the numbers. The convolution is useful for calculating inverse transforms and solv-
ing differential equations.

Application 2.4: Product of Two Laplace Transforms

Let

where a and b are constant parameters. Find h(t).
Solution. Applying the theory, we find that

TR

s+a

Then we use the theorem expressed by Equation 2.89, finding that

t t

_ —at g bt _ | -at b(t-1) 3 _ bt | —(a+b)t 5 _ 1 bt _ -at
h(t)=e" *e —Je edr=e Je dt——a+b(e e )
0 0

This answers the application’s question.

Using similar exponential functions, we applied the convolution theorem for stochas-
tic modeling of threshing-separating processes in both tangential and axial threshing
units (Chapter 5).

2.4.9 Multidimensional Random Variables

A group of n random variables forms an n-dimensional random vector [X,, X,, ..., X,]” whose
probability distribution is given by the joint distribution function of the random variables
Xy, Xy, ..., X,, as defined by
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Fy (x1,x2,...,%,) =Pr(Xi <3y, X, € 25,..., X, S ) (2.90)
The joint probability density of the random vector [X;, X,, ..., X,]" is given by the nth

mixed partial derivative of the joint distribution function with respect to xy, x,, ..., x,, as
follows:

B 8”F(x1,x2,...,xn)

fx (xll xz,...,xn) © 0x10x5...0x, @91)
The distribution functions of variables X, fori =1, ..., n, are calculated as follows:
Fy, (x;)=Pr(X; <x;) (292
and can be obtained from the joint distribution function
Fy, (x1)=F(o0, ..., 00, X;,00, ..., ) (2.93)

If these distribution functions are one-dimensional, that is, Fx, (x), Fy, (x), ..., Fx, (x),

they are called marginal distributions of #n-dimensional random vector [X;, X,, ..., X,]%
The marginal density functions are determined with the formula

4oo oo

fx,.(x,-)zj JJ f(xl,xz,...,x”)dxl---dx,-,ldx,-ﬂ---dx,l (2.94)

—oo  —oo

The random variables X;, X,, ..., X,, are independent if their joint distribution function
equals the product of the distribution functions of X;, that is,

F(xl, x2,~--,xn)= FX1 (xl)FXZ (XZ)"'FXy, (xn) (295)

The mean of the vector [X;, X, ..., X,]” is a constant vector whose elements are the mean
of the variables X, i =1, ..., n, as follows:

u[Xi] = [lil/ M2,y MH:IT (296)

2.4.9.1 Two-Dimensional Random Vectors with Continuous Components

Let X and Y denote two continuous, random variables. Their joint distribution function is
Foy, (x,y)=Pr(X<x, Y<y) (2.97)
The joint density of X and Y is defined as the function

_ any (x,y)

frr (x,y)= 23y (2.98)
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Equivalently, the joint density is defined as the function fx,(x, y) satisfying the equation

x Yy
Fxy (x,y): J. J‘fxy (u,v)dudv (2.99)

—o0  —oo

The marginal densities fy(x) and f,(y) can be respectively obtained by using the following
formulae:

fx(x)= j fxr (x,y)dy (2.100)

fryv)= _[ Frr (x,y)dx (2.101)

In practical terms, Equation 2.100 describes the density of X if Y has never been measured.

2.4.9.2 Bivariate Distributions

In modeling combine harvesting processes, different bivariate distributions can be very
helpful. The Farlie—-Gumbel-Morgenstern families of bivariate distributions have the distri-
bution function given by

Fev (x,y) = Fx (x) B (y) {1+ 8[1- Fe () [ 1- B () ]} (2.102)

where [§] < 1 for a bivariate distribution to exist, and the marginal distributions are Fy(x)
and F\(y). In the case of independence, 5 = 0, although included, correlation of X and Y
variables does not exceed 1/3 in absolute value (Schucany et al., 1978).

Using Equation 2.102, we can derive the bivariate exponential distribution with the follow-
ing form:

For (x,y) = (1=e7*) (1= )(1+ 877 (2.103)

Based on Weibull distribution (Equation 2.68) and Equation 2.102, the bivariate Weibull
distribution has the following distribution function:

Fey (x,y) = (1 s )(1 e 0 )(1 + 8¢ 00 ) (2.104)
One can simply note that when the parameters ¢ = 1 and d = 1, we get Equation 2.103.

2.4.10 Data Regression Analysis

While deterministic models greatly depend on experimental data for ultimate valida-
tion, stochastic models attempt to explicitly deal with observed scatter in experimental
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data. The experiments suggest causes and effects among process variables that help us
to understand them and apply our educated intuition to explain the process evolution.
Thus, this leads to the development of process-governing equations whose predictions
will later be compared to new data that is not part of the original data set. Thus, experi-
mental data is a prerequisite need for formulation, derivation, and validation of stochastic
models.

The stochastic model equations can be further extended and interpreted in a deter-
ministic way to generate deterministic mathematical models. The advantages of fitting a
stochastic model to experimental data include quantification of uncertainty in the deter-
ministic model’s parameter estimates, estimation of the model error rate, and checking the
fit of the model nontriviality. However, getting the necessary and valid amount of data is a
matter of experience in design of experiments (DOE), modeling, simulation, and optimiza-
tion of processes.

This section focuses on mathematical data processing techniques as a very important
step in developing stochastic models, followed by deterministic models, of processes and
systems. Such techniques may be successfully used, beyond the purpose of this book, by
scientists and engineers in other engineering specialties.

2.4.10.1 Least Squares Regression

Any variable or parameter in estimation has three quantities associated with it: the true
value, the measured value, and the estimated value. The true value, denoted by x, is usually not
known, but we aim to find it. The measured value, ¥, is determined with different instru-
mentation, including sensors, transducers, and data acquisition systems. The difference
between the measured value and the true value is called the observational or measurement
error &. That means

f=x+e (2.105)

Statistically, the measurement error is not a mistake due to the variability (inherent in a
statistical process) of the quantity that is being measured or the measurement process and
instrumentation.

Let us consider a series of measurements X of a random variable x with a univariate
distribution. We need to estimate its values—in other words, find the closest values to the
true ones. The estimated values are denoted by x. By similitude with Equation 2.105, we can

write
X=X+¢ (2.106)

where € is the residual or fitting error, which is an observable (i.e., explicitly known) esti-
mate of the statistical error. Based on the above equation, the residual error can be easily
calculated once an estimated value has been found.

To determine a mathematical model 7(x) (i.e., the estimated model), using a series of
measurements, one would apply a regression technique for finding the best-fitting curve to the
given set of points with coordinates (ii,gi) , where i =1, .., n. If n is big enough, the
residual errors (i.e., between the measured values and estimated values) will have a
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normal distribution with an absolute mean pe and standard deviation ce that can be calcu-
lated as follows:

pe= 3 [(x) = (x)] 107)

o, = 1 z{[}}(xi)—y(xi) —ug}z (2.108)

The least squares fitting method involves the application of a mathematical procedure for
finding the equation (mathematical model) of the best-fitted curve to the given set of points
by minimizing the sum of the squares of the residuals (vertical offsets) of the points from the
curve. In such a case, the minimum residual error €, of the estimated values Q(x) will
be

n

€ ymin = min{z‘[]} ()~ f/(xi)T} (2.109)

i=1

The sum of the squares of the residuals is used instead of the absolute values of
residuals because this allows the residuals to be considered a continuous differentiable
quantity.

Let suppose that the estimated model #/(x) depends on some parameters (coefficients or
exponents) a; wherej=12, ...

Based on mathematical analysis of the functions, the minimum of residual errors g,
function can be found by solving an equation system of partial derivatives of the error ¢,
with respect to each unknown parameter g; that in analytic form can be written

?zO,jzl, 2,... (2.110)
a

For linear equations, the above written equation system can be solved explicitly to find
the parameters 4, that will be used to generate the curve of the regression model.

For nonlinear equations, one usually cannot solve such a system; therefore, various
iterative techniques are used instead, such as Levenberg—Marquardt, which is the most
widely used iterative procedure, then Gauss—Newton and steepest descent algorithms. A
review of these very interesting techniques is beyond the purpose and size of this text-
book. Besides, these methods are used by the best software packages in statistics and
mathematics. It is very important to know that nonlinear equation fitting starts with ini-
tial values of parameters a;, that are established on an educated-guess basis.

Curve fitting to experimental data provides the following:

1. A completely defined equation whose shape and structure are already known for
describing the current data, by similitude with a previously studied process

2. An equation that has been proven to describe the data in a better way than other
investigated mathematical models
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For a linear model that is fitted to the data, the quality of fit is assessed in terms of the
coefficient of determination value R2. In nonlinear regression, such a measure is not readily
defined due to the need for an intercept of the curve (which most nonlinear curves do not
have), but one can use a pseudo-R?. For both cases we may write

S5,
SS;

R*=1-

.111)

where the sum of the squares of residuals SS, is

n

ss.= Y [7(x)-7(x)] (2.112)

i=1

and the total sum of the squares is
~ 2
$8;= Y [7(x:) -1y ] (2113)
The mean of the experimental data of the dependent (response) variable is

1IN -
Hy = ;Z 7(x:) (2.114)
i=1

The coefficient of determination takes values as expressed by the following inequality:
0 < R?< 1, with the value 1 for a perfect fit.

Properly formulation and application of a mathematical model for fitting to experimen-
tally acquired data require an intimate knowledge of the process and basic principles
underlying the phenomena that compose the process, coupled with a very good knowl-
edge of mathematical functions and understanding of estimation theory.

Conversely, regression analysis of experimental data requires a priori decisions regard-
ing which are the dependent and independent variables of the process, the range of the
variables of interest, the size of the set of points, the frequency of collecting data, and the
necessary measurement accuracy. This activity requires knowledge of the DOE.

A set of important rules and practices for curve fitting, determined as a result of the
author’s modeling activity, are discussed in Section 2.4.10.3.

2.4.10.2 Weighted Least Squares Regression

The method of weighted least squares regression of experimental data takes into consid-
eration that different data measurements or groups of measurements have been done with
unequal precision; in such cases, weighted least squares regression implies selecting and
assigning different weights to data so that the weights shall be inversely proportional to
the estimated data accuracy. Practically, there are no measurements with zero error or infi-
nite error; that means the weights are positive real numbers, selected from a finite range,
and associated with each data point in the fitting criterion. The weight for each measure-
ment data is given relative to the weights of the other observations.
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Supposing that the best-fitting equation (model) has been identified, the question arises
as to what is the proportion of intuitively selected weights to the weights selected based on
prior statistical analysis of measurement errors.

A statistically optimal (maximum likelihood) choice for the weights’ values is the recip-
rocal of the measurement error variance (Beichelt, 2006). That is, the weights w; for the
independent variables x; are inversely proportional to the variance at each level of the
independent variable:

W= — (2.115)

This higher level of data processing offers an ability to perform regression analysis of
data of a varying quality. This method is also called the robust fitting method because it
offers the possibility of knocking out outlying data points.

For a deeper review of this subject, refer to other statistics books as indicated at the end
of this chapter.

2.4.10.3 Rules for Regression Analysis

In curve-fitting applications, some requirements are to be met, as follows:

¢ The practitioner has an intimate knowledge of the field in which the estimation
problem is embedded.

* Experimental data acquired for each couple of dependent-independent (response—
explanatory) variables exists for a minimum set of points (xi, gi) to support the
proper fitting of a known curve equation or to suggest the proper shape of a curve
to be fitted. We recommend at least six data points because:

* Two points suggest a straight line.

¢ Three points suggest a curve, but due to possible measurement errors, there
will be no safe indication about a minimum or maximum.

* Four or five points may suggest a spline, a straight line, or a curve.

¢ Six points is the minimum number to ensure a good value of the coefficient
of determination, if the fitting model was properly chosen. Discussion: If a
dependent variable is a function of three independent variables, a number of
6° = 216 experimental tests must be done. That will help in developing a very
good mathematical function of three unknowns.

¢ Experimental data points cover the entire region of the fit. This is required to help
find maximum, minimum, and inflection points of the fitting curve. Ideally, the data
points should be isotropically distributed over the entire range; that is, there is no
directional bias in regard to the placement of the points.

® Accuracy of the data is at least satisfactory relative to the variable variation range
as well as to the variable weight relative to the weights of the other variables.

Depending on the process type being modeled and the data points’ compliance with the
above-mentioned requirements, the mathematical model to be fitted to experimental data
must satisfy certain conditions as follows:
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¢ Acceptance of zero values for curves that start in or pass through the (0, 0) point.
¢ Exclusion of “division by zero” errors.

¢ Asymptotic tendency of the dependent variable to a value that makes sense and
can be determined by calculation or in an intuitive way.

¢ Flexible shape in regard to positioning of maximum, minimum, and inflection points.

* Minimum number of parameters. The more parameters, the more difficult is the
physical interpretation of the equation structure.

e Correct physical meaning of the parameters, especially at the extreme points of
the independent variable. For example, in many papers, the authors use the sec-
ond-order polynomial, y(x) = ax?+ bx + ¢, for data fitting. That means, when x =0,
the value y = ¢ shall allow a correct meaning in regard to the physical process. We
strongly discourage the use of this model; instead, use combinations of exponen-
tial functions as shown in numerous examples throughout this book.

* Reasonable estimates of initial parameter values; otherwise, there will be no con-
vergence in the fitting process.

® Reasonable values of residuals (vertical distance between the measured data point
and its corresponding point on the fitting curve). This is when a limited number of
outliers can be identified based on their relatively high residual values. Particular
attention should be paid to eliminating possible outliers before repeating the
regression process.

* Reasonable values of estimated parameters, for example, within the [-5, 5] inter-
val; unless some physical interpretation can be proven, getting estimated param-
eter values comparable with 10+3 shall be avoided by changing the fitting function
structure or definition.

¢ Good fitting result (R? > 0.9). High values of the coefficient of determination fur-
ther help in getting a good fit of a function of multiple variables.

* Very small standard error value as well as a 95% confidence interval relative to
each parameter’s estimated values.

Good curve-fitting software computes and displays graphically all data points, fitted
curves, residuals, R?, estimated standard values, errors, and 95% confidence intervals,
along with comments to help the researcher make further decisions in system/process
mathematical modeling.

2.5 System Simulation and Optimization
2.5.1 Introduction

In its broadest sense, system simulation is a convenient development tool for testing, evalu-
ating, and suggesting improvements of an existing or envisioned system/process, under
various physical configurations and functional settings of interest, over a compressed
period of time.

System simulation can be classified in simulation based on downscaled systems (tradi-
tional simulation), computer simulation, and simulation based on training simulators. All three
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materialization forms of simulation aim to reproduce similar systems (physical, virtual,
and combined, respectively) for the purpose of experimenting and investigating phenom-
ena and processes associated with the system of interest. In regard to simulation of combine
harvester processes, the most important is a computer simulation, accompanied by training
simulation, with simulators that emulate the automatic control functions of the combine
subsystems and help combine operators become accustomed to the machine. The related
subject of the book is centered mostly on computer simulation of combine harvesters.

Computer simulation is the process of emulating and experimenting with a physical sys-
tem through development of a computer application using a mathematical model, data
input/output interfaces, visual display, and animation features, followed by running the
virtual system according to real and diverse functioning and environment conditions of
the system of interest.

The purposes of system/process simulation are

¢ Gaining insight into the system operation/process performance and capability

¢ Testing system operation/process performance for finding errors/functional
limitations

¢ Developing and implementing new concepts, design, and operating procedures of
the simulation model

¢ Acquiring knowledge to be implemented in a (new) real system/process

® Saving product development time and costs (in most cases)

Dynamic, complex systems, such as combine harvesters, and their processes are diffi-
cult to understand, develop, and integrate without extensive testing, analysis, and results
implementation. Once a simulation model becomes operational, it may be tested for a
variety of extreme working and environmental conditions, while the performance is con-
tinuously monitored. Testing of a simulation model helps in the detection of deviations in
design, improper functioning of the system, and process performance limitations. Testing
also adds value to the product by compliance with customer requirements or expectations
(requirement-based testing). Based on the knowledge acquired by simulation, changes in
design, operation procedures, and resource policies may be applied to the real system to
be developed.

Running the simulation model on a computer offers the advantage of compressed-time
experimentation, repetitive runs, and real cost savings in comparison with extended time
and costs of material and labor for real system testing. Then, simulation helps eliminate
unforeseen bottlenecks and constitutes a research tool for further optimization of the sys-
tem and associated process. On top of these advantages, using an animation with continu-
ous display of system operating results helps strengthen model credibility and product
development feasibility.

System/process simulation also has disadvantages that are related to the expectations
associated with the simulation process. Such possible disadvantages refer to

* Questionable veracity and accuracy of results.

* System/process analysis limitations due to simplifying assumptions or hypoth-
eses formulated for simulation model development.

¢ Inefficiency of simulation process if its results are not implemented on the real
system. That means simulation alone does not solve the problems.
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The veracity and accuracy of system/process simulation results depend on the accuracy
of modeling of the real system, input data, and output interpretation. Many times, devel-
oping a mathematical model requires data from experimenting on existing real models.
Extrapolation of the results in simulation package development may also have a major
impact on simulation results.

Let us consider a simulation mathematical model of a real, continuous-time system, as
represented in Figure 2.1 and described by the nonlinear system of Equations 2.5 and
2.6, with n parameters p;, where i = 1, ..., n are used. Assumptions about the structure of
derivative vector f{t, x, u; p) and parameters p; are tested and refined using experimental
data acquired from the system testing. Tuning this simulation model is an iterative pro-
cess, as shown in Figure 2.15. An essential component of model validation and the parameter
identification process is minimization of an error function e(f, p), which quantifies the differ-
ence between outputs of the actual system and those of the simulation model (Klee and
Allen, 2011).

System/process optimization is the process coupled with a method of identifying certain
design and functional parameters of a system and its associated process, with the purpose
of simultaneous minimization and maximization (i.e., optimization) of certain performance
indices, without violating the other constraints. The most common performance indices of
a combine harvester are discussed in the Chapter 1 (Section 1.8); here are a few: through-
put of material (grains and MOG), proportion of separated grains, proportion of grain
losses, grain damage, and specific processing power requirements. System/process opti-
mization takes into consideration the following;:

® Specific properties of material that is to be processed.

e Specific design parameters of the equipment, whose values influence substantially
the system function (e.g., distance between every two consecutive bars or rods of
a threshing concave, crankshaft throw radius, etc.).

® Functional (process) parameters (e.g., angular speed of a shaft, combine speed, dis-
tance between rotor and concave, cleaning sieve angle, etc.).

e Operating procedures and process control algorithm. The operating procedures specify
the succession of process transition phases and associated settings, as well as the
correlation of steady-state process parameters. The control algorithm facilitates
the application of certain operating procedures and monitors the output (perfor-
mance) parameters versus the input and state parameters of the system.

V4 S l
u_| =t x, u, p) wi [ ey = At 330 1, p) | Ysin ~EVP) mine(f, p)
y =t % u) Vi = h(ty, xp0 147) h s
Mathematical Simulation System
model K T model identification
Physical | Yeoss min &(f, p)
system »
Parameter
identification

FIGURE 2.15
Iterative process of simulation model validation.
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2.5.2 Optimization Criteria and Algorithms

The task of optimization identifies the optimal choice that ensures the minimum or maxi-
mum value of at least one optimization criterion (single-objective problem) or more crite-
ria (multiobjective problem). An optimization criterion is a system/process performance
index whose value is established by a mathematical function or inequality. System/pro-
cess optimization implies the existence of a suitable predictive mathematical model that
can simulate the behavior of the real system. This is materialized into a set of equations
and inequalities that are called constraints.

An optimization model implies an intrinsic part of a simulation model coupled with a math-
ematical optimization method transposed into a computer algorithm, as shown in Figure 2.16.
Understanding fundamental properties of optimization problems and algorithms includes
key elements referring to the existence of mathematical solutions, a convergence rate, and
the stability of the algorithm. The solution of a typical optimization problem in the field
of combine harvesters must simultaneously satisfy multiobjective requirements, that is, opti-
mize multiple performance criteria.

Before optimization is attempted, the problem at hand must be properly formulated.

Suppose we already have experimental data from the testing of an existing working unit
(the system), which performs a certain process (e.g, cleaning unit/grain cleaning process). An
optimal cleaning unit produces a perfect cleaning process of a relatively high output, with max-
imum cleaned separated grain and minimum losses (including minimum not-rethreshed
ears), while preserving crop quality (minimum damaged grain) and minimizing the specific
power requirement. Thus, the system/process performance is assessed by a series of perfor-
mance criteria denoted by functions that have to be expressed mathematically and optimized
using a certain optimization method.

[ Real | | [ Virtual |
| _system_ || | _system |
I
System | Conceptual Mathematical
under stud | model model
|
| | Modeling
|
, I
: | Validation Simulation Optimization
| | experiment model algorithm
|
| | Uncertainty
: | Quantification
|
: | Experimental Simulation
: | data outcomes
: | Comparison
|
, |
: | No @ Yes Optimization
| | model
1
Optimal ! Implementation
system i

FIGURE 2.16
Integration of system modeling and simulation, and implementation of optimization results.
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Using the process theory, findings from literature, and available experimental data, com-
plemented by engineering innovation and skills in mathematics, one can finally build a
deterministic mathematical model whose functions are continuously differentiable (first
and second derivatives).

The system receives a series of inputs, its process is characterized by state variables, and
it generates a series of outputs. Regarding the cleaning unit, the inputs are represented
by specific crop properties, design parameters (e.g., crankshaft throw radius, sieve length,
sieve opening shape, size, distribution, proportion of total opening area, etc.), and a series
of functional parameters (e.g., crankshaft revolutions per minutes, sieve angle, airflow
direction, velocity, distribution, etc.).

The state parameters in this case would be the distribution of segregated grains within
the MOG layer, grain segregation speed, material speed over the sieve, percentage of
recovered unthreshed grains, and so forth.

Each objective function (performance criterion function) may depend on a large number
p of variables u;, i =1, ..., p, that can be expressed as a row vector:

T

u= |:u1 Uy ... up] (2.116)

A performance criterion F,, k = 1, ..., y, must be derived in terms of p parameters as
follows:

Fe = fi (w1, 12, u5) (2.117)

Since we have a number y of performance criteria, that is, a number of distinct functions
of u that need to be optimized, we will construct a vector

F(u)=[ A (), fr(u),....Fy ()] (2.118)
The problem has to be solved by finding a point u* such that
F(u*)=0 (2119

Sometimes, the point u* may not exist, but an approximate solution that simultaneously
reduces all functions or inequalities f,(u*), k =1, ..., y, close to zero.

Multiobjective optimization often means a compromise among contradictory criteria
(e.g, maximization of the material throughput and minimization of the proportion of
unthreshed grains). In such a case, additional criteria may need to be introduced, such as
a weight-based quantification of the importance of each optimization criterion. However,
solving the problem may result in not just one distinct solution (a maximum or a mini-
mum), but a few global and local optima (Figure 2.17). This happens because the mutual
influences between optimization objectives can be complicated and are not always obvious.

Generally, optimization algorithms can be divided into two main categories: determin-
istic and probabilistic algorithms.

A deterministic optimization algorithm is based on the state-space search of the solution based
on deterministic model equations if the dimensionality of the search space is not very high.

The taxonomy of probabilistic optimization algorithms identifies two basic groups of algo-
rithms, Monte Carlo algorithms and evolutionary algorithms (Weise, 2009), as shown in
Figure 2.18. Since an exhaustive treatment of these algorithms is beyond the size of this
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FIGURE 2.17
(See color insert.) Global and local optima of a two-dimensional function.
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FIGURE 2.18
Classification of probabilistic optimization algorithms. (Adapted from Weise, T., Global Optimization Algorithms:
Theory and Applications, 2nd ed., 2009 http://www.it-weise.de/projects/book.pdf.)
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book, we will briefly describe a few of them that, in our opinion, can be very well used
in process optimization of combine harvester processes, as combines have to work with
many types of crops in different environment conditions and work quality standards. Out
of all these optimization techniques, the genetic algorithms’ development and use are par-
ticularly related to the author’s research experience.

2.5.2.1 Evolutionary Algorithms

An evolutionary algorithm is a subset of evolutionary computation algorithms. An evolu-
tionary algorithm is a population-based optimization algorithm that emulates the natural
evolution of species through reproduction, mutation, migration, recombination, and selec-
tion, that is, evolution, to iteratively refine a set of candidate solutions for the optimization
problem at hand. The fitness function ascertains the environment to which the candidate
solutions (certain individuals of the population) are fitted.

The evolutionary algorithm method has the advantage of a “black box” character that
implies only a reduced number of assumptions about the underlying objective functions.
Usually, an evolutionary algorithm deals with multiobjective optimization criteria by fol-
lowing a cyclic optimization process, as represented in Figure 2.19.

The initial population of individuals (solution candidates) is randomly generated
from a certain range for each of them, for example, the revolutions per minute between
20 and 38 m/s, the total throughput from 1 to 15 kg/s, and so forth. The objective func-
tions are then evaluated for these individuals. Individuals are selected according to
their fitness for offspring generation. Then, the parents are recombined and some off-
spring undergo mutations with a certain probability. The fitness of the offspring is then
computed and the cycle can be repeated. The optimization cycle is followed until the
termination criteria are met; thus, the best individuals represent the solution of the
optimization problem.

There are some significant differences between the evolutionary algorithms and other
search and optimization methods. The evolutionary algorithms distinguish themselves
from other search and optimization methods by

* Parallel searching a population of potential solutions, not just a single parameter

¢ Not requiring derivative knowledge, but only the objective functions and their
satisfactory fitness levels

Initial population Evaluation Fitness assignment
of random, genome-based| by computing the associates a fitness
individuals (solution values of solution value to each solution
candidates) candidates candidate

Reproduction Selection
by crossover and mutation of the best-fitted

to create new individuals solution candidates

A

oSO8 A
N
.s'?' D

FIGURE 2.19
Optimization cycle of an evolutionary algorithm.
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* Using probabilistic transition rules, not deterministic ones

¢ Being straightforward methods to apply because no restrictions for the objective
functions need to be imposed

¢ Delivering very good results when the objective function definitions are weight
balanced well

¢ Potentially providing more solutions to a given problem and providing a conve-
nient choice to the user

The step sequence of an evolutionary algorithm is given in a pseudocode fashion as
follows:

BEGIN
F;, | INPUT n objective functions (i = 1, ..., n);
S, | INPUT initial population size;
tl 0;
Pop |INITIALIZE population of randomly chosen solution candidates;
EVALUATE each solution candidate;
WHILE termination criterion () DO
Mate | SELECT mating pool (Pop, S, Fi)i
Offs | CROSSOVER pair of parents for offspring generation;
MOff | MUTATE randomly a certain proportion of offspring (Offs,
Pr) ;
tl t+ 1;
Pop | FORM new population (Offs-MOffs, MOffs);
RETURN Extract Phenotypes (Extract Optimal Set (Pop)) ;
END

During selection, the close-fitted individuals have a better chance of being selected for
the new population. The evolution of individuals (solution candidates) is possible as an
adaptation process to the environmental requirements represented here by the objective
functions. Matching these objectives increases the viability, reflected by the best-fitted off-
spring (and possibly some individuals from the initial population).

2.5.2.2 Genetic Algorithms

Genetic algorithms are a subclass of the evolutionary algorithm group. Genetic algorithms
are parameter iterative search techniques that rely on analogies to the natural evolution
of species and individual selection based on Darwin’s principle of the survival of the fit-
test. Genetic algorithms work simultaneously on a set (population) of potential solutions
(individuals). The degree to which solutions meet certain performance requirements is
evaluated and used to select “surviving” individuals that will “reproduce” and generate a
new population. Then individuals will undergo alterations similar to the natural genetic
mutation and crossover.

From a programming perspective, in genetic algorithms, the elements of search space
are binary strings or arrays of other elementary types. As represented in Figure 2.20, the
genotypes are used in the reproduction operations, whereas the values of the objective
functions are computed on the basis of phenotypes that are obtained via the genotype-
phenotype mapping (Weise, 2009).
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FIGURE 2.20
Optimization cycle of a genetic algorithm. (Adapted from Weise, T., Global Optimization Algorithms: Theory and
Applications, 2nd ed., 2009 http://www.it-weise.de/projects/book.pdf.)

Genetic algorithms start with an initial randomly chosen population of potential solu-
tions (solution candidates). Each individual is characterized by a genetic representation
(chromosome). That means every set of parameters is coded to allow easy application of
genetic operators (crossover and mutation). Evaluation of each chromosome in each gener-
ation gives the measure of its fitness. The fittest individuals are selected to reproduce, that
is, to form a new generation (for the next iteration). Genetic operators are further applied to
alter the genetic information, and hence introduce new potential solutions into the search
scheme.

The selection scheme is biased toward high-performance solutions. A careful selection
of genetic algorithm structure and parameters guarantees a good chance of reaching the
global optimum solution after a reasonable number of iterations.

In Chapter 5, we describe in detail an example of a genetic algorithm for axial threshing
unit/process optimization, including the source code developed by the author.

2.5.2.3 Genetic Programming

Genetic programming can be defined as a set of evolutionary programming algorithms that
breed programs, algorithms, or similar constructs (Weise, 2009). Genetic programming
is an optimization technique because it automatically generates computer programs to
perform specific tasks (Koza, 1992; Montana and Beranek, 2002). The genetic program-
ming method is based on using a genetic algorithm to search through a space of possible
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FIGURE 2.21
Optimization cycle of a genetic programming algorithm.

computer programs for the optimal one to perform a certain task. Basically, genetic pro-
gramming is an evolutionary computation technique that automatically solves problems
without requiring the user to a priori know or specify the form or structure of the solution
(Poli et al., 2008). In comparison with genetic algorithms where the population is com-
posed of individuals (with assigned chromosomes), in genetic programming algorithms,
a population of computer programs evolve toward hopefully better populations of pro-
grams (cf. Figure 2.21). The genetic programming algorithm estimates how well a program
makes predictions by running it, and then compares its behavior with some ideal.

As an example, genetic programming can be used for solving a multiple regression prob-
lem that requires finding a multiple-valued function, in symbolic form, that fits an avail-
able set of experimental values of dependent variables associated with particular given
values of the independent variables.

As another example, in regard to this book’s objective, developing a combine process control
may require identifying a scheme based on receiving information from sensors about the
state of various combine units, and then, through genetic programming, using this infor-
mation for selecting an optimum sequence of actions that change the state of combine
working units and their associated processes.

For further information on the subject of genetic programming, see Koza (1992) and Poli
et al. (2008).

2.5.2.4 Memetic Algorithms

To solve an optimization problem, the principle of memetic algorithms is to simulate the
social evolution (where behavioral patterns are passed on in memes), unlike the genetic algo-
rithms that simulate the natural evolution by encoding the phenotypic features in genes
(Weise, 2009).

Thus, the memetic algorithms are a special kind of genetic algorithms with a local search
made by each of the individuals to improve their fitness to the objective functions’ value.
Thus, higher-quality individuals are selected for a new generation of solution candidates.
Then, like in genetic algorithms, once the parents have been selected, their chromosomes
are combined and the crossover operators are applied to generate new individuals. These
individuals will be enhanced based on a hill-climbing local search technique whose corre-
sponding algorithm is based on a loop that continuously moves toward increasing quality
value. The definition of local search operators applied within a memetic algorithm may
also be changed during the course of optimization. This type of memetic algorithm was
named coevolving memetic algorithm. It maintains two populations: one for genes encoding
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for solution candidates and one for memes encoding for local search operators to be used
within the memetic algorithm. It follows that even if a population contains only local
optima, changing the local search operators may provide a means of progression in addi-
tion to recombination and mutation results (Smith, 2007).

2.6 System/Process Control

Combine harvester modeling and simulation efforts are directed toward supporting spe-
cific applications from a system of systems perspective aimed at optimization, design,
testing, evaluation, and control of combine working processes during the harvesting of a
multitude of crop types and sorts. The control theory is very well elaborated, and the diver-
sity of control systems seems to make understanding them difficult, as well as our choice
for development of a common analysis and design strategy. While a thorough review of
control systems engineering is far beyond the scope and extent of this book, in the follow-
ing sections we attempt to review the basic concepts and theory of control systems engi-
neering to facilitate their integration with modeling, simulation, and design, and to ease
their application by the intended reader. Then, in each following chapter, we will highlight
the connection between the emerging theory, modeling, and design of combine harvesters
with various aspects of the control design.

2.6.1 Introduction in System/Process Control

A control system is a structured assembly consisting of subsystems and processes (plant)
that was built with the purpose to achieve and maintain, through deliberate guidance,
a desired output of the plant, at a certain performance level, given an input, which must be
specified in a convenient and proper form.

There are a few important advantages offered by control systems:

® Accuracy/precision enhancement
* Power amplification

¢ Convenience of input form

e Compensation for disturbances

e Remote control

Based on the linear system theory, the analysis of a system of interest assumes a cause—
effect relationship for the components of the system deriving from the processing of the input
variables by the system components to generate corresponding output variables. Thus, each
component (subsystem) is represented by a block with inputs and outputs. A block diagram
representation of component relationships consists of unidirectional, operational blocks, so
that each block illustrates the transfer function of the variable of interest. The output from
one component must be a compatible input for the adjacent component. When multiple
system components are interconnected, additional schematic elements, such as sumiming
junctions and pickoff points, are required. For generating and simplifying block diagrams,
the basic relationship displays in Table 2.1 are very useful. Since the transfer functions rep-
resent linear systems, the multiplication operation is commutative.
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TABLE 2.1
Equivalence of Block Diagrams
Description Actual Diagram Equivalent Diagram
1. Summing junction Xy X3=x1 + Xy
*1 X3
2. Cascade (series) x Xy X Xy
connection ™ G G GG,
3. Parallel connection
G, Al G4 G, 2
x %y
1 G,
4. Shifting signal: X G %y %, Xy
ickoff point G
P p {x, !
X1 =%/G
5. Shifting signal: X x%,/G

application point

1

6. Reduction of x G Xy X G %o
feedback loop (ﬁ Tl izcH [~
H

A negative sign of incoming signal at a summing junction means that the signal is sub-
tracted. Let us briefly discuss the current block diagram shown at item 6 in Table 2.1. The
incoming feedback signal at the junction function equals —H x, . Thus, the resulting input
signal of block G is x; — Hx,. Because x, = G(x, - Hx,), we get

X3 % X3

G

Xp=—77X
1+GH

! (2.120)

In the above example, the function H is a feedback transfer function of the output x,.

In terms of their internal architecture, the control systems are categorized as being either
open-loop or closed-loop systems. An open-loop control system relies only on preset process-
ing operations of the input (reference) commandy(s) to deliver the corresponding output (con-
trolled) variable(s), as represented in Figure 2.22. The controller of the process receives the
input commands through an input module (transducer) and delivers its commands to the
process (plant). Because an open-loop control system lacks the feedback, any possible distur-
bances may interfere with the controller and process outputs via corresponding summing

Disturbance 1 Disturbance 2
Desired input Input + Process + Actual output
= —= Controller (controlled
(reference) transducer (plant) iabl
Summing variable)
junction

FIGURE 2.22
Block diagram of a generic open-loop control system.
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Error

(actuating Disturbance 1 Disturbance 2
signal) ’
Lo + + Actual output
Desired input Input Controller i Process —= (controlled
(reference) transducer (plant) :
- Summing variable)
junction
Sensor
FIGURE 2.23

Block diagram of a generic closed-loop control system.

junctions. The open-loop system does not take corrective actions to alleviate undesirable
influences induced by disturbances.

In a closed-loop control system the output is fed back through a functional block with
a feedback transfer function (Figure 2.23). An output transducer, or sensor, measures the
output and converts it into a feedback signal whose form is accepted by the controller. The
signal resulting from the difference between the reference signal and the feedback signal
is called the error or actuating signal. If the error is zero, the process response is the desired
response; otherwise, any change in the output causes a change of the actuating signal
toward correcting the output value.

Closed-loop systems also compensate for disturbances by feeding back the output
response through a feedback path, and comparing that response to the input at the sum-
ming junction.

In comparison with open-loop systems, closed-loop control systems have the advantages
of greater control accuracy, lower sensitivity to disturbances and noise, and greater flex-
ibility by adjusting the gain (amplification) in the loop. However, they are more complex,
that is, expensive, and require attention to possible issues of response stability.

In time domain, if we want to represent the state-space model expressed by Equations 2.29
and 2.30, we apply the Laplace transformation to each vector component, which, assuming
zero initial conditions, will lead to the following equation system:

sX(s)=FX(s)+BU(s) (2.121)
Y(s)=HX(s)+DU(s) (2.122)
Solving Equation 2.121 for X(s), we get

X(s)=(sI—F) " BU(s) (2.123)

where I is the identity matrix.
Thus, solving for Y(s) yields

Y(s)=|H(s1-F)"B+DU(s)] (2124)

Now, we can develop the control system block diagram shown in Figure 2.24, where the feed-
back path corresponding to matrix F represents a natural feedback control. The path corresponding
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-F

FIGURE 2.24
Block diagram of a system state-space model.

FIGURE 2.25
Actual and desired path of a combine harvester in the field.

Error
Desired course Controller Steering Combine Actual course
of travel /driver mechanism harvester of travel

Measurement
visual and tactile

FIGURE 2.26
Block diagram of combine steering control system.

to D is called a feedforward path. In feedforward control, unknown, measured inputs are used to
generate control signals that can reduce errors due to possible variations in these inputs.

Let us consider the steering control system of a combine harvester moving in the field, as
shown in Figure 2.25. The desired course is compared with a measurement of the actual
course to find the error, as displayed by the control system block diagram of Figure 2.26.
The measurement is obtained by a visual or tactile feedback.

2.6.2 Control System Performance

The primary goal in designing a control system is to build a system that is highly sensitive
to the control input (sensitivity feature), achieves the desired output level as fast as possible
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(speed of response feature), and maintains it without, or with a relatively small, variation
(stability and steady-state error features). That is, the system has to have a low sensitivity to
noise, external disturbances, modeling errors, and parameter variations (robustness fea-
ture), as well as a reduced coupling among system variables (cross-sensitivity or dynamic
coupling feature). For system design and performance assessment, the above specifications
have to be indicated in a quantitative manner.

Two commonly used specifications in the time-domain design of control systems are
the speed of response and degree of stability. If the system is stable, the response to a specific
input signal indicates several measures of the system performance. In terms of response,
conventional performance specifications are given by an oscillatory (underdamped) sys-
tem to a unit step input, as shown in Figure 2.27. From the step response, the following
performance specifications can be derived:

* Rise time: Time required for the response to pass through the steady-state value.
e Peak time: Time at which the response reaches its first peak value.
* Peak magnitude: Response value at the peak time.

e Settling time, 2%: Time required for the response to settle within 2% of the steady-
state value.

Response y — Max. value of transient deviation
Command — Max. value of system deviation
(set point) ——— System deviation
Steady-state Damping factor (A/B)
value
KN AN
10— Z—_———!————— Tt—————f————— ——
09 mr————— B
Transient | Settling time band
deviation (2% and +5%)
Specified
percentages
]?ead of steady-
time state value
(10%—90%)
Peak
value
Initial
01 =7 value
0 I
Effectiye | Bu.ildup Time ¢
dead time time Response time
Settling time
FIGURE 2.27

Conventional performance specifications used in the time-domain design of control systems.
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If the system does not settle to its steady-state value, it is considered unstable; that is, the
settling time can be considered a relative measure of stability.

Besides the step input, two other standard test signals are commonly used: the ramp
input and the parabolic input. The ramp signal is given by the integral of the step input,
and the parabolic signal is represented by the integral of the ramp input.

The output response of a control system is the sum of two components: the forced response
(steady-state response) and the natural response. The amplitude of the forced response is deter-
mined by a pole of the input function. The amplitude of the natural response is determined
by a pole of the transfer function. The poles of a function are the roots of the characteristic
equation, which is the function denominator polynomial set equal to zero. The roots of the
numerator polynomial are called zeros. Both poles and zeros are critical frequencies, and
they are represented in an s plane (o, jo).

In the following, we briefly discuss the performance of a single-loop-feedback, second-
order system whose output, for a unit step input, is

(,02
Y(s)= n 2.125
) s(sz+2§0)ns+u)f,) ( )

where o,, the natural frequency, is the frequency of oscillation of the system, and ¢ is the
damping ratio.
The transient output of the Laplace transform (2.125) is

1
J1-¢

y(t)=1- e’C‘”"tsin(wnt 1-C +cos™! c) (2.126)

The responses of this second-order underdamped system for various values of the
damping ratio { are shown in Figure 2.28. The code for the MATLAB m-file that generates

FIGURE 2.28
(See color insert.) Transient responses of the second-order underdamped system for different damping ratio values.
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% Figure 2.29 code

% Transient responses of a second-order, under-damped system
clear all;

x = (0.03:0.03:0.9);

y = (0.5:0.5:15);

% xx is the damping ratio matrix

% yy is the matrix of natural frequency and time product

[xx,yy] = meshgrid(x,y);

b = sqrt(1-xx.12);

teta = 1./cos(xx);

% Z is the system output

Z = 1-(1./b).*(exp(-xx.*yy)).*sin(yy.*b+teta);

% Graph settings
set(gcf,'Color',[1,1,1]);

set(gcf, InvertHardCopy', off");
mesh(xx,yy,Z);

axis([01 015 0 2]);

colormap/(hsv);

set(gca, FontSize',[14]);
set(gca,'ZTick',[0 0.5 1 1.5 2]);
set(gca, XTick',[0 0.2 0.4 0.6 0.8 1]);
set(gca,'YTick,[03 6 9 12 15]);

FIGURE 2.29
MATLAB m-file code for the response of a second-order system to a unit step input.

the surface plot from Figure 2.28 is given in Figure 2.29. As the damping ratio decreases,
the response is more oscillatory. The control system designer may select several alternative
performance measures from the transient response of the system. The reader should refer-
ence the numerous books on control systems engineering, a few of which are listed at the
end of this chapter.

2.7 General Simulation and Control Model of a Combine Harvester

A combine harvester working in the field is a variable-mass terrain vehicle, with moving
parts and variable positions of the mass center, that must follow a certain path and per-
form various, interrelated processes of the plants and their components, while achieving
specified quality performance indices. There is an increasing need for the automatic con-
trol of the machine while working in the field due to higher productivity and quality per-
formance requirements, along with eliminating the differences in skills and performance
of combine operating individuals. On the other hand, autonomous vehicle systems form a
new, growing area that promises to allow humans remote control of them in various loca-
tions while performing different tasks.

This section has two main purposes: (1) to describe the general development concept,
structure, and block diagrams of a simulation package of combine harvester motion and
task in the field, and (2) to establish a guiding simulation frame to be followed throughout
the book and customized by the practitioner according to the specific needs of the project
of interest.
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The conceptual framework of the simulation model is formulated to meet key objectives,
such as modularity, flexibility, and portability. A hierarchical modular structure has been
defined that is highly flexible such that it can be adapted and organized to meet specific simu-
lation modes and combinations of modes, such as system behavior analysis and prediction,
testing and evaluation, personnel training, and software and hardware simulation in the loop.

For simulation purposes and advanced control, no matter whether the combine is oper-
ated by a simulation operator or controlled by a (GPS-like) based control system, a system
manager shall provide a priori all necessary data to fully characterize the vehicle, its path
in the field, its processing systems, the crop to be harvested, and field location coordinates.

The general simulation package (Figure 2.30), adapted from Perhinschi et al. (2010), is com-
posed of an input module, a nucleus module, and an output module and can be managed by
two categories of personnel: the human manager and the operator (user). The simulation
manager should not be confused with the other virtual managers or the human manager.
For a given combine harvester, the simulation manager provides the complete menu of
compatible simulation options based on the operator’s options and data availability, pro-
cesses the data, and distributes it to the nucleus module.

The input module includes the following submodules: operator’s interface, system data files,
and simulation manager’s input (Figure 2.31). The operator uses the operator interface to
interact with the system for actual data input, simulation definition, and initialization.
The human manager provides all general vehicle and working units’ data files, which are
necessary for setting the simulation configuration for a particular combine harvester. The
simulation manager is a software piece that performs data identification, processing, and
distribution, followed by the setting of the simulation configuration.

The auxiliary module is composed of submodules representing systems whose action may
be considered passive in nature, replaceable, and somehow redundant. The auxiliary mod-
ule includes the following submodules: the human operator model, the precision harvesting
module, and the terrain model (Figure 2.32). The human operator controls certain functions
of the combine harvester by commands that can be recorded and further used in simu-
lations with a mathematical model of a real operator. The precision harvesting module
takes into consideration the variability of crop distribution and crop yield in space and
time, as well as the vehicle motion models and tracking methods. The submodule of path
planning in the field computes the desired trajectory subject to an optimization process

s = = " —l
| Auxiliary Task |
system module
| module ‘ |
Input | Vehicle Process |
module | model module
| Decision Nucleus
Operator module module |
- 1
Output
module

FIGURE 2.30

Block diagram of general simulation package. (Perhinschi, M.G., M.R. Napolitano, and S. Tamayo. Integrated
simulation environment for unmanned autonomous systems: Towards a conceptual framework. Modeling and
Simulation in Engineering. Article 736201, 2010.)
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I
|
Operator |
|

|Data input routines

Operator interface

Graphical user
interface (GUI)

Option menus

ombine design data |

Matching option/data

| Auxiliary system data | |

Task data

| Data identification,
| processing, and

| distribution
|

|

Simulation manager

Simulation
configuration

]

!
—t—~

/ Nucleus>

module
Decision system data | Nmodw
_______ 1 [ P
FIGURE 2.31
Block diagram of the input module.
e T
| Precision harvesting |
| module : Task module
: Auxiliary | Yield mapping | : : Cereal tasks |
module |
: | Path planning : | | Corn task |
I | |
: | Vehicle motion | | | Sunflower task |
——I models | — |
: | | | Soybean task |
| | Tracking methods | | | |
| | | Bean crop tasks |
| Human operator | Recorded control | | : |
i h
e I S I I
| | Mathematical | |
I models :
| L |
| | Recorded control | |
: | input | Terrain model |
| L —— Known Unknown —I :
| terrain terrain | |
|
| : 3D maps GPSdata | :
| ______
| | Surface Terrain | | ——l_Vehlcle model |
| |properties modeling | : _______
|
| | Soil Terrain shape, | l
| I_features dimensions | :
. T T T T
FIGURE 2.32

Block diagrams of the auxiliary module and the task module.
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Vehicle model Process module
______ e T T ] .
| . . Plant handling
Input | Engine model Power train |
module | . . Plant cutting
—————— Dynamics Mechanic/ |
| . Hydrostatic | Stem collecting
______ | Automation
Auxiliary | | . Material feeding
module | Fuel consumption . |
—————— | Vehicle body | Threshing and
L N model separation
. B |
| Kinematics model | Straw walker
Steering Actuator separation
| model models Dynamics model |
- — _ | Grain cleaning
Decision module Sensors Grain collecting
__________________ module
Reference Structure, | : Software, : Current Grain conveying
|  control I hardware | | parameters | state
FIGURE 2.33

Block diagrams of the vehicle model, process module, and decision module.

(e.g., minimization of the number of turnings) unless the path is not imposed by the opera-
tor. Data from the terrain model, such as obstacles and interdiction areas, modeled as path
constraints, is used for the planning of the combine path in the field.

The block diagrams of the vehicle model, process module, and decision module
(Figure 2.33) are self-explanatory.

Designing such a system in detail is a tremendously challenging task. For simulation
and control purposes, most of the modules of this simulation package need a lot of inno-
vation for their integration, accompanied by information yet to be defined and described,
gathered, processed, further developed, and assembled in a proper format. This book aims
to represent a substantial contribution toward achieving this goal.
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Crop Harvesting Data and Plant Properties

3.1 Introduction

Plant processing performed by combine harvesters derives essentially from considering
crop data, physical and mechanical properties of the plants (stems and seeds), require-
ments for final product delivery in terms of form and quality, and combine work produc-
tivity. During combine harvesting, the plants are exposed to various mechanical stresses
(tensile, compression, bending, shearing, etc.), thermal stress, and acoustical and possibly
electrostatic effects.

The behavior of the plants during combine processing is the result of a combination of
their elastic—plastic material properties, granular material properties, and non-Newtonian
liquid-flow characteristics. Such behavior, involving complicated interactions and nonlin-
ear relationships, makes applying or adapting well-known theories of homogenous materi-
als, as well as the elaboration of reliable theories, difficult. Thus, it becomes more difficult
to mathematically model these properties for use in combine process modeling, simulation,
optimization, and control.

On the one hand, this chapter summarizes the crop data, and mechanical and physical
properties of the plants that are combine harvested. Some properties and data may not
be available from the published sources. On the other hand, in this chapter we attempt to
develop, where possible, several mathematical models that will help the readers beyond
the purpose of modeling, simulation, and design of combine harvesters.

3.2 Crop Data

For a good reference in modeling and design of combine harvesters, the crop data
presented in Tables 3.1 and 3.2 is the result of comparison and further statistical pro-
cessing of information acquired with predilection from countries with developed
agricultural practices. Since the amount and quality of information related to such a
subject are continuously evolving, in time a slight update may be welcome. In impe-
rial units, the grain yield (bu/acre) for each crop type is corrected to the moisture and
specific weight per the ANSI/ASAE D241.4 NOV98 standard.
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TABLE 3.1

Cereal Crop Data (above average)

Flax

Crop Type Wheat Barley Rye Triticale Oats Rice (Linseed)

Grain yield,*  4705-5915  3335-4415  3140-8500  2900-3760  2690-5100  5500-7500  1350-1570
kg/ha (bu/  (70-88) (62-82) (50-135) (52-67) (75-142)  (109-149)  (21.5-25)
acre)

Grain 14-18 11-15 18-22 15-19 14-18 17-21 10-12
moisture®
(wet basis),

%

MOG 7-11 8-13 11-16 8-12 8-12 12-16
moisture®
(wet basis),

%

Plants 180-290 180-290 194-237 215-300 130-240 15-23¢ 540-800
population, (16.7-27) (16.7-27) (18-22) (20-28) (12-22.3) (1.4-2.14) (50-75)
plants/m?

(plants /ft?)

2 Grain yields (bu/acre) are corrected according to the standard ANSI/ASAE D241.4 NOV98.

b During harvesting.

¢ Seedlings/m? (seedlings/ft?).

TABLE 3.2
Row Crop Data (above average)
Corn Canola
Crop Type Soybean Sunflower (Maize) Sorghum (Rape) Beans
Grain yield,* kg/ha 4538-4840 1680-2240 7200-9500 4080-6280  1500-2000  1500-3500
(bu/acre) (67.5-72) (46-62) (115-150) (65-100) (25.7-34) 24-56
Grain moisture® 12-16 9.5-12 18-23 16-20 10-14 15-18
(wet basis), %
MOG moisture® 12-16 20-38 12-22
(wet basis), %
Distance between 0.2-0.75 0.4-0.91 0.38-0.76 0.51-0.91 0.18-0.35 0.3-0.76
rows, m (in.) (7.5-30) (16-36) (15-30) (20-36) (7-14) (12-30)
Plant population, 25-41 455 7.4-8 8.7-17.5 44-68 30-43
plants/m? (plants/ (2.3-4) (0.37-0.51) (0.7-0.75) (0.8-1.6) (4.1-6.3) (2.75-4)
ft2)

2 Grain yields (bu/acre) are corrected according to the standard ANSI/ASAE D241.4 NOV98.

b During harvesting.

3.3 Plant Properties and Behavior Modeling

3.3.1 Physical and Mechanical Properties of Plant Stems

Physical and mechanical properties of plant stems govern their behavior under the effect of mechan-
ical forces, applied during combine harvesting, in terms of plant bending (toward the cutter
bar), cutting (shearing stress), ear removal (stem elongation), and further deformation by com-
pression, friction, and stem, ear, or panicle drawing (e.g, during the threshing process).

Plants are rheological materials whose properties follow non-Newtonian laws as derived
from their behavior in terms of plasticity and elasticity.
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TABLE 3.3

Properties of Cereal Stem at Harvesting Moisture

Crop Type Wheat Barley Rye Oats Rice

Plant height,? hpt, m (in.) 0.76-1.05 0.68-1.1 1.0-1.7 0.6-1.74 1-1.8 (39-70)

(30-41.3) (26.8-47) (39.4-66.9) (23.6-68.5)
Stem height,? ,,, m (in.) 0.67-0.93 0.56-0.96 0.9-1.55 0.52-1.5 0.82-1.52
(26.4-36.6) (22-37.8) (35.4-61) (20.5-59.06) (32.3-59.8)

Height to plant center of 0.38-0.52 0.3-0.55 0.51-0.92 0.31-0.9 0.32-0.60
gravity,® i, m (in.) (15-20.5) (11.8-217) (20-36.2) (12.2-35.4) (12.6-27.6)

Stem Min 2.95 (0.116) 2.9 (0.114) 2.9 (0.114) 2.1 (0.083) 3.2 (0.247)
diameter, Mean 4.2 (0.165) 45 (0.177) 3.6 (0.142) 3.8 (0.150) 6.2 (0.247)
mm (in.)  Max 475 (0.187) 5.1 (0.201) 4.5(0.177) 5.7 (0.244) 8.4 (0.33)

Stem wall thickness, mm 0.25-0.45 0.26-0.38 0.25-0.35
(in.) (0.01-0.018) (0.01-0.015) (0.01-0.014)

Stem tensile stress, N/ 6.8-12 11.1 (1610) 9.5-10.5
mm2 (Ib/in.?) (986.2-1,740.4) (1,378-1,523)

Stem bending stress, N/ 17.5-26.8 6.3-12.4 4.7-8.3
mm? (Ib/in.2) (2,538-3,887)  (913.7-1,798) (681.6-1,203.7)

Stem shearing stress, N/ 3.8-6.8 7.2-9.2 5.4-10.2
mm? (Ib/in.2) (551.1-986.2)  (1,044-1,334) (783.2-1,479.3)

Stem modulus of 2,000-6,799 11,064 10,500 390-1,210

elasticity, N/mm?

Note: 1 N/mm?=1Mpa.

2 Symbols shown in Figure 3.1.

To facilitate modeling, simulation, and optimization of combine processes, it is abso-
lutely necessary to consider reliable experimental data, as shown in Tables 3.3 and 3.4. The
symbols are shown in Figure 3.1. Presented data characterizes the stem material behav-
ior corresponding to plant maturity and environment conditions at harvesting time. That
means data from Table 3.3 should be simultaneously considered with data from Table 3.1,
and data from Table 3.4 should be paired with data from Table 3.2.

Although data presented in Tables 3.3 and 3.4 are self-explanatory, the reader should
review the mechanics theory if needed. This will facilitate a better understanding of the
plant bending model (Section 3.3.2), which is very important in the process modeling and
engineering design of the reel and header of a combine.

TABLE 3.4
Properties of Row Crop Stem at Harvesting Moisture
Corn

Crop Type Soybean  Sunflower (Maize) Sorghum
Plant height,* 1, m (in.) 0.35-1.15 0.75-1.15 0.98-2.50 0.79-2.76
Stem height,® I, m (in.) 0.29-1.05 0.7-1.08 0.89-2.18 0.8-2.47
Stem diameter, Min 6.38 21 14.0 5.1

mm (in.) Mean 8.05 25 21.8 115

Max 9.23 28 32.0 16.7

Note: 1 N/mm?=1 Mpa.
2 Symbols shown in Figure 3.1.
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FIGURE 3.1
Generic sketch of a cereal plant with symbols.

3.3.2 Plant Bending Modeling

Modeling of plant stem bending aims to mathematically describe the curved shape and
deflection of a stem when it is pushed laterally by a certain force (e.g., as exercised by the
reel bar). Mechanically, a simplified stem (a continuous medium, without leaves) can be
associated with a cantilevered, tapered beam with two possible types of cross sections:

1. Solid cross section (corn, sorghum)

2. Hollow cross section, with a variable wall thickness (wheat, barley, rye, oats, triti-
cale, etc.)

The shape of both types of cross sections could be either circular or oval (elliptical).

Mechanics theory already contains mathematical formulae for deflection of such cantile-
vered, tapered beams. We are interested in preparing the stem bending model as the stem
interacts with the reel bar.

In the following, the case of a cantilevered, tapered stem, with a circular hollow cross
section and linearly variable wall thickness (Figure 3.2) will be considered. The stem, with
the height h,,, is naturally supported in a vertical position. A force P is considered to act
perpendicularly on the longitudinal axis of the stem and maintain the contact point, ini-
tially established at the height s, on the stem. The length of the stem is &, and its outside
diameters are d, at the lower end and d, at the upper end (below the ear).

Let us consider the current cross section with the outside diameter d and the wall thick-
ness t. Then, y is the current vertical position, x is the corresponding deflection (horizontal
displacement), and 6 is the deflection angle.

The moment of inertia of current cross section, with thin wall (tan(0) = 0), is
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where d is the outside diameter of the cross section.
According to Thales’ theorem, we can write

d=d;—(d—dy)— (32)
hbe

b=t — (b —t)— (33)
hbe

We denote by s the arc length that corresponds to the position of the current cross section,
by E the modulus of elasticity of the stem (Tables 3.3 and 3.4), and by x the stem deflection
corresponding to the ordinate s.

The following formula (adapted from Hopkins (1970)) helps in estimating the maximum
deflection x, of the stem:

3 —
X, = ZIn(ﬁ] - (M’)(s —r”) (34)
2nEt, (n — r,,) Ty n n

with ;> 7, and £, is the wall thickness of the cross section, where the force P is applied.
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The radii 7, and r, are calculated to midthickness of the wall as follows:

_i-h (3.5)

(3.6)

and d, is the outside diameter of the stem corresponding to the position of applied force P.
According to the theory of cantilevered beam deflection, we can develop the following
formula to describe the deflection of the stem:

e DA B S B

where the radius r is calculated to midthickness of the wall as follows:

d—t
r=——

5 (3.8)

To find the center coordinates of a stem cross section where the force P is applied, we will
adapt the formula developed by Parkinson et al. (1996) as follows:

Yp=5p 1_[ xp J (39)

CbpSp

In the above equation, c,, is a bending coefficient that depends on the moments of inertia
ratio, as follows:

¢y = 0.0304321n (?j +0.91897 (3.10)

1

where:
I, is the moment of inertia of the cross section
I, is the moment of inertia at the bottom end of the stem

By extension, the stem curve equation is

2
X
=s,/1-| — 11
v=s1-( 2] 61
where
¢, = 0.0304321n (IIJ +0.91897 (3.12)
1

The moment I of inertia corresponds to the current cross section.
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For s, < s < hy, we shall use the following equation to describe the deflection of the stem:

x= M;Zi_rf{zln(ﬁ)—(ﬁ:j@—;ﬂ(s_sp) (3.13)

If the hollow cross section of the stem has an elliptical shape, the moment I of inertia is
calculated with the following formula (Gere and Timoshenko, 1997):

I= g[mrg —(ra—t)(rs —t)S] 314

where:
r,  is the major radius of the elliptical cross section of the stem
rz is the minor radius of the elliptical cross section of the stem

Deger et al. (2010) have published graphs of stem diameter and wall thickness varia-
tion in wheat and barley. Before measurement, the leaves wrapped around the stem
were removed; therefore, their additional material influence is not implicitly considered.
Nonetheless, based on such graphs and through regression analysis of their data, we have
developed mathematical models that can be used in a more rigorous approach for plant
stem modeling. It is understood that any misrepresentation in the graphical data may have
influenced our results.

The mathematical model that describes the variation of the average outside diameter of
plants with the stem height is

d=a(1+,)e " (3.15)

The coefficients a and b have the following values:

e In wheat: a = 3.6481 mm and b = 1.7637 mm~™ (R?= 0.995)
e Inbarley: a = 3.8077 mm and b = 1.962 mm™ (R?= 0.96)

One of the difficulties is choosing the right value of modulus of elasticity that, for different
crop varieties and field locations, may vary significantly due to individual structure and com-
position of the stems, whose anisotropic behavior is consistent with composite structures.
That is why, in modeling and simulation of the plant bending process, the practitioner should
consider different practical situations with their corresponding parameters and variables.

Application 3.1: Required Reel Force and Stem Curve Representation

Let us consider a wheat crop whose physical characteristics have the following mean values:

hy,=0.78 m
d,=4.75 mm
d,=3 mm
t,=0.2mm
t,=04 mm

E = 4200 N/mm?
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The height of the initial contact point with the header reel is
5,=0716m
and the last contact point of the stem with the reel bar has the ordinate
y,=0.63 m

The stem diameter and wall thickness at the initial contact point with the reel bar are

d,=d —(d - dz)]j—” =475 (4.75- 3)% =3.144 mm
be .
5, 0.716

ty=t—(h—t,) o= 04-(04-02)7 55 =0.216mm

be

The stem moment of inertia at the initial point of force application is

3 3
nt,(d, —t 0.216(3.337 - 0.216)
I, = o ’8 ) _ m0.216( . ) =2579 mm* =2.579*1072 m*

The moment of inertia at the stem base has the value

oty (d—#)  m0.4(4.75-04)

L= S s =1293 mm*=12.93*10"" m*

The ratio of the moments of inertia is I,, = 2.579/12.93 = 0.1995.
The bending coefficient corresponding to the initial point of force application is

L,

1

Cyp = 0.0304321n( ) +0.91897 = 0.0304321n0.1995 + 0.91897 = 0.87

That means the reel bar will produce a deflection x, of the stem:

2 2
Xp = CopSp,|1— Yol 0.87*0.716, (1 —( 0.63 J =0.296 m
5p 0.716

We will now calculate the radii ; and r, as follows:

n = di—t _ 475-04 2175 mm
2 2

d,—t, 3.144-0216
2 2

=1.464 mm

From the equation
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e
2nEt, (rl - rp) £ n i

we get

96 — P*716’ {zm(z.mj_[2.175-1.464)(3_ 1.464)}
2m* 4200%0.216(2.175 ~ 1.464)° 1.464 2175 2175

That means the force from the reel has the magnitude

pP= 0.296 =0.053 N/plant
5.564

This force shall be just a little big bigger due to friction of the reel bar with the plant.

Using Equation 3.7, for 0 < s < s, we get the equation that describes the deflection of
the stem as follows:

sy o e

2 —
e 0.053s 3{21n(2'175j—(2'175 r)(3_ r )}(2*0.716—5)
2m42004(2.175 ) r 2175 2175

where

d—t
yr=—

2

For s, < s < I, we will use Equation 3.13. That is,

2 —_—
e 00835 {Zln(z.mj_(z.m r)[s_ r H(s—o.m)
21m4200¢(2.175— 1) r 2.175 2.175

Then we use Equation 3.11 to describe the curve of the bent stem. The graph of the
stem curve is shown in Figure 3.3.

3.4 Plant Grain Properties
3.4.1 Physical and Mechanical Properties of Plant Grains

Most of the processes performed by a combine harvester are influenced decisively by grain
(seeds) physical properties such as shape, size, and moisture, as well as by their mechani-
cal properties. The dimensions of the grains are not uniform, but for a certain crop, they
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FIGURE 3.3
Wheat plant stem bending curve.

scatter around a mean value. Thus, it is absolutely necessary to determine the distribution
of physical properties to help in the decision process of combine harvester components, for
example, the opening size of the cleaning sieves. Chapter 2 explains in detail the analysis
of the values of a variable; therefore, the reader is referred there to apply the appropriate
knowledge in finding the mean and deviation of each variable of interest.

Then, different measuring indices are also useful, such as roundness, sphericity, and equiva-
lent diameter. Sitkei (1986) has described such indices quite extensively. Here we will give
two definitions of the equivalent geometric mean diameter d,, (mm) of the grains. One formula
implies the use of the mean values of seed dimensions and weight (Mohsenin, 1980; Song
and Litchfield, 1991):

dy, = (abc)"” (3.16)

where:
a is the mean length of the grains, mm
b is the mean width of the grains, mm
c is the mean thickness of the grains, mm

Physically, the values 4, b, and c are the dimensions of the smallest parallelepiped that
fully encloses a seed with mean sizes.

With another formula, the equivalent mean diameter d, of irregular shaped grains is given
by the diameter of a sphere of identical volume (adapted from Sitkei, 1986):

de = 3/— (317)

where:
w, is the weight of 1000 seeds/1000, g
p, is the mean true density (volumetric weight) of seed, g/mm3

Another important property of the seeds is the mean projected area a,; on a surface,
viewed from the perpendicular direction to a flat surface. This is best determined using
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image-processing software. The mean projected cross-sectional area can also be calculated
based on the volume of the seed as follows:

2/3
e = Ky (Z’J (3.18)

where k,, is the body shape factor. For a sphere, k,, = 1.21.

Sphericity sph, of seed is used to characterize the similarity between the seed shape and
a sphere and is quantified by the ratio of the equivalent mean diameter of the seed to the
diameter of the smallest circumscribing sphere, which is the size a:

sphs = %100 (3.19)

The roundness ©, of a seed expresses the measure of the sharpness of its edges and cor-
ners, and it is defined by the ratio of the largest projected area A, of the seed to the area of
its smallest circumscribing circle, as follows:

0, =t = 2 (3.20)

High values of sphericity and roundness indicate that the seed’s shape is close to a
spherical one.

Porosity (Por) of grain (bulk seeds) is defined as the proportion of the space in the bulk
grain that is not filled by the seeds. In other words, porosity is the ratio of the intergranular
volume to the total volume occupied by the grain. This ratio depends on the mean true
density of seeds (kernels) and the grain bulk density p, as expressed by the following
equation:

Por = (1 - pbj 100 (3.21)
Ps

The porosity for clean grains ranges from approximately 25% to 70%. Porosity allows
fluids to flow through a mass of particles referred to as a packed bed. Grain poros-
ity influences seed susceptibility to breakage, drying rate, and resistance to fungal
development.

Table 3.5 centralizes the values of physical properties: size, weight of 1000 seeds W,
(kg/m?3), mean true density of seed (particle), and bulk density of selected crop grains. The
ANSI/ASAE D241.4 standard contains further information on grain density, bulk density,
and the mass—moisture relationship for grain storage.

Ponce-Garcia et al. (2008) showed that mechanical and viscoelastic properties of wheat
kernels can be evaluated with the compression loading method by applying the theory
of elasticity. All wheat grain samples showed a rupture when the loading force was
around 18.5 N, independent of the wheat variety and moisture content. The wheat
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TABLE 3.6
Mean Values?® of Modulus of Elasticity in Wheat Kernels, Measured in a Single
Kernel

Kernel Modulus of
Wheat Thickness, Compression Compression  Final Stress, Elasticity,
Variety mm Area, mm? Force, N N/mm? N/mm?
Saturno 290 +0.16 1.83+ 043 69.92 + 8.75 40.00+1.07  232.14+55.41
Salamanca 2.97 +0.20 1.78 +0.28 7513 +7.79 43.30 +9.09 244.65 + 45.81
Cortazar 3.06 +0.14 1.56 +0.21 80.24 +5.83 50.05 + 9.46 308.54 +29.92
Rayon 2.82+0.14 1.47 +0.12 86.93 +5.82 6323 +1.39  321.46 +32.54
Alter 3.00+0.13 1.29 +0.13 92.58 + 3.66 71.05+8.88  438.65 +50.03
Sofia 3.03+0.16 1.22 +0.17 88.74 + 6.72 7153 £1.45  454.14 +79.36
Rafi 2.97 +0.13 1.15 +0.16 90.94 + 6.20 78.95+1.24 485.80 + 54.33

Source: Ponce-Garcia, N. et al., Cereal Chemistry 85(5):667-672, 2008.
2 Means =+ standard deviation values.

kernels have an elastic behavior, obeying Hooke’s law, as shown by a linear relationship
between load applied and deformation. Wheat with 9.3% moisture content has signifi-
cant elastic behavior in comparison with wheat tempered at 22.5% moisture that shows
plastic behavior. Table 3.6 shows mean values of modulus of elasticity in wheat kernels,
measured in a single kernel, along with significant testing data, including compression
force, compression area, and final compression stress values. The values of modulus of
elasticity of wheat kernels range from 99.2 N/mm? for 22.5% moisture content to 394.8 N/
mm? for 9.3% moisture content.

3.4.2 Mechanical Damage of Grains

The quality of harvested grains may be affected by damaging them due to mechanical
forces exerted by combine harvester active elements. Usually, mechanical damage of
grains is followed by rapid spoiling that affects the surrounding other grains during
storage.

The type, shape, and degree of grain damage during harvesting depend on the grain
species, variety, and physical and mechanical properties, as well as the type, frequency,
and strength of mechanical actions exerted on the grain by the combine harvester active
elements. The grains are damaged primarily during conveying and threshing processes.
Thus, it is very important to design and operate a combine harvester so that the mechanical
damage of grains is minimized.

The common components of cereal grains are the bran, germ (embryo), and endosperm.
The structure of wheat grain is shown in Figure 3.4. Grain damage occurs in the form of
rupture or cracking due to excessive stresses induced by impact, compression, drawing,
and so forth, as well as due to heavy friction during conveying.

The most common types of grain defects caused by combine harvesters are knocking
off, skinning, distortion, cracking, and splitting. Grains may have the germ knocked off or
scalloped out due to header action. Skinning is the damage of the grain protective husk
(of barley, oats), and it is caused by intense conveying and threshing actions. A skinned
grain may display the following types of damage: awn skinning, germ exposure, pearling,
split back, or split skirt. Awn skinning is the grain damage when more than a third of the
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FIGURE 3.4
Structure of wheat seed. (Courtesy of HGCA, Kenilworth, England, and Nabim, London, England.)

husk from awn end to the grain center has been removed. The germ is exposed when the
husk is removed from the germ end of the grain. Grain is pearled when the entire husk is
removed.

Distortion of the grain concerns changes of the grain shape due to nonuniform
distribution of a load on the grain. That causes the sliding of internal grain layers against
each other or their local deformation because of differences in mechanical properties (e.g.,
allowable compression stress).

Cracking of the grain is considered when it is limited to cracking of the grain bran or
surface layers due to high-impact forces or pressure. In such a case, the grain remains a
single piece without falling apart into smaller parts. If the grain divides into several pieces,
the damage is called splitting.

An individual kernel may have more than one defect. Certain damage may be assessed
in different ways, depending on grain use: direct (animal feeding), direct processing, or
storage. In the industrialized countries, grain damage is assessed based on government
market standards. Thus, the presence of shrunken, broken, or sprouted grains at levels
above the standard docks the grain grade and quality. Table 3.7 is an example of a primary
grade determinant for wheat quality, Canada Western Red Spring (CWRS) variety, issued
by the Canadian Grain Commission. This table also refers to other types of damage (e.g.,
natural stain, pink color) not produced by wheat combine harvesting, but possibly post-
harvest favored.

The Grain Inspection Handbook, issued by the U.S. Department of Agriculture (2004), con-
tains additional information on grain damage, sampling, and inspection.
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3.5 Aerodynamic Properties of Plant Grains and MOG

Different weeds infest grain-producing areas throughout the world. Wacker (1993)
described different ways to separate the weeds during harvesting, such as removing mate-
rial other than grain (MOG) components by collecting them in a trailer, adjusting com-
bine settings to collect the weed kernels, and destroying their viability during the harvest
process. Thus, during combine harvesting, the weed kernels and MOG components must
be separated from grains based on physical characteristics (dimension, sphericity, aspect
ratio, and weight) and aerodynamic properties (drag coefficient and terminal velocity).

A body placed into a fluid flow is subject to the action of friction force with the fluid, as
well as a drag force that resists the body’s motion through the fluid due to asymmetrical
pressure distribution on the body’s surface. Unlike the friction force, which is independent
of fluid flow velocity, the drag force depends on velocity. The drag force always decreases
fluid velocity relative to the body that was placed in the fluid flow.

The drag force F, (N) exerted on a given object can be derived from Bernoulli’s equation
of the pressure in a fluid and is given by the following equation:

F = %Cdp fAstJZf 3.22)

c; isthe drag coefficient (dimensionless)
p; is the fluid mass density, kg/m?

Ay is the cross-sectional body area normal to the fluid flow direction, m?
vy is the relative velocity between the object and fluid flow, m/s

The drag coefficient value depends on the body shape orientation, state of its surface, flow
direction relative to the body position, and Reynolds number Re. For bodies of well-defined
shape (sphere, cylinder, flat disc, etc.), the drag coefficient values can be found in Figure 3.5.

Shape Fluid Drag
flow coefficient
Sphere — O 0.47

Half-sphere ~ — CI 0.42
Cone — < os0
Cube — l:, 1.05

Angled cube — <> 0.80
Long cylinder —= [ | 0.82
Short cylinder —» |:| 115

Streamlined

body

Streamlined __ o ~— 0.09
half-body

—= > 0.04

FIGURE 3.5
Drag coefficients of regular shapes and bodies placed in a fluid flow.
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Drag coefficient variations with Reynolds number.

The variation of drag coefficient value with the Reynolds number is shown in a system of
logarithmic coordinates in Figure 3.6. In the case of a very small Reynolds number, the
Stokes’ law is applied. Thus, for Re < 1, the inertia forces may be neglected and only the
forces due to fluid viscosity can be considered. Above a Reynolds number of 1000, the drag
coefficient of a circular disc (very thin) becomes a constant: 1.17.

Harvested grains of many species are irregularly shaped, not to mention the MOG
components that are cut, fragmented, and deformed during different combine processes,
such as cutting, threshing, separation, and cleaning. During cleaning, grains and MOG ori-
ent themselves randomly and rotate in the airflow of the cleaning unit. That means the
projected area normal to the flow changes, making the cleaning process, or even carrying
out experiments for gathering the required design data, difficult. Table 3.8 contains drag
coefficient values for various crops.

TABLE 3.8
Drag Coefficient and Terminal Velocity Values for Various
Crop Grains

Drag Terminal Velocity, Reynolds
Crop Grains Coefficient m/s (ft/s) Number, Re
Wheat 0.50 579-9.6 (19-315)  2200-2750
Barley 0.50 7.01-9.0 (23-29.53)  2280-2570
Rye 6.1-8.23 (20-27) 2130-2450
Oats 0.47-0.51 52-83(17.1-27.2)  1750-2550
Soybean 045 7.92-14.5 (26-47.57)  6100-6300
Corn (maize) 0.56-0.7 9.7-11.4 (31.82-37.4)  5600-6680
Flax 0.5-0.52 4.6-4.7 (15.1-15.42) 836
Alfalfa 05 5.45 (17.89) 600
White kidney — 5.5-8.5 (18-27.89) —

beans
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Considering a fluid that moves vertically from bottom to top, the velocity of the main
body of the fluid, in which a placed object remains in the same position, is called the ter-
minal velocity of the object in that considered fluid. In this case, the drag force equals the
weight of the body, that is,

W= %cdpfAsfvfz (323)

Separating of grains from MOG during combine harvesting is achieved by using air
blown by fans of different designs. Combine harvested grains and MOG components have
different shapes and sizes. In a laminar flow, a particle, once settled, will generally main-
tain its orientation. So, what is the most probable particle orientation into the fluid body
so that we can calculate or measure the cross-sectional particle area A normal to the fluid
flow direction?

Some professionals consider the minimum cross section area of the particle when placed
in a laminar flow. However, the grains and wheat straw orient randomly and rotate about
the axis along their length, while this axis tends toward a horizontal plane position (Jiang
et al., 1984; Bilanski and Lal, 1965). Thus, the resultant force acting on the particle is the
vectorial summation of the vertical force exerted by the fluid through the particle center of
gravity, the horizontal force that tends to rotate the particle about a vertical axis, and the
torque of a couple that tends to change the inclination of the particle’s long axis.

For a certain grain with weight w,, the terminal velocity v, in an ascending airflow is
given by the following equation (Mohsenin, 1980):

0 = |20:(Ps=P2) (3.24)
Cdasfpspu
where:

ay is the cross-sectional area of a seed, normal to the fluid flow, m?
p, is the air density, kg/m?

p, isthe grain (seed) density, kg/m?

w, is the weight of 1000 seeds/1000, kg

Table 3.8 contains terminal velocity values for various crops. Similar information about
crop MOG components is given in Table 3.9.

3.6 Friction Coefficients of Plant Grains and MOG

During harvesting, the plant components (stems, leaves, chaff, grains, etc.) are subject
to friction due to sliding against each other, as well as due to their motion against the
combine harvester working devices: reel, cutting blades, conveyors, threshing rotor ele-
ments and concave, cleaning sieves, and so forth. Friction forces are very important for
the design of machine elements, for preserving the quality of the harvested grains, and
for preventing grain damage during combine processing.
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TABLE 3.9

Drag Coefficient and Terminal Velocity Values of MOG
Components of Selected Crops

Drag Terminal Velocity,
Crop MOG Components  Coefficient m/s (ft/s)
Wheat straw
6 mm long 0.84 5.15 (16.9)
25 mm long 0.80 4.25(13.94)
75 mm long 0.90 3.0 (9.84)

250 mm long 0.91 2.7 (8.86)
Various lengths 2.2-6.8 (7.22-22.31)
Wheat heads, unthreshed 6.5-9.2 (21.33-30.18)
Wheat heads, threshed 1.6-4.5 (5.25-14.76)
Corn cobs 6-12.3 (19.69-40.35)
Corn stover 6.4-15.4 (21-50.52)

Although not a fundamental force, a friction force arises at the contact point or surface
between two bodies as a summation of fundamental electromagnetic forces between the
charged particles of the contacting surfaces of those bodies.

A static friction force is the friction force that arises between two objects that have no rela-
tive movement to one other. For example, it is the force that prevents an object from sliding
down a ramp with a relatively small inclination angle. The static friction force is always
exerted on a body in the direction opposite that of its tentative direction of movement.

A dynamic friction force arises between two objects that move in relation to each other.
The dynamic friction force is always exerted on a body in the direction opposite that of the
body’s movement.

The law of friction between a force P parallel to the movement direction and required to
start or maintain the movement of a body, which exerts a force N in a direction normal to
the contact surface, is expressed in a simple form:

P=uN (3.25)

where p is the static u, or dynamic friction coefficient u, between the sliding body and the
surface.
Equation 3.21 is known as Coulomb’s law, and it is based on the following assumptions:

1. The friction force is independent of the dimensions of the contact surface between
the bodies.

2. The friction force is independent of sliding velocity.
3. The friction force depends on the nature of the contact surfaces.

These statements are valid mostly for dry friction cases; when wet materials are involved,
additional adhesion forces develop at the contact surface and the friction coefficient may be
altered. This happens because the adhesion forces depend on the size and shape of the contact
surface between the bodies. On the other side, the temperature rises at the contact surface, and
the friction coefficient may also be affected due to temperature sensitivity of plant components.

The static friction coefficient p; of a body sliding on the surface of a certain material
is given by the tangent of the angle at which the body starts to slide down the slope of
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TABLE 3.10

Static Friction Coefficients of Selected Crop Grains

Moisture Content,

Crop Grains Wet Basis, % Steel Wood
Wheat 12.7 0.29-0.32 0.42-0.47
16.4 0.42-0.49 0.50-0.52
Barley 12.7 0.29-0.30 0.43-0.47
16.4 0.34-0.36 0.47-0.51
Rye 12.7 0.30 0.41
16.4 0.37 0.47
Oats 12.7 0.27-0.30 0.40-0.44
16.4 0.33-0.43 0.44-0.49
Triticale 12.7 0.39 0.39
16.4 0.41 0.47
Rice 11.8-12.9 0.209-0.231 0.228-0.251
Soybean 8-16 0.17-0.29 0.30-0.43
Corn 5.15-22 0.38-0.57 0.36-0.59
White kidney beans 10-25 0.348-0.38 0.32-0.42

the considered material. The values of static friction coefficients of grains are shown in
Table 3.10 for different crop species, moisture contents, and natures of the material.

Since the force to maintain the motion of a sliding object is less than or equal to the force
required to initiate the motion, the dynamic coefficient of friction is less than or equal to the
static coefficient of friction.

The dynamic friction coefficient is very sensitive to the moisture content of the grains
and MOG, because the moisture wets the friction surface and the frictional force increases.
This requires a greater power requirement to process wet crops.

Plant MOG components (fragments of stalks, leaves, chaff, etc.) are not isotropic mate-
rials; consequently, their friction coefficient depends on their orientation relative to the
direction of movement. Figure 3.7 shows the variation of the friction coefficient of wheat
straw on a straw layer with the moisture content for various angles of orientation. Thus,
the mathematical model that describes this dependency is

Dynamic coefficient of friction

FIGURE 3.7
Dynamic friction coefficient of straw-on-straw layers for various angles of orientation.
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Wam = auMe(_buM_CB) (3.26)

where:
Moy is the dynamic coefficient of wheat straw on straw
a is the coefficient
b and c are the exponents
u,, is straw moisture content
B is the angle of straw orientation relative to the movement direction

Equation 3.26 is a result of nonlinear regression analysis of the data shown in figure 276
(Sitkei, 1986). Thus, a = 0.0195, b = 0.0141, and ¢ = 0.0078, while R?= 0.99.

For comparison, the dynamic (sliding) coefficient of straw on a galvanized steel surface
is 0.30.

For more information on mechanical properties of agricultural materials, the practitio-
ner is also referred to Sitkei (1986) and Stroshine (2004).
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4

Plant Cutting, Gathering, and Conveying
Processes and Equipment

4.1 Introduction

Plant cutting, gathering, and conveying are among the main combine harvesting pro-
cesses; they are performed by changeable headers coupled to a feeder-house, as required
for harvesting particular crops or for some harvesting technology (e.g., plant cutting vs.
grain stripping only). The types of headers were briefly described in the Chapter 1; they
are the standard grain header (platform header), draper header (for wheat, rice, barley, oats,
rye, triticale, and soybeans), corn header (for ears only or ears and stems), stripper header
(for rice), sunflower header, and pick-up header (for beans). In the following, the header
components are described along with mathematical models of their processes.

4.2 Grain Header

Ultimately, the main goal of combine harvesting is to retrieve from the field as much grain
as possible. The grain header is the first combine equipment that handles and gathers the
crop plants from the field.

Grain headers are used for harvesting cereals with small grains: wheat, barley, oats, rye,
triticale, rice, soybean, flax, milo, and other cereal crops. The headers are built in series of
four to six sizes (e.g., 6-12 m, 2040 ft) to work with combines of different sizes.

The grain header (Figure 4.1a) is made of a platform (1) with a frontal, reciprocating-
knife cutter bar (2); two lateral dividers of the plants (3); cross-mounted, equidistant crop-
lifting devices (4); a reel (5) with slates and metal or plastic tines (fingers); and an intake
auger (6), combined with a retractable-finger drum (7). All components, including power
transmission (8), are assembled on the header frame that has a welded structure.

While the combine is driven in the crop field, the reel rotates and its bars with fingers
enter vertically among the plants, which are then pushed toward the cutter bar, falling
on the platform and being gathered to the header center by the intake auger. Then, the
gathered material is pushed by the retractable-finger drum into the combine feeder-house,
which is the physical coupling interface between the header and the combine. The header
of modern combines is maintained at the operating height using a closed-loop control sys-
tem that receives the input from a sensor arm. The most common sensor arm is in the form
of a ground runner, which engages and rides over the soil surface (Figure 4.1b).
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FIGURE 4.1
(@) Main functional components of a grain header. (See color insert.) (b) Lateral view of a grain header in the
field. (Courtesy of CLAAS, Harsewinkel, Germany.)

A grain header may have some improved or additional components, as follows:
extendable platform, flexible floating cutter bar, full-fingered intake augers, full-width
retracting fingers, side cutter bars (Figure 1.28), different knife-guard combinations,
headlights, or an extended platform for rapeseed harvesting. A flexible cutter bar can
flex over field contours and ridges to better cut the plants that have pods close to the
ground (e.g., soybean).

4.2.1 Plant Supporting and Orienting Reel

The reel, the first active component of a header that comes into contact with the plants in
the field, has a pentagonal or hexagonal-prismatic structure spanning the entire header
length. Although reel designs may differ among major combine manufacturers, a reel
(Figure 4.2) is mainly composed of the following subassemblies: reel arms (1) whose posi-
tion is adjusted hydraulically, driving and nondriving end shafts, a central tube (2) that
has equidistant flanges (3), an eccentric end shield (4), bars with tines (fingers) (5), end
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FIGURE 4.2
Main components of a reel.

cranks (6), and power transmission components (mechanical or hydraulic). The space
between the flanges varies according to the length of the reel and the considered mechan-
ical robustness of the reel structure versus the total weight. Figure 4.3 shows a bar with
double tines; the helical spring between them makes the tines elastic, to minimize grain
shattering loss and plants entangling with them.

The main functions of a reel are as follows: dividing the plants in the field in bunches,
orienting them toward the cutter bar of the header, supporting them during the cut-
ting process, and shunting all of them on the header platform or draper. Additional
functional requirements must be satisfied by the reel: lifting the plants that are fallen
on the ground and avoiding grain shattering due to the impact of tine bars on the plant
ears.

The functional and constructional parameters of the reel process are shown in
Figures 4.4 and 4.5. As a combine progresses into the grain field, the tine bar must verti-
cally enter through the crop plants, and then the stalks are bent backward toward the
cutter bar, which slices them at the desired height, up to just below the heads of ripe
grains.

With reference to the fixed Cartesian coordinate system XOY in Figure 4.4, the absolute
movement of a tine bar is the result of the combination of the translational movement of

FIGURE 4.3
Reel bar with tines.
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FIGURE 4.4
Motion parameters of conventional tined reel.

- Reel bar trajectory
(cycloid )

FIGURE 4.5
Prolate cycloid trajectory of a reel tine bar.

the combine harvester with its velocity v, (m/s) and the rotation 7, (rpm) of the reel around
its own axis.

In the analysis of the reel tine bar kinematics, the following assumptions have been
made:

The reel rotational speed is constant and taken to be positive in the clockwise
sense of rotation.

The velocity v, of the combine harvester is constant and specified from throughput
requirements.

The tines have no rotational motion relative to the fixed coordinate system XOY.
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Let’s consider a reel bar at its initial position on the top of the reel (above its shaft). The
reel shaft initial position is given by the coordinates x,, y,. At an arbitrary time ¢, the posi-
tion of the center of the considered bar (we neglect the bar radius) is represented by the
following parametric equations of a cycloid:

x=x,+0vt+R,sinw,t
4.1
Y=Y, +R,cosm,t

x, isthe abscissa of the reel axis, m

y, is the ordinate of the reel axis, m

R, is the reel radius (to the tine bar center), m
., is the angular speed of the reel, m/s

The angular speed of the reel can be calculated with Equation 4.2 as follows:

T,

o, ,S 4.2
30 4.2)

Then,
Yr =het + Yie 4.3)

where:
h, is the plant cutting height, m
Y, is the vertical distance between the reel axis and the cutting bar plane, m

For reel kinematics analysis, the plant cutting height is considered known.
In a matrix format of homogenous coordinates, the displacement equations (4.1 and 4.3)
can be written as

X x, +ov.t  sinw,t cos W, t 1
y|=|ht+y,. cosmt —sinwt| R, 4.4
1 1 0 0 0

In the above equations, the following variables are considered unknown: x,, v,, ®, and R,.
Let us define the dimensionless kinematic index A, of the reel as the ratio

_O.R,
Oc

A, @.5)

The shape of the cycloid depends on the A, value. Thus, if A, < 1, the reel bar trajectory is
a curtate cycloid. In such a case, the reel bar not only does not bend the plants toward the
cutter bar, but contrarily, it pushes the plants toward the front direction of the combine. If
A, =1, the reel bar has no influence on the plants, except that it may shatter the grains by
striking some ears.
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The reel function is accomplished only on a segment of the trajectory, on the arc between
points 1 and 2, respectively, of the prolate cycloid, as shown in Figure 4.5. Along this tra-
jectory arc, the bar velocity is v, < 0. Thus, by deriving the first equation of the equation
system (4.1) with respect to the time, the reel bar speed must be

Uy =0, +®,R, cosw,t <0 4.6)

Accordingly, the reel function is accomplished if A, > 1, because cos o,t < 1.

The interval limits of the bar action on the plant correspond to points A and B, where the
tangents to the cycloid are vertical. That means, in these points, the horizontal component
of bar speed v, =0, that is,

.+ ®,R, cosm,t, =0 4.7)
Thus, the angle the bar enters among the plants in the field is given by the equation

w,t, = —arccos i 4.8)

r

This requires the ordinate of these points to be equal or slightly lower than the plants’
height. In other words, the height of the reel axis is given by the equation

R,
Yy <hy + W 4.9)

r

Accordingly, the vertical position of the reel axis above the cutting bar plane can be cal-
culated with the following equation:

R,
]/rc < hpt - hct + 7\'7 (410)

For an efficient action of the reel and to avoid excessive bending of the plants, as well as
prematurely breaking their stems, a bar of the reel shall act at or above the height of the
plant center weight. Mathematically, this can be expressed as follows:

Yre 2 hey — Nt + R, cos @,f 4.11)

where h, is the height to the plant center weight (m).

Thus, the height y,, of the reel axis should satisfy both Equations 4.10 and 4.11.

At the lower limit, with Equation 4.11, we can calculate the angle ¢, = ®,f; and then the
abscissa x; of point 1 as follows:

X1 =X, +0t1 + R, sinw,f; 4.12)

Applying Equation 3.11 to the actual configuration shown in Figure 4.5, for most bent
plants (located at x = x;) we can write the following equation:
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2
Y= ey 1—[’“"‘} (4.13)

Cbp hcw

where ¢, is the plant bending coefficient, calculated with Equation 3.12.

With the equations above, we can simulate the bending of the plant when the reel bar
moves from point 1 to point 2.

It is extremely important that the reel is low enough that the plant stem will be in contact
with the plant on the entire cycloid arc between points 1 and 2. As a consequence, there is
another functional condition that must be satisfied: the length of the bent plant from the
ground to the last contact point (2) shall be less than or equal to the stem height /.

Mathematically, we express this as follows:

n_x 12
(1+[yf(x)]) dx < I, @.14)
0
where
dy
(x)=Y 41
y'(x)=1 (4.15)

Corresponding speed components of the reel bar can be found by differentiating the
displacement matrix (4.4) with respect to time; thus, we get

Uy U, ®, cos ,t -, sinw,t || 1
v, |=|0 -osinwt -w,cosnt|| R, 4.16)
0 0 0 0 0

where v, is the reel bar velocity on the Y axis. The 3 x 3 square matrix is the velocity matrix;
the null components of the third row correspond to the velocity on the Z axis that obvi-
ously does not apply to the reel bar in this study.

Let us introduce a dimensionless parameter R, as the ratio

R, = & 4.17)
@,

that is, the advance of the combine per radian of reel rotation.
That means

A, =—" 4.18)

From Figure 4.5, it can be inferred that

ot +0,i =21 (4.19)
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Combining Equation 4.19 with the reel bar motion equations (4.1), we get the following
equation (Oduori et al., 2012):

XA —Xp 2 R?» 1
=\J1-(R\/R,) ——= Ry /R, 4.2
ZR, ( A / ) R, COS ( A / ) ( 0)
This may be simplified to
X4—X 155
(1) a2

This equation serves to help us choose the right kinematic index of the reel for a crop with
a certain plant height.

Let us note the number of the reel bar with z,. The distance between two homologous,
successive points of the trajectory of a bar is called the reel pitch p,. Its size is given by
Equation 4.22:

_ 27R,
A

pr 4.22)

The distance between two homologous points of the trajectories of two consecutive bars
is called the bar pitch p, and can be calculated as follows:

2nR,

=22 4.23
o (4.23)

Py

where 1, is the number of reel bars.

While the reel bar follows its trajectory between points 1 and 2, the contact point between
the row plants being bent and the reel bar changes between the points corresponding to
h., and h,,. One can combine Equations 4.14 and 4.16 to find the speed of the bar relative to
the plant stem over the cycloid arc between points 1 and 2.

Let us note with [, the length of the tine whose vertical inclination is given by the
angle @, (Figure 4.5). The coordinates x, and v, of the tine tip are given by the following
matrix:

X; X, +out—lsing, sinw,t cosw,t || 1
Yi|=| Nt +Yre —licos@,  cosw,t —sinm,t || R, 4.24)
1 1 0 0 0

The angle ¢, can be adjusted with the help of an eccentric end shield mounted on a
lateral side of the reel that rotates the crank of each bar. Once the angle ¢, is adjusted,
the corresponding speeds, velocities, and accelerations of a reel bar and tine tip at each
trajectory point are equal since the tines translate without rotating. The value of the reel
kinematic index shall be chosen so that when the bar and tines penetrate the lodged and
tangled crop foliage, the grain loss through ear shattering will be avoided or minimized.
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Ideally, the tine orientation should be changed over a full bar cycloid to satisfy the follow-
ing requirements:

¢ Avoid grain shattering by entering among the crop plants in a vertical position

e Lift and rank the plants when feeding the plants to the cutter bar and header
platform

¢ Release the cut plants on the header platform by retracting from the plants in a
vertical position

There must be a correlation between the reel and cutter bar actions. According to
Figure 4.6, when the leading bar follows its cycloid path between points 1 and 2, the cutter
bar moves between points C, and C,. This is a common working phase of the reel and cut-
ter bar. The plant that was bent the most is not cut during this time, simply because its stem
is not within the C,C, interval. After escaping from the bar influence, it relaxes a bit while
being cut by the cutter bar within the C;C, interval due to the action of the lagging reel bar.

Within the C,C; distance, the cutter bar works in two phases: an idle phase and a cut-
ting phase of relaxed plant stems, which are subjected to the wave propagation of plant
bending by the consecutive bar. An efficient process of the reel is obtained by choosing all
functional parameters so that the idle-phase duration of the cutter bar tends to zero.

When designing the header, the process of the reel needs to be optimized for harvest-
ing a relatively large range of crops, whose physical properties were given in Chapter 3.
Another thing must also be taken into consideration: the bending wave propagation
through the plants not being in direct contact with the reel bar. Ideally, modeling of plant
bending waves toward the reel or away from the reel due to wind influence would be the
best improvement of the mathematical models described above.

In the following, we suggest a mathematical model of wave propagation through the
plants due to the reel bar action. The neighboring plants that are behind (relative to the
combine sense of direction) are also pushed by the reel toward the cutting bar because of
the transfer of bent plant momentum via pressure and friction drag. A similar effect is the
wave propagation through a field crop caused by vortices. As a turbid medium, the plants
attenuate the wave propagation.

hbe
-

FIGURE 4.6
Correlation of reel and cutter bar actions.
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In a manner consistent with the Beer—Lambert exponential extinction law, we can assume
that the deflection f of plants in the X direction from their roots’ vertical direction decreases
exponentially with the distance measured from the reel bar current position, according to
the following law:

f = fo 4.25)

where:
f is the deflection of plants not in contact with the reel bar, from their vertical position, m
fo is the deflection of plants in contact with the reel bar, from their vertical position, m
a is the plant density attenuation coefficient
b is the plant foliage absorbing coefficient

The author considers that this is a new field where additional knowledge must be
acquired and incorporated into the models described in this chapter.

In modern combine harvesters, the diameter of the reel varies between 1.016 m (40 in.)
for the grain headers (with auger) and 1.65 m (65 in.) for the draper headers. The reel rota-
tion varies hydraulically or mechanically between 5 and 85 rpm for harvesting a large
range of cereals. The values of the kinematic index of the reel vary with the crop and crop
conditions. It is recommended that A, = 1.15-1.5.

To vary the angular speed, a reel can be powered mechanically using a double or mul-
tiple V-belt, or hydraulically. The height of the reel above the cutter bar can be adjusted by
rotating the reel arms with an angle within the range of -11° to +10° from its baseline using
hydraulic cylinders placed at the ends of the reel. Positioning the reel in the horizontal
direction relative to the cutter bar is also done with lateral hydraulic cylinders mounted on
the reel arms, as seen in Figure 4.1a.

4.2.2 Plant Cutting: Cutter Bar
4.2.2.1 General

During combine harvesting, depending on the crop and header type, the plants may be
cut by one of the following cutter types:

¢ Reciprocating cutter bar (grain header or draper header)
* Rotary blade cutters (corn header and sunflower header)
® Cutting discs (corn header)

A reciprocating cutter bar cuts the plant stalks between a moving and a resting blade,
while fast-moving rotary blade cutters make a free cut where the countersupportis ensured
by the moment of inertia of the stalk.

A corn header section may just wiredraw the stalk of the corn plant between two strip-
ping rotors, while a stripper (for rice, oats) does not cut the plant stems, the grain being
detached by combing the ears and stripping the grain only.

The standard reciprocating cutter bar (or sickle bar) is composed of three main com-
ponents: the carrying frame, the cutting blade system, and the driving mechanism.
The cutting blade system consists of a single or double reciprocating multiknife (mul-
titeeth) bar; a single reciprocating multiknife bar works in conjunction with stationary
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(@) , (b)

FIGURE 4.7
(@) Top view of a standard cutter bar (sickle bar). (Courtesy of Gebr. Schumacher. Eichelhardt, Germany.)
(b) Bottom view of a cutter bar assembled to the header platform.

FIGURE 4.8
Single reciprocating multiknife bar.

guard sickles acting also as a carrying frame (Figure 4.7a and b). The multiknife bar
(Figure 4.8) is composed of a flat bar (1), on which the multiteeth knives (2) and the end
blade (3) are assembled with the fasteners (5). The head assembly (4) connects with the
crank mechanism so that the multiknife bar reciprocates through the guard fingers. A
multiteeth (serrated) blade, typically the cutting tool, is a trapezoid-shaped tempered-
steel plate. The guard fingers may have cutouts with small riveted knives (counter-
knives), or the steel fingers’ edges are sharpened to act as counterknives. The fingers
divide the plants and support them during the cutting process; they also guard the
knives against rocks or soil unevenness. A required clearance between the knives and
counterknives or guard fingers is maintained by equally spaced, adjustable clips fas-
tened to the counterbar.

4.2.2.2 Cutter Bar Working Process

The stem cutting process of the reciprocating cutter bar can be decomposed in three
phases, as follows:

1. Separation of the plant stems and their slippage along the fingers toward the
knives

2. Forward and lateral inclination of the plants between the knives
3. Cutting of the stems and release of the knives from cut material
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During the first phase, the fingers divide the crop plants in strips by inclining them lat-
erally, while the cutting bar mounted on the combine header moves forward.

During the second phase, the stems come progressively into contact with the cutting
edges of the knives and counterknives (finger edges). During phase 3, the stems are cut
through a shearing mode. The geometry and design of the knives depend on the forces
required to cut the plant and the desired cutting area covered by the absolute motion of
the knives; they are studied in correlation with the combine speed and the lateral speed
of the knives, which results from the reciprocating motion of the multiknife bar relative to
the guard fingers.

Figure 4.9 shows the forces acting on the counterknife (finger) by a plant stalk during
the phase 1 contact. The plant that was laterally moved by the finger exercises the normal
force N on it. Due to friction, the finger pushes the plant stalk with force F;. The plant stalk
will be cut if the plant slides along the finger edge into the working area of the cutter bar.
This condition is met if the resistant force T, due to stalk bending resistance and inertia, is
higher than the friction force, that is, T > F. This means

Rcosos > Rsinoy (4.26)

where yi;is the friction coefficient of the plant with the finger (counterknife).
If ¢y is the friction angle of the plant with the finger, then

Ur= tan (0 (4.27)

Combining the last two equations, we get the required condition so that the plant stalk
slides along the finger edge:

cos((xf+(pf)>0 (4.28)

FIGURE 4.9
Forces acting on the counterknife (finger) by a plant stalk.
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FIGURE 4.10
Forces developed by the knife (blade) on a plant stalk during the contact.

During the second phase, the plants come progressively into contact with the cutting
edges of the blades. Figure 4.10 shows the forces developed by a knife (blade) on a plant
stalk during the contact. Due to the reciprocating motion of the cutter bar, the value and
direction sense of the blade speed v,, change continuously. If the cutter bar is driven using
an eccentric crank—connecting rod (crank-conrod) mechanism whose crank angular speed
is o, and length 7, the blade speed v,, is given by the following equation:

Vpy = 1. SIN O (4.29)

where t is the time.

The instantaneous absolute speed of a point of the cutting blade relative to the ground
is v,, with the direction given by the angle ¢, whose value changes as the speed v,, value
changes.

During the contact with the cutting blade, the plant stalk develops a resistance force R
due to the stalk bending, as well as due to plant inertia. Its component T tends to move the
stalk along the cutting edge, while the friction force F; opposes the movement of the plant
relative to the blade edge. If @, is the friction angle of the plant stalk with the cutting blade,
then we can write

T = tan @, (4.30)

Change in the direction of the force R is given by the value and sign of the angle
X, as shown in Figure 4.10a and b. Consequently, there are two distinct situations, as
follows:

1. Angle x < 0. In this case, the force T acts toward the blade base. In such a case,

congestion of the plant stalks at the blade base occurs; this will negatively impact
the cutting process during the next phase. Taking into account that

X=€—0 4.31)

provided that the plant stalks do not slip toward the cutting blade base, the follow-
ing condition applies:

ES 0+ @ 4.32)
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This is equivalent to

Oc

Upx

< tan (o, + @) 4.33)
Since the maximum value of sin ot = 1, the following condition must be met to
prevent sliding the plant stalks to the base of the cutting blade:

Lo (tan oy, + tan @y )

c =

1-tan o, tan @, (4.34)

2. Angle y > 0. In this case, the force T acts toward the front of the cutting blade; thus,
there is a risk of the plant escaping and remaining uncut. Taking into account that,
in this case,

xX=0p—¢ (4.35)

to prevent the plants from escaping uncut from the cutter bar, the following condi-
tion applies:

€2 @y — 0y (4.36)

The last inequality is equivalent to the following one:

> .7 (tan o —tan (pb)

4.37)
1+tano, tan @,

According to the above-stated conditions, when harvesting a crop whose plant stalk’s
friction angle with the cutter blade is ¢, the combine harvester speed v, should be chosen
within the interval given by the following inequalities:

o.r(tan o, — tan ¢y <o < wr (tan o, + tan ¢ ) 4.38)
T 7 1-tano,tang, .

1+ tan o, tan @,

The equation above implies correlation of design parameters r and o, and functional
parameter o, with the plant stalk’s friction angle ¢, when combine speed is specified. The
friction angle depends on crop parameters such as stalk diameter and rigidity, stalk mois-
ture at harvesting time, plant density, and cutting height relative to the ground. Cutting
quality depends on the angles o, and o, sharpening angles of the blade and counterknife,
thickness of the cutting edge, clearance between the blade and the counterknife mounted
on the finger, and cutting speed.

Optimum values of the blade sharpening angles are 19°-25°. Recommended values of
cutting edge thickness are 25-30 pm (0.0001-0.0012 in.). Satisfactory cutting of the cere-
als is ensured as long as the edge thickness of the cutting blade is less than or equal to
0.125 mm (0.005 in.).
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Clearance between the cutting blade and counterknife influences not only the
quality of cutting, but also the wear of the cutting edges and cutting power con-
sumption. A good quality of cutting implies a lower resistance of the stalk to cutting
than its resistance to bending within the space defined by the clearance between
the knife and counterknife. When the cutter bar is made of smooth-edged knives,
the clearance is 0.1-0.3 mm (0.004-0.012 in.). When the cutter bar is made of ser-
rated knives, the clearance between a knife and counterknife should be a maximum
0.3 mm (0.012 in.).

In the following, we analyze the forces (shown in Figure 4.11) that act on the plant stalk
during the cutting process to determine the values of design angles o, and o The stalk is
retained between the active cutting edges if the sum of the forces on the X and Y directions
satisfies the following two conditions:

M FE=0 4.39)
M F,<0 (4.40)

That is,
Nicosoy, + Fsinay, —Nycoso —Fsinoy =0
Nisinoy, —F cosay + N;psinoy —Fcosoy <0
F =N tang,

Fz = N2 tan(pf (441)

By solving Equation 4.41, we get the following condition for the plant stalk to be retained
between the knife and counterknife:

0 + 0L < O+ 4.42)

FIGURE 4.11
Forces acting on the stalk during cutting.
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The values of friction angles ¢, + ¢; depend on crop and stalk moisture and the
blade type: if smooth-edged or serrated blade. In wheat and rye, when the blades are
smooth-edged, these values are ¢, + ¢,= 20°-30° when the plant’s moisture is 14%, and
@, + @p= 25°-35° when the moisture is 22%. Thus, the values of a, = 18°-29°.

The cutter bar can also be made of two reciprocating-knife bars whose movement direc-
tions are always opposite to each other. This construction offers a great advantage: a better
dynamic balancing. It is more expensive though.

4.2.2.3 Driving Mechanisms of Cutter Bar

The reciprocating motion of the multiknife bar relative to the fingers is generated by dif-
ferent mechanisms that convert the rotational motion of a shaft to a harmonic oscillatory
motion of the multiknife bar that acts as a slider. In combine harvester headers, one of the
following mechanisms is used to drive the cutter bar:

¢ Crank-conrod-slider mechanism (two-dimensional (2D) or three-dimensional
(3D) configuration, with concentric or eccentric slider)

¢ Crank-conrod-rocker mechanism

¢ Wobble mechanism

The crank—conrod—slider mechanism with 2D configuration is well known from an
engineering point of view and clearly explained in other engineering books, both
mathematically and in terms of design. In the following, we analyze an eccentric crank-
conrod-slider mechanism. In such a mechanism, the direction of motion of the slider
does not go through the center of the crank rotation, but is eccentrically shifted at the
distance ¢, (Figure 4.12). The rotation of the crank with the length r, can be represented
by its angular speed o, and angular acceleration ¢, The length of the connecting rod
(conrod) is I,

For mathematical modeling of this mechanism, the following functional assumptions
are made:

® The crank rotates with a uniform angular speed.

¢ The unique degree of freedom 6 = w .t is measured from the conrod position corre-
sponding to the outer dead center (ODC) of the mechanism. The ¢ is the time variable.

zt
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FIGURE 4.12
Crank—conrod-slider diagram. IDC, internal dead center; ODC, outer dead center.
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* The cutter bar is connected to the slider joint and moves along the y; direction. The
movement origin corresponds to point B.

¢ Both the crank and the conrod are considered infinitely rigid bodies.

The slider (cutter bar) displacement y; during the time ¢ is given by the following
equation:

yp = (r.+1,)cosPo —1.cos (0 —Po)— \/1,2 - [es +7.8in(6— [30)]2 4.43)

The value of the angle B, at the outer dead position is determined geometrically from the
following equation:

Bo = arcsin r:: i 4.44)
Let us make the following notations:
® The crank angular position 6* measured from the negative X axis is
0*=0-f (4.45)
¢ The stroke/conrod length ratio ¢ is defined as
c= IL (4.46)
¢ The eccentricity ratio 9 is defined as
9= 4.47)
Thus, Equation 4.43 becomes
yp = (1. +1,)cosPo — 1. cos O * —l,\/l - (19 +¢sin® *)2 (4.48)

Let us develop the square root expression in a power series based on the following
formula:

(1+x)" = 1+nx+%(—1+n)nx2 +%(—2+n)(—1+n)nx3 +0[x]", x €[0,3] (4.49)

Because n = 1/2 is small, we retain the first two terms only, and the square root expres-
sion can be written as



156 Combine Harvesters: Theory, Modeling, and Design

1/2

[1 —(9+¢sin@ *)ZT/Z =[1- (9% +20sin6*+¢sin’0*)]

= 1—%(192 +20¢sin 0% +¢* sinze*) (4.50)

That leads to the following form of Equation 4.48:

yp =1, [(g +1)cosPy —gcos0* -1+ %(192 +29¢sin@* +¢*sin® 0 *)} 4.51)

By deriving it with respect to time, the equation of the slider (cutter bar) linear speed
is

g = 1,0, [sin6*+1‘}cose*+;gsin (26 *)} @.52)

Consequently, the acceleration of the slider is given by the following equation:

i/5 = .07 c0s0* —0¥'sin O * +¢ cos (20*)] (4.53)

Because the stroke/conrod length ratio ¢ = 0.04-0.1, it can be considered that the cut-
ter bar movement is similar to a harmonic oscillatory one. In his PhD thesis, C. Maglioni
(2009) has extensively developed the sensitivity analysis for this mechanism type, includ-
ing the dynamic analysis.

The crank-conrod—rocker mechanism works in a way similar to that of the crank-conrod
mechanism. The main role of the rocker is to satisfy geometry-related requirements of
mechanical design, although this equates to introduction of a few other mechanical parts,
and the overall functional reliability of this mechanism is lower than the reliability of the
crank-conrod mechanism.

The wobble mechanism (Figure 4.13) uses a crankshaft (1), which is a crankshaft with a
bent-axis crank (2) and element (3), to oscillate the pivot (4) and the sickle yoke shaft (5).
The pivot (4) axis is perpendicular to the element (3) of the crankshaft. The output shaft (6),
which is an integral part of the yoke shaft (5), rotates the crank (7) whose length is I.

The wobble mechanism has the functional advantage of three kinematic rotation cou-
plings with concentric axes. The extreme points of rotating elements 3 to 5 move within
separate spherical surfaces with a common center O.

Let us consider that point A of crank 2 rotates with a constant angular speed o, within a
plane that is parallel to the YOZ plane. At the same time, point B of pivot 4 has an oscilla-
tory motion within the plane XOZ.

The space x the cutter bar moves is given by the following equation:

x= l(sinoc—sin{) 4.54)

Element 3 has the length [, and the length of the pivot radius OB is ,.



Plant Cutting, Gathering, and Conveying Processes and Equipment 157

FIGURE 4.13
Kinematics of a wobble mechanism.

The equations of the vectors I, and 1, are as follows:

L, i l,cosa. I sinosinmt [, sino.cos ot
L |=]j||-1sing 0 1, cos( (4.55)
0 k 0 0 0

Because the axis of pivot 4 is perpendicular to element 3, we can write

l,-1,=0 (4.56)

This leads to the following equation:

tan{ = tan o.cos (o.t) @.57)

By introducing all of the above into Equation 4.54, we get the equation of the space on
which the cutter bar moves as follows:

. COS Mt
x=Isino|1- £ e (4.58)
cos oc(l + tan® o cos® mct)
Consequently, the equations of the cutter bar speed and acceleration are
sin .t
v, = o Jtana < 372 4.59)
(1 + tan® o . cos® o)ct)
1+3tan” 0.—2tan” o cos” ot
a, = ol tan o.cos .t s (4.60)

(1 +tan? o cos? (Dct)
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The speed of a cutter bar driven by a wobble mechanism is lower at the middle of the
stroke than the speed of a cutter bar driven by a crank—conrod mechanism. The differ-
ence in speed is proportional to the angle o, whose values are within the 15°-30° range.
The maximum value of the acceleration of a cutter bar driven by a wobble mechanism
is also lower than the maximum acceleration of a cutter bar driven by a crank-conrod
mechanism.

The crankshaft is usually belt driven, and overload protection is ensured in the form of
controlled-drive belt slippage. The bent part of the crankshaft, the bearing over element 3,
the bearing housing, and the yoke can be fully enclosed by a box with oil bath lubrication.
Figure 4.14 shows a view with 90° cross sections of such a wobble box.

4.2.2.4 Knife Cutting Speed, Pattern, and Area

The cutting speed of a knife has an important influence on the plant cutting process qual-
ity and power consumption; that is why we study this in conjunction with the combine
speed, and also derive the cutting pattern and area of the field covered by the absolute
movement of the knife. It is very difficult to know the instantaneous displacement of the
knife inside the plant stem. Thus, it is more useful to study it based on the absolute dis-
placement of the knife. To cut the plants, the cutting speed has to be higher than or at least
equal to the minimum cutting speed, which is established experimentally for each crop.
It is enough to satisfy this condition at the beginning and at the end of the cutting stroke,
which is smaller than the movement stroke of the knife.

] |
]
7 t\?.! 1'% !

FIGURE 4.14
Cross sections of a wobble mechanism box.
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If we simplify the knife movement to a harmonic oscillatory one, the space and speed
equations can be written as follows:

x=1.(1-cosw) (4.61)

Uy = O 1 SINOF 2> Upin 4.62)

The cutting speed depends on the cutter bar type and the type of driving mechanism.
If v is the recommended cutting speed of the crop stems, then the minimum angular
speed o, of the crank is given by

v
Xs (Sc - xs)

I\

o, (4.63)

where:
S.= 2r, is the cutter bar stroke, in m
x, is the position of the knife at the beginning or end of the cutting process

Because the angular speed of the input shaft is

_n

®, =
30

(4.64)

the rotation n per minute of the input shaft can be calculated as follows:

0> 300

In cereals, v = 1.5-2 m/s, and in corn or other plants with a thick stem, v = 2.5 m/s.

When the cutter bar is driven by a crank-conrod mechanism, the mathematical law that
describes the relative speed of a knife along the cutter bar is given by the equation of a
circle with the radius

r=5./2 (4.66)

as shown in Figure 4.15.
If the graph is drawn at w, scale, then the speed at any abscissa x of the knife position is

v, = @7, sinod = 0. AB (4.67)

During the cutting process, the plant stems are cut along the cutting edges of the coun-
terknives mounted on the cutter bar fingers. The knife displacement over a certain surface
of the field results in bending the plants toward the counterknife, which has a rectilinear
motion as the combine harvester moves in the field with the speed v,, which we assume to
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.z

FIGURE 4.15
Knife speed variation along the stroke.

be constant for the purposes of this study. Due to a combination of the reciprocating rec-
tilinear motion of the knife and the forward motion of the combine harvester, each knife
follows an S-curve, which helps in defining the knife cutting pattern and effective cutting
area (Figure 4.16).
In Figure 4.16, the following notations have been used:
S is the knife stroke, m
p is the knife pitch, m
po is the finger pitch, m
Y. 1is the feedrate per knife cutting edge, kg/(sm)
2b  is the width of the ledger plate (counterknife) mounted on the finger, m
a, is the length of the active part of the knife, m

S=p=po=2r, 4.68)

During the time ¢ = n/w, the crank rotates 180° and point O moves to point O,.
Thus, the equation of the point O trajectory is

Xo =T. [1 —cos(nyo /yc):l (4.69)

In Figure 4.16, one can distinguish a few surfaces that are covered by the knife and coun-
terknife, as follows:

¢ Plants under the finger are pushed laterally and forward due to the friction with
the finger and the counterknife.

e Surface F, is covered by the knife when the plants are cut by a knife cutting edge
with the counterknife along line a;b;.

® Surface F, is covered by both cutting edges of the knife during the forward and
return strokes.

e Surface F; is not covered by any knife edge.
* Surface F, represents 60%-72% of the total surface.

The plants from the surface F, are practically pushed forward and cut around point d,
during the return stroke of the knife; the agglomeration of the stems around this point
causes a rapid wearing out of the cutting edge of the knife in that particular location.
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FIGURE 4.16
Knife cutting pattern and area.

Because some of the plants are inclined more than the others until their stems are cut,
the height of the stubble is not uniform.

4.2.3 Plant Collecting: Auger and Draper

Tremendous gains in combine harvester capacity and efficiency have placed ever-increas-
ing demands on the grain header, whose header auger has to gather the cut material and
forward it to a retractable-finger drum, and then through the feeder-house into the com-
bine. Gathering an ever-larger volume of material is very important, although the impact
of design and correct setting of the auger is often downplayed.

The header auger spans the whole length of the header to drag the cut plants in. The
cross auger is made of two similar sections that are arranged symmetrically with the
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retractable-finger drum (Figure 4.17). Each section is made of a steel barrel (1) and a
helical high spiral (2). The spirals have opposite wrapping angles, so that the material
is collected and transported from the lateral sides to the center of the header. The barrel
diameter d, has values within the 200-300 mm range; the outside diameter D, = 400-
500 mm, while the spiral pitch p,=200-400 mm.

The feedrate g, of the auger can be calculated with the following formula:

_ "J(Dg_dg)pawpp
Yo = 3

, kg /s (4.70)

where p, is the volumetric mass of cut material (kg/m? and  is the fill factor, 0 < y < 1.
This factor characterizes how much the space between the helical spirals is filled with cut

material. Usually, y = 0.05-0.35.
@
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FIGURE 4.17
Header auger with retractable-finger drum.
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The retractable-finger drum (Figure 4.17) takes the material delivered by the auger sections
and pushes it through the bottom section into the feeder-house. It is made of a crank-
shaft (3) with a fixed but adjustable position and the fingers (4), which are articulated on
the crankshaft and slides through spherical bushings mounted on the auger barrel. These
bushings are mounted on the barrel on a helical path at an angle of 60°-90°. The distance
between the paths of two adjacent fingers is 25-30 mm (1-1 5/16 in.).. The drum has a
length of 1-1.5 m (40-59 in.) and a diameter equal to the auger barrel diameter d,,.

The most important parameters of the retractable-finger drum are the drum angular
speed, which is equal to the auger angular speed; the instantaneous speed of the tip of the
finger; and the variation law of the fingertip path outside the auger barrel.

The speed of the fingertip must be lower than the speed of grain detachment from the
ears. Then, the finger has to be outside of the barrel between the points corresponding to
the start of material gathering from the auger and leaving the material at the entrance of
the feeder-house section, so that no material will be recirculated.

The geometric and functional parameters of a retractable-finger drum are shown in
Figure 4.18a and b. The drum radius is ,= d,/2. The crank of the crankshaft has the length
r, and its orientation is described by the adjustable angle a. The finger has the length /;and
is articulated with the crank in joint A.

The finger shown in Figure 4.18a is in the process of gathering the cut material, while the
finger shown in Figure 4.18b is in the position of leaving the material at the feeder in the
feeder-house. While the drum rotates with the angular speed ,, the finger rotates with
the angular speed o, At the moment when the finger overlaps the crank (p,= 0°) and when
the finger is in the crank extension position (¢, = 180°), o;= w,. Since the angles ¢, and ¢,
vary during the same time, we can write

o _ P5 @.71)
o, (Df

For a complete rotation of the drum, the angle fi;between the finger direction and radial
direction is given by the following equation:

o
QY% —re N NG
A
Br B A
2]
< B3

(a) (b)

FIGURE 4.18
(a, b) Geometry and kinematics sketch of a retractable-finger drum.
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Br=

00— Oy| 4.72)

Thus, depending on the finger position, from the triangles OAB, we can write

1, = AB-cosB + 1. cos(n—¢,)

@.73)
t, = AB-cosB + 1. cos(@, — )
Since
cos(m—¢@,) = cos(9, — ) = —cos @, 4.74)
we can write
1, = AB-cosBs —r.cos @, 4.75)
From the speed triangle, the following equation can be developed:
.7, cosPs = AB-oy 4.76)
In the OAB triangle, by applying Pythagoras’s generalized theorem, we get
AB® =17 +17 = 21,1, cos(n—@,) @.77)

From Equations 4.75 through 4.77, the following equation for the finger angular speed
can be developed:

®, 7 (rﬂ + 1, cos (pa)

0= )
I Y2 412 =21, cos @, (4.78)

The length of the finger /;, outside of the drum can be calculated with the following
formula:

lp=1f— \/rf +12 = 21,1, COS @, 4.79)

and has values within the following range: [, = [[;—7,, [=r].

Due to progressive withdrawal of the fingers in the back of the drum (relative to
the combine movement direction), the material is released and taken up by the chain
conveyor.

A draper header uses fabric or a rubber conveyor apron instead of a cross auger. A draper
header may have two or three belts; two cross (lateral) belts gather and transport the cut
material to the middle of the header, while the center in-feed belt or a retractable-finger
drum pushes the material toward the chain conveyor or other type of conveyor for feeding
the material into the threshing system.
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Cross belt of a draper header.

A belt (Figure 4.19) is composed of a drive roller, an idle roller, the fabric or a rub-
ber flat belt with transversal scrapers, and a tensioning system to maintain the belt
tensioned against slippery over the rollers. A draper roller is a cylindrical roller with
sealed, nongreasable bearings. The belt is usually guided on its lateral sides by dif-
ferent forms of guides, such as V-shaped guides. The cross belt width is 1.016-1.067 m
(40-42 in.) and runs at a speed within the 0-4.4 m/s (0-173 in./min) range. The center
in-feed belt width is 1.25-2 m (49-78.75 in.) and runs at a speed within the 0-3.9 m/s
(0-135.5 in./min) range.

Figure 4.20 shows a sketch of a cross belt with its geometric and functional parameters.
Because the cross belt gathers and transports, with a constant speed v;, the cut material
from one end of the header to its center, the belt load varies proportionally with the belt
length Lj.

Let us assume that the combine speed v, is constant and the speed direction is oriented
from the reader to this page. If m,, is the mass of the cut plants per square meter, then the
specific throughput g, (kg/ms) of the material falling down per unit of belt length is given
by the following equation:

qdpo = Mpo0Uc (480)

The total throughput g,,, (kg/s) of cut material flowing in the X direction (opposite direc-
tion of the combine) over the length y of the belt is

Gpy = GpoY 4.81)

The direction of the material flow is changed from the X sense of direction to the Y
direction. Thus, we can write that at coordinate y, the throughput on the Y direction is

FIGURE 4.20
Sketch of the cross belt transportation process.
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Gy = yloyUBPupe (4.82)

where:
I, 1is the average length of the cut plants, m
vy is the belt speed, m/s
Py, 1s the volumetric mass of the bulk plants, kg/m?

e is the filling coefficient, with values between 0 and 1

This coefficient depends on the cut plant’s orientation on the belt, as well as on the plant’s
compactness on the belt.

The height h, of the material at coordinate y is given by the following formula, deducted
from combining Equations 4.80 through 4.82:

MUl

h =
Y UBlcppbpe

4.83)

Therefore, the height of cut plants over the belt varies from 0 to a maximum value at the
coordinate y = L.
Aty = Ly, the total throughput g, of cut plants is given by the following equation:

qp = GpoLs 4.84)

If the result is multiplied by 2, we get the total throughput of cut material that has to be
fed into the combine through the center in-feed belt.

4.3 Stripper Header
4.3.1 Introduction

The stripper header was originally conceived by Keith Shelbourne (Shelbourne
Reynolds, 2013) in the mid-1980s as an alternative solution to the classical grain header
and an approach to the threshing process without cutting the plants from the field. The
basic concept of the stripping process is illustrated in Figure 4.21. A rearward rotating
rotor (1), carrying comb-like stripping elements (2) with keyhole-slotted teeth, strips the
grains and fragments of ears from the crop as the combine moves through the crop. The
rotor fingers comb the stalks and tear off the ears. By stripping, the ears, pedicels, ear
fragments, and chaff are pulled apart by the stripping fingers. As a result, the mixture
of grains, chaff, and ear fragments move backward along the upper hood (3) and drop
into a conveying auger (4) due to the inertial force and the airflow-carrying force. Plants
standing in the field are channeled into the stripping area by first being bent toward by
the leading bar (guide nose) (5).

Today, Shelbourne Reynolds (2013) manufactures stripper headers of 3-9.8 m width that
equip combine harvesters of different makers, such as CLAAS, John Deere, New Holland,
Massey Fergusson, and others. Figures 1.40 through 1.42 show a schematic and views of
the Shelbourne Reynolds stripper header.
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FIGURE 4.21
Basic concept of grain-stripping process.

There are some advantages to using a stripper header instead of a classical grain
header:

¢ Up to 20% of the straw enters the combine harvester; combine harvester perfor-
mance depends heavily on the grain-to-straw ratio.

¢ Under normal harvesting conditions (e.g., crop maturity, moisture), the combine
throughput increases by over 50% to more than 100% at equal grain loss levels
(Klinner et al., 1987a,b).

¢ In wheat, up to 80% of the grains are threshed by the stripper.

¢ The combine harvester has reduced power consumption.

Grain stripping has also disadvantages. When grains are harvested with a stripper,
the straw is left on soil. The straw may be incorporated into the soil at 0.15-0.2 m (6-8 in.)
depth by plowing and then becomes an organic fertilizer. Thus, the yield in wheat and
barley production increases during the first year after plowing. During grain stripping,
the stripper header losses increase significantly with crop maturity. Some research stud-
ies show that up to 75% of the total field grain losses are due to the stripping process
(Glancey, 1997).

4.3.2 Grain-Stripping Process

The functional and constructional parameters of the stripper process are shown in
Figure 4.22. We denote by R, the radius of the rotor, which rotates with the constant angu-
lar speed w,. The fingers are mounted in an inclined position relative to the radial direc-
tion, so that R, is the corresponding radius to the fingertip.

Let us denote by &, the minimum height of the crop plants just below the ears, while
hy; is the maximum height of the crop plants, including the ear (note the difference in
definitions). The stripper working height &, shall be between #,, and h,,.
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Cycloid path of
the fingertip

FIGURE 4.22
Functional and constructional parameters of the stripper process.

As a combine progresses into the grain field with the constant speed v,, the guide nose
of the stripper initially bends the plants forward so that if they escape, the finger will catch
the plant stem.

The stripper finger shall be in a horizontal position (point a) when the smallest plants are
approached at the height &,,. At the position corresponding to point b at the height 1, the
stripping process of the highest plants is completed.

With reference to the fixed Cartesian coordinate system XOY in Figure 4.22, the absolute
movement of a stripper finger is the result of a combination of the translational movement
of the combine harvester with a velocity v, and the rotation of the stripper rotor around its
own axis. Thus, a point at the finger base will describe a cycloid.

Let us define the dimensionless kinematic index A, of the stripper as the ratio

A, = (4.85)

The shape of the cycloid depends on the X, value. Thus, if A, < 1, the stripper finger tra-
jectory is a curtate cycloid. In such a case, the stripper not only does not strip the plants,
but contrarily, it pushes the plants toward the front of the combine. The stripper rotor
function is accomplished only on the first segment of the trajectory, on the arc between
points 2 and 5, respectively, of the prolate cycloid, as shown in Figure 4.22.

The parametric equations of the cycloid are as follows:

x =v.t+R, cosm,t

(4.86)
y=h,+R,sinw,t
The angular speed of the reel can be calculated with Equation 4.87 as follows:
o, = M 1 (4.87)

30’
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where n, is the rotor rotation (rpm).
At point a, the equations of the finger-base path are

X, =0, + R, cosw,t,
(4.88)
Ya=hy =h, =R, sinw,t,

From the second equation, we get the angle when the finger plate should be in a hori-
zontal position:

sinw,t, = e =P (4.89)
R,
From the first equation of the system (4.88), we get
Ccosm,t, = Yo~ Ocda (4.90)
R,

If we replace the term cos w,t, in the second equation of the system (4.88), we obtain the
cycloid equation

2
Yo=h —R,[1 —("“ ;’Ct”) 4.91)

This is equivalent to the following equation:

e =l =R = (x, — vt} 4.92)
y

When the finger approaches the lowest-height plants under the ears, the bent stalk curve
is tangent to the path in point a. From a geometric stand point of view, they have a common
tangent; mathematically, the first derivatives of the finger trajectory and the stalk curve are
equal. In the following, we will apply this concept.

Thus, by applying Equation 3.11, we can write the stalk curve equation:

2
Xg— X1
a= h emin 1-| ——
¥ b ( N j 4.93)
where the coefficient of bending ¢, can be calculated with Equation 3.12 and h,,,;,, is the

minimum height of crop stalks below the ears.

By equalizing the first derivatives of Equations 4.92 and 4.93, one can determine the
stripper height or combine speed.

Another approach assumes positioning of the stripper rotor low enough so that the fin-
gers begin stripping at the point of the vertical-upward velocity; this means that the plants
are tangent to the cycloid and in a vertical position (Yuan and Lan, 2007). That implies a
higher h, coordinate of the rotor axis; this may become a problem when crops are lodged
or laid closed to the ground.
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The distance between two homologous, successive points of the trajectory of a finger
row is called the stripper pitch p, (Equation 4.94):

_ 2mR,
M

Ps (4.94)

The distance between two homologous points of the trajectories of two consecutive fin-
ger rows is called the row pitch p, and can be calculated as follows:

_2mR,
A1,

v

4.95)

where 7, is the number of consecutive finger rows.

In terms of grain loss, while the rotor is gradually lifted, the loss increases due to splash-
ing the grain at a lower elevation than the guide nose level or due to an improper geomet-
ric configuration of the upper hood.

The designing of a stripper is ultimately an optimization problem to correlate dimen-
sional and functional parameters when a variety of crops are considered. A good
suggestion is to develop a genetic algorithm. Readers may want to adapt the genetic
algorithm discussed in Chapter 5 as an example for optimization of an axial threshing
unit process.

4.4 Corn Header
4.4.1 Introduction

An introduction to corn headers was given in Section 1.5.3. For a more detailed descrip-
tion, some parts of that section are mentioned here as well.
Corn headers can be classified based on their main functions, as follows:

o Corn headers for collecting the ears only, while the stalks are pulled down

e Chopping corn headers that collect the ears and chop the stalks whose fragments are
spread on the field

o Integral corn headers that collect the ears and chop and collect the stalk fragments,
to be left on the soil as a continuous swath or to be collected into a trailer that
moves in parallel to the combine

Combine harvesters are equipped with row crop corn headers for harvesting 6 to 24 rows
at a time (Figure 1.31). These corn headers are built in series of 6-row, 8-row, 12-row, 16-row,
and so forth. The number of harvested rows is determined by the combine class following
capacity and engine power requirements, for example, 165-215 kW (220290 hp) for 6-8
rows, 225-345 kW (300-460 hp) for 8-12 rows, and so forth. The distance between cornrows
can be as tight as 0.38 m (15 in.), although 0.762 m (30 in.) is most common.

The components of a corn header are shown in Figure 4.23: a structural welded frame
(1), outer fenders and shields (2) and outer snout with point (3) (on left hand; same on the
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FIGURE 4.23
Components of a corn header.

right hand), crop/row dividers composed of a narrow row center snout (5) with point and
a center divider (4), a wear tip (6), the gathering auger (7), and lateral lights (8). Under every
two adjacent row dividers, there is mounted a row unit composed of stalk rolls with augers
9), snapping plates (10), and ear gathering chains (11) with pins (Figure 4.24). The driving
gearbox of the stalk rolls is not shown. The crop/row dividers match accurately the row
width (some models may have an adjustable row spacing design). Most modern combines
have an automatic header height control, terrain contour-following capability, and a flex-
ible sensing wand-based row steer function, as well as single-unit coupling systems for
hydraulic and electric connections with the machine. For crops with tangled corn stalks
or lying down on the soil, a very good solution is represented by hydraulic-driven spiral
augers mounted under outer shields (Figure 4.25). Such an auger pushes the stalks into the
header. A good example is Polytin corn headers (developed by VH Manufacturing, Rock
Valley, IA), whose lateral augers are 0.2 m (8 in.) in diameter and 0.91 m (3 ft) long.

The chopping corn headers have the same working components as the corn headers and
one of the following additional assemblies:

* A pair of rotary knives under each pair of stalk rolls
¢ A combination of stalk rolls with knives that replaces the stalk rolls

® Transversal rotary knives

A chopping corn header may have a two-blade or three-blade rotating cutter (Figure 1.35),
which is driven right from the row unit gearbox. Such a cutter chops the stalks that are

FIGURE 4.24
(See color insert.) Functional components of a corn header row section.
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FIGURE 4.25
Spiral auger mounted under the outer shield.

pulled down by the stalk rolls. The chopped material is spread on the field, and later it is
incorporated into the soil during plowing or tillage operations.

The stalk rolls with knives (Figure 4.26) sever the stalks while being pulled down. Such a
stalk roll with knives manufactured by Cressoni is made of a shaft (1), helical spirals (2),
radial multiblades (3), and four longitudinal knives (4).

Geringhoff (2013) manufactures chopping corn headers whose row units use a combi-
nation of a regular stalk roll and a shaft with transversal cutting blades. Such innovative
design solutions eliminate a subsequent stalk-shredding operation, though some stalks
may break and enter the machine with their ears.

A corn header that is equipped under the row units with a transversally positioned
rotary cutter and an auger may be classified as a chopping corn header if the cut mate-
rial is spread on the soil, or as an integral corn header if the spiral auger gathers the
cut material, which could be further pushed by means of a fan into a collecting unit
that is pulled close to the combine harvester. The rotary cutter chops the stalks and
simultaneously throws the chopped stalks, leaves, and weeds back to the auger, which
collects this material mixture and can leave it on the field as a continuous swath to be
later picked up and baled.

FIGURE 4.26
Stalk roll with knives and transversal blades. (Courtesy of Cressoni, Volta Mantovana, Italy.)
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4.4.2 Row Unit Process and Working Elements

The row unit process is comprised of three phases: grasping the stalks between the stalk
rolls, stalk drawing, and corn ear detachment.

The feeding of each row unit of a corn header is ensured by poly snouts and by tapered-
finger gathering chains (Figure 4.24) that drive the plant stalks between the cantilevered
stalk rolls placed underneath the deck plates. As the combine harvester moves through
the crop, the poly snouts are positioned between the rows and guide the corn stalks to the
stalk rolls. If the corn is down or logged, the snouts lift the stalks and guide them further
toward the stalk rolls.

The ear-snapping process is ensured by pulling down the stalks by the stalk rolls
(Figure 4.27), while the ears are retained on top of the snapping plates and pushed back-
ward further by the chains, toward the gathering auger. The detaching process of the ears
from the stalks is based on the fact that the tensile strength of the stalk is greater than the
tensile strength of the ear peduncle. However, this difference in tensile strength may be
affected by the way the stalks are handled; that depends on the roll and plate design, set-
tings, and chain speed versus combine speed.

When the ear reaches the snapping plates, its peduncle breaks and the stalk is further
pulled down. It is clear that the adjustable distance between the snapping plates should
be wide enough to avoid butt shelling, but not too wide to allow the ears to escape. In fact,
this distance should be narrower than the diameter of the smallest ears of the crop. The

FIGURE 4.27
Row unit process.
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gathering chains that operate just above the snapping plates move the ears rearward to the
cross auger, which conveys them to the combine feeder.
The row units can be classified in two categories:

1. Row units with distributed-function rolls

2. Row units with multiple-function rolls

The row units with distributed-function rolls are made up of two types of components: rolls
that pull the stalk down and components for snapping (detaching) the ear from the stalk.
The process of such a unit has been described above and is illustrated in Figure 4.27, where
the snapping plates detach the ear from the stalk. Another example is given in Figure 4.28,
where a shaft equipped with disc cutters cuts the stalk into small fragments that will later
be incorporated into the soil through plowing. Further examples have two pairs of rolls:
one pair of rolls pull the stalk down, while the other pair retains the ear after its peduncle
is broken.

The row units with multiple-function rolls are usually made of two rolls that, through an
adequate design, pull down the stalk and, at the same time, detach the ear from the stalk.

Regardless of their function, each roll has on its front end a taper auger whose design
differs among the corn header manufacturers. Over the rest of the length, the rolls may
have a cam profile or helical ribs, or they could be grooved rolls. Each design involves some
advantages and disadvantages. The cylindrical rolls with helical ribs can detach the corn
ears without damaging them, but they develop a lower stalk pulling force. The grooved
rolls and the rolls with a rectangular cross section have a better pulling capacity, but they
can damage the ears to a higher degree.

The distance between the rolls can be adjusted within some constructional limits.

The stalks are guided between the rolls by chains, which also convey the detached ears
rearward to the transversal auger. The chains are driven by tooth gears. The distance
between the drive sides of the chains is also adjustable to accommodate a large variety of
corn plant physical dimensions and properties.

FIGURE 4.28
Row unit with multiple disc cutters on a shaft. (Courtesy of Geringhoff, Ahlen, Germany.)
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4.4.3 Stalk Grasping and Drawing Process and Roll Design

Figure 4.29 illustrates the process of axial grasping of the stalks by the stalk rolls. Due to
advancement of the combine through the crop, and due to stalk rigidity as well, a stalk is
grasped by the taper auger of the rolls’ front end.

To get the corn stalks grasped by the rolls, there are two design requirements, which can
be explained and mathematically described as follows:

1. The stalk is not to be rejected (pushed far away) by the taper auger front end of the
rolls; that means

Yt < (psr (496)
where:

Y, is the half of the roll taper angle, °
@,, is the angle of dynamic friction between the stalk and the roll surface

This is equivalent to
tan ’Yt < “vsr (497)
where p,, is the coefficient of dynamic friction between the stalk and the roll surface.

2. The distance between the rolls’ front ends should be calculated with the following
formula:

a, > d, +dy + il tany, (4.98)

CcoS O,

FIGURE 4.29
Schematic of the process of axial grasping of the corn stalks.
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That is,

dy (1+ coso,
4, >d, + dy(Lrcoser) v, 4.99)
cosa,

Depending on the manufacturer, the auger on the tapered front end of the stalk roll may
have the spiral of a constant or variable height, as well as a constant or variable pitch. The
auger forces the stalk to move rearward when the following condition is met:

Y. <0, (4.100)

During the second phase, the stalk undergoes a drawing process. The dynamics of the
rolls” action on the stalk during drawing is illustrated in Figure 4.30. The resultant force N
is the summation of radially distributed elementary forces exercised on the corn stalk by
each roll. Figure 4.30 shows the diagram of these forces as a curvilinear triangle. Due to
the contact with the stalk, a resultant friction force F; develops in the tangential direction
at the contact point. The forces N and F; can be decomposed into their components in the
Y and Z directions. Thus, a stalk is drawn between the rolls if

Ffz > Nz (4101)
That is equivalent to the following inequality:
tanoy < W (4.102)

where q, is the stalk drawing angle. This angle is a fraction of the grasping angle a,, and
typically it is

Oy =~ Oy (4.103)

FIGURE 4.30
Dynamics of the roll action during stalk drawing.
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The component forces N, and F;, squeeze the stalk, producing the relative deformation
y,, as defined by Equation 4.104:

(4.104)

The value of the relative deformation varies within the 0.6-0.9 range. The stalk cross sec-
tion remains constant if y,> 0.9; in such a case, there is a small possibility of breaking the
stalk during the drawing process.

While a stalk is drawn by the stalk rolls, the combine harvester moves with the speed v,
that is assumed to be constant. When the stalk drawing process starts, the row unit chains,
whose speed of the driving side is v, pull the stalk rearward (Figure 4.31).

The maximum stalk tensile resistance is preserved if the stalk is drawn in the vertical
direction with the speed v,. Thus, the length of the stalk engaged with the rolls is high.
The functional condition of the rolls to draw the stalk vertically can be mathematically
expressed as follows:

Ve = Vg c080, =0, (1-¢€4)sina, (4.105)

In Equation 4.105, we denoted by ¢, the coefficient of slippage of the stalk relative to the
rolls. Depending on the corn variety and stalk and leaf moisture, this coefficient takes
values within the 0.05-0.3 range.

If v.< v, (1 — ¢ysin a,, the stalk load of the rolls decreases, while if vice versa, the corn
stalks will be bent forward and there is a risk of blocking the rolls from rotation due to the
load increase.

hpt

Ity

R R R R LR LI,

FIGURE 4.31
Schematics of stalk roll length calculation.
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The main design parameters of the stalk rolls are the diameter D, and the length [, while
the most important functional parameter is the angular speed v,. The stalk drawing condi-
tion expressed by Equation 4.102 can be written

_ 2
y1-cos®ou (4.106)

< HSV
COS 0Ly

That is equivalent to the following inequality:

cosol > (4.107)

1
V1+us

Taking into account Equation 4.103, and the fact that the stalk grasping angle formula
is

d
coso, =1- % (4.108)

we get the following formula for calculating the stalk roll minimum diameter:

D > dept

2 (4.109)
1-cos3oy

The trigonometric formula for cos 3a, is

cos 30, = 4cos® oy —3cosa (4.110)

Introducing Equations 4.107 and 4.110 into Equation 4.109, Equation 4.109 becomes

dept
1 _M @111)
(1+u)

D, >

r =

This is the minimum diameter of the cylindrical roll without additional helical spirals.
In practice, the stalk roll diameter varies between 0.06 and 0.08 m (2.375 and 3.125 in.), and
with additional spirals this may go up to 102 mm (4 in.).

The length I, of the stalk rolls can be determined by considering the stalk drawing
dynamics, as illustrated in Figure 4.31. Thus, the stalk rolls shall draw the maximum &,
length of the corn plants while the combine harvester moves through the crop with the
velocity v, over a distance that is equal to the horizontal projection of the stalk roll length.
Mathematically, this condition can be expressed as follows:

I, cosa, S hy —h, -1, sino,
V. v, (1-¢€4)cos o,

4.112)
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Consequently,

L> [ (hpt _hr)

> 4113
v, (1-&4)cos’ o, + . sina, @113)

The length of the stalk rolls of the existent equipment varies between 0.63 and 1.10 m
(24.500 and 43.375 in.).

The minimum angular speed o, of the stalk rolls should satisfy the following require-
ment: to avoid a high load, each roll should completely rotate at least one turn while the
combine runs over a distance that is equal to the average space s,, between two consecutive
plants on the row. Mathematically, that can be expressed as

St 21 (4.114)
V. O,

Practically, the angular speed of the stalk rolls varies between 50 and 100 s, which cor-
responds to a rotation range of 475-950 rpm.

4.4.4 Corn Ear Detachment Process

The ear detachment process starts when the bottom end of the ear comes into contact with
the snapping plates because the adjustable distance between the snapping plates is smaller
than the minimum ear diameter. At this stage, the stalk and ear are subjected to a tensile
force created by the stalk rolls. The ear peduncle breaks, and then the ear is conveyed rear-
ward by the chains toward the transversal auger.

The dynamic action of the stalk rolls and snapping plates is illustrated in Figure 4.32.
The maximum tensile force developed by the stalk rolls is

-
<
\-

- 4— {—
b

FIGURE 4.32
Dynamics of the roll and snapping plate action during ear detachment.
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F, = 2(Ff coso; — N sin ocd) =2N (ps, COs Ol — Sin ocd) 4.115)

where:
a, is the stalk drawing angle, degrees
e  is the coefficient of dynamic friction between the stalk and the roll surface

The snapping plates oppose a resistance force R, that is equal to the tensile breaking
force of the ear peduncle, and its formula can be expressed as follows:

R, =2N,, = 2N;sin o (4.116)
where o is the ear-snapping (bearing) angle (°).

Using the symbols from Figure 4.32, one can write a formula for the bearing angle:

& -9,

r

coso; =1—

4.117)

The ear will be detached when F, > R,. Solving this inequality by using Equations 4.115
through 4.117 helps determining the required force to detach a corn ear or determine the
stalk roll diameter.

The clearance B, between the snapping plates shall be smaller than the diameter of the
smallest ears of the corn crop. Some corn headers have the deck plate position hydrauli-
cally adjusted. A smaller clearance allows excess thrash (debris) into the combine. To avoid
this, the opening between the snapping plates is practically tapered, set wider at the rear
than at the front by about 3.18-4 mm (0.125-0.160 in.).

The gathering chains and the stalk rolls of each row unit are driven through a row unit
gearbox. Some manufacturers offer a variable-speed drive that varies in sync with the
combine speed. The speed of the chains is 14-22 m/s (255-402 ft/min).

The flight-to-trough clearance of the ear auger should be tight enough to prevent small
ear shelling. This clearance is 12.5-15 mm (0.5-0.6 in.). Auger speed should be correlated
with the machine speed as well.

Corn headers require about 6 kW (8 hp) per row; this is about twice as much as the power
needed for grain headers.

4.4.5 Stalk Cutting/Chopping Processes

Following the ear detachment, the drawn stalks, except those drawn and cut by rolls with
knives (Figure 4.33) or with radial blades (Figure 4.26), may be further processed in one of
the following ways:

¢ The stalks, in a randomly inclined position relative to the ground, can be later
incorporated into the soil as is by plowing, or after a presowing process performed
with disc harrows.

¢ The stalks may be cut/chopped immediately after getting down from the stalk
rolls; this process is performed by separate rotary cutters with blades placed under-
neath each row unit of the corn header.
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FIGURE 4.33
Stalk rolls with 5 in. phase knives. (Courtesy of Cressoni, Volta Mantovana, Italy.)

® The stalks, in a randomly inclined position relative to the ground, can be cut/
chopped by a transversal rotary cutter and then the cut material may be

* Spread on the ground to be later incorporated into soil by plowing
¢ Left on the ground as a continuous swath to be bailed later

¢ Collected with an auger and pushed by a blower into a trailer that is pulled in
parallel with the combine harvester

Every stalk chopper must satisfy a series of functional specifications, such as

¢ Performing a free cutting of standing or inclined plants

¢ Ensuring the length of cut material within a certain range, for example, less than
100 mm (4 in.)

¢ Ensuring a high uniformity of the length of cut material (fragments of stalks and
leaves), for example, minimum 80%

Each row unit has a rotary cutter that is placed under the stalk rolls and rotates in a
plane, which is parallel to the snapping plates.

In this subsection, we analyze the process performed by the rotary cutters with
blades.

A rotary cutter with blades may have different design configurations, such as

¢ A disc with two to five blades.
® A pair of cutters that rotate in opposite directions.

¢ A counterknife or not. The counterknife, which is placed under the cutter, usually
consists of a plate with sharp edges of an open V-shape.

The cutting process kinematics and dynamics of a rotary cutter with blades and coun-
terknife are shown in Figures 4.34 and 4.35, respectively.

In Figure 4.34, the cutter’s axis speed relative to the ground is the combine speed v.. Let
us note the number of the blades with z,.

With reference to the fixed Cartesian coordinate system XOY relative to the ground,
shown in Figure 4.34, the absolute movement of each point of the cutting edge of a
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Blade tip trajectory
(cycloid)

FIGURE 4.34
Cutting process kinematics of a rotary cutter with blades.

Counterknife

FIGURE 4.35
Cutting process dynamics of a rotary cutter with blades.

blade is the result of a combination of the translational movement of the combine har-
vester with the velocity v, (m/s) and the rotation n, (rpm) of the cutter around its own
axis.

In the analysis of the cutter blade kinematics, the following assumptions have been made:

¢ The cutter rotational speed w, is constant and taken to be positive in the clockwise
sense of rotation.

¢ The velocity v, of the combine harvester is constant and specified from throughput
requirements.

Let’s consider at radius R the extreme point of the cutting edge of blade 1 at its initial
vertical position, as shown in Figure 4.34. At an arbitrary time ¢, the position of this point
is represented by the following parametric equations of its cycloid trajectory (represented
by a continuous, thin line):

x = v+ Rsin ot
(4.118)
y= R(l —cos (Dl,t)

where:
x is the abscissa of considered point, m
y is the ordinate of considered point, m
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R is the radius of considered point, m
o, is the angular speed of the cutter’s blade, m/s

The angular speed of the cutter can be calculated with Equation 4.119 as follows:

wm _
o, = 3—(;’ s7! (4.119)

where 1, is the cutter’s rotation, rpm.
The distance between two successive trajectories of the same blade point is called the
cutter pitch p,. Its size is given by Equation 4.120:

_ 2mR
A

P (4.120)

The distance between two homologous points of the trajectories of two consecutive
blades is called the blade pitch p, and can be calculated as follows:

2nR
= 4121
Pv )LCZb ( )
where:
z, is the number of cutter blades
A, is the kinematic index of the cutter motion
This index is defined as the following ratio:
A = 2R 4122)
Uc
The speed of a considered point is given by the first derivative of Equation 4.118:
Uy = U, + @R cos myt
(4.123)

vy = (,l)bR sin Wyt

The absolute speed v relative to the ground of a considered point can be calculated with
the following formula:

v= \/v,zc +0; =0, \/kf + 2. cosmpt+1 @4.124)

A drawn stalk will be cut if the v, speed component is oriented to the —-X direction when
cos T = —1; mathematically, this can be written as

v, SR @.125)
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Consequently, the kinematic index shall satisfy the following condition:
Ao>1 (4.126)

There is another functional condition for the cutter with blades: while the combine har-
vester moves through the crop over a distance s, that is equal to the average space between
two consecutive plants in a row, the upper portion of a drawn stalk (,,—h,) is completely
cut in fragments of specified length [, where 5,, is the average height of the plants (m) and
h. is the height of the cutter to the ground (m).

Thus, the number of rotations #, required to cut the upper portion of the drawn stalk is

n = ke @.127)
Zblf

The above-mentioned functional condition can be mathematically formulated in terms
of the time as follows:

. 21n, _ By —he (4.128)
o, (1-¢&4)v, cosa,

From the combination of Equations 4.127 and 4.128, one can calculate the required angu-
lar speed of the cutter with blades:

o = 2n(1-¢€,4)v, cosa, @129)
b Zl,lf '

The design angular speed of a cutter with blades varies from 18 to 26 s

In the following, we analyze the cutting process dynamics by considering the forces
(represented in Figure 4.35) that act on the plant stalk, to determine the values of design
angles o, and a.. The stalk is cut only if it not expelled outside of the cutting edges. Thus,
the stalk is retained between the active cutting edges if the sum of the forces on the X and
Y directions satisfies the following two conditions:

Y E <0 (4.130)
2 F,=0 (4.131)

That is,

Njsin (o, + 0 + 0, ) < Fyy cos (ot + 0 + 0L;)
N; cos(oy, + 0t + 0, ) — Frysin (ot + 0 +0t;) = 0

4.132)
Ffl = N1 tan(pb

Ffz = Nz tan(pc
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where:
a; is the angle stalk grasping, degrees
¢, is the friction angle of the plant with the blade
@, 1is the friction angle of the plant with the counterknife

By solving Equation 4.132, we get the following condition for the plant stalk to be retained
between and cut by the blade and counterknife:

oy + 0 +0; <@+, (4.133)

The values of friction angles ¢, + ¢, depend on stalk and leaf moisture and on the blade
type: smooth-edged or serrated blade. In wheat and rye, when the blades are smooth-
edged, these values are as follows: @, + ¢.= 20°-35° when the plant moisture is 15%, and
¢, + ¢, = 25°-40° when the moisture is 25%. If the angle of stalk grasping increases, the
retention of the stalk between the blade and the counterknife worsens.

In practice, the blade angle a, takes values within the 15-40° range and the outside diam-
eter of the blades is 0.175-0.25 m (6.875-10 in.). The counterknife angle a, = 10-12°. The cut-
ting edges of the blades and counterknife are sharpened at an angle of 18-28°.

Many technical solutions can be applied to perform a single-pass corn harvesting
process that will collect the chopped stalks directly into a wagon that is pulled by the
combine or into a trailer that is pulled by a tractor. Such technology offers the advan-
tage that the chopped corn stover does not touches the ground; therefore, it is not
contaminated with soil. Then, the stover can be used as feedstock for cellulosic etha-
nol. In such a case, the corn stalk fragments should have a length smaller than 3 cm
(1.2 in.). Besides the problem of transportation of big volumes of corn residue, there
are other problems regarding the capacity and profitability of a biorefinery, biomass
storage needs, and how much corn stover should be collected from the field, since this
represents a returning of organic matter to the soil and soil protection from winter
erosion effects.

4.5 Sunflower Header

Sunflower seeds are physiologically mature when the back of the flower head is yellow
(seeds have maximum weight), but their harvesting starts when the bracts surrounding
the head turn brown. Harvesting can also start earlier to avoid bird damage and reduce
loss from plant lodging and seed shattering. When sunflower seeds are delivered, the
accepted standard moisture is 9%.

The detaching process of the sunflower heads aims at cutting the stalk underneath the
flower head by a cutting bar or rotary cutters. This process is performed by dedicated sun-
flower headers (Figures 1.36, 1.38, and 4.36). Readers should note that the sunflower may
be harvested with a modified grain head as well, but the percentage of seeds lost due to
shattering and gathering is usually higher than the percentage of seeds lost from a special-
ized sunflower head.

A schematic of a sunflower head working process is shown in Figure 1.37. The seed
pans separate the plants of adjacent rows and collect the seeds fall down due to an
inherent shaking effect. While the combine moves through the crop, the plants are bent
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FIGURE 4.36
Frontal view of a sunflower head and combine. (Courtesy of CLAAS.)

forward by an adjustable front plate, getting between the fingers, and then the sun-
flower heads are detached due to the action of the snapping roll placed under the seed
pans. The gradient of the seed pans, reel position, and rotation speed can be adjusted to
accommodate the most diverse crop conditions during harvesting and to maximize the
throughput of the machine. The reel pushes the sunflower heads toward the collecting
auger, which conveys them to the header center and then to the feeder-house conveyor.
Due to their rigidity and low moisture content, sunflower stalks do not bent elastically
as other plants (wheat, barley, oats), and therefore developing a theory of sunflower
head detachment is a difficult task.

For modeling and designing a sunflower head, the theory outlined in this chapter of the
processes of grain header and corn header components may be of great use.
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5

Cereal Threshing and Separating
Processes: Threshing Units

5.1 Introduction

The grain threshing process consists of grain detachment from the flowery cover (ears, pan-
icles, cobs, pods, etc.) until they can move freely, due to a series of phenomena caused by
impact and centrifugal forces, friction generated through a mechanical action, and friction
among different components of the ears. The grain separating process, which follows closely
the threshing process, consists of free-moving grain migration through the material-other-
than-grain (MOG) mixture, followed by their directed passage through the openings of a
separating metallic surface.

These sequential processes take place in a threshing unit or a series of threshing units of
various shapes, sizes, and designs.

The threshing and separating processes are well illustrated in Figure 5.1. A rotating
cylinder or rotor (1), equipped with active elements such as rasp bars (2), coupled with a
separating body (3) (concave or cage), exercises impact forces on the plants fed into the
threshing space that will ultimately separate them through the openings of the concave/
cage, while most of the MOG leaves the unit at its rear.

The combine threshing unit is the most important assembly from the points of view of
working processes and the power requirement. The ideal threshing unit is one that pro-
duces a perfect threshing of maximum crop throughput, with optimum grain separation,
while preserving the natural shape and quality of grains and minimizing grain loss. The
alternative of building threshing units of various designs has surpassed their thorough
research; thus, combine manufacturers are not unanimous on the shape, composition, and
dimensions of threshing units. Over the years, however, concepts have become clearer,
and similar trends can be noticed in the design of threshing units.

Threshing units can be classified based on the following criteria:

® Material path: Tangential or helical, corresponding to tangential or axial threshing
units.

* Material feeding direction: Tangential or axial. Axial threshing units may be fed
with material either tangentially or axially.

* Number of cylinders (rotors): One, two, or multiple cylinders, or a combination of
cylinders and rotors.

189
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FIGURE 5.1
(See color insert.) [llustration of threshing and separating processes. (Courtesy of CLAAS, Harsewinkel, Germany.)

Figures 1.11 through 1.14 and the introduction to Chapter 1 represent a good overview
of different threshing units’ construction. In the following two sections we describe their
construction in detail.

5.2 Construction of Tangential Threshing Units

A tangential threshing unit (Figure 1.11a) is mainly composed of a cylinder, a concave
(a meshed grill), and a mechanism for adjusting the clearance between the cylinder
and concave. Such a mechanism can be manually, hydraulically, or electrically driven
(Figure 5.2). The threshing space is defined by the curved space that exists between the
outside surface described by the cylinder rotation and the inside surface of the concave.

The cylinder is mainly composed of a driven shaft, stamped flanges that are equidis-
tantly distributed over the shaft length, and rasp bars mounted parallel to the cylinder
generator using special-purpose hardware.

FIGURE 5.2
Electrical actuators and mechanism for adjusting the concave clearance. (Courtesy of SAME Deutz-Fahr,
Treviglio, Italy.)
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3—4 mm average depth
of Rockwell C45 hardness

FIGURE 5.3
Cylinder’s rasp bar segment: design example.

The general shape of a rasp bar has serrations on its surface, and an example is shown
in Figure 5.3. The rasp bars represent the active elements of a tangential threshing unit.
The serrations or rasps have the following roles: intensifying and concentrating the impact
forces of the bars on material to be threshed, increasing the working surface for a better
wiredrawing of the material through the rasps, and moving the material axially while it
is uniformly distributed within the threshing space. The bar serrations are inclined at a
45°-60° angle relative to the longitudinal axis of the cylinder. They can be left-hand or
right-hand oriented. To prevent a continuous axial movement of the material to one end of
the cylinder, the rasp bars are mounted in an interpolated orientation; thus, the material is
well distributed over the length of the threshing unit while it is subjected to the alternate
direction of impact forces created by the bars.

The rasp bars are usually hardened and may also be nonchromed or chromed. Hardened
and nonchromed rasp bars have a gently contoured surface design that wears to an even,
smooth profile. They are recommended for use in threshing corn, popcorn, soybeans,
malting barley, edible beans, or any other seed crop that needs to be delivered at a high-
quality level. Hardened and chromed rasp bars have a lifetime that is double that of the
nonchromed ones because their sharp edges do not wear off fast. Such rasp bars are rec-
ommended for general use in cereal crops, where long-lasting threshing performance is
the primary concern. There are also smooth bars whose surface has no serrations. Such
bars perform a less aggressive threshing action, and they are recommended in food corn
threshing.

The concave (Figure 5.2) has the shape of a curved grill, which wraps the cylinder over
a certain center angle whose value evolved over time from 85° to 145°. The concave may be
composed of more sequential sections corresponding to the feeding zone, threshing and
separating zone, and discharge zone of the MOG. The threshing and separating zone of a
concave is mainly composed of lateral supports, intermediate curved bars (oriented per-
pendicularly to the material movement direction), and reinforcing rods that are oriented
along the material movement direction. The bars represent the main active elements of the
concave. Their thickness is 8-12.7 mm (0.315-0.5 in.), their depth has values of 38—60 mm
(1.500-2.375 in.), and their length equals the length of a tangential threshing unit, which
could be between 0.7 and 1.7 m (27.5 and 67 in.), if not more in certain circumstances.

Improvement of tangential threshing and separating processes imposed decreasing the
rod diameter from 8-9 mm (0.315-0.354 in.) to 3.5-4.5 mm (0.138—0.177 in.). The bars and
rods form a grill through whose openings most of the threshed grains and a substantial
part of MOG components get separated. The ratio of the concave opening surface (which
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represents the active surface of a concave) relative to the radial projection of the concave
surface is within the 0.55-0.75 range.

The concave sections must be interchangeable as required by harvesting of different
crops whose grain and stem sizes, as well as their mechanical and aerodynamic proper-
ties, are different.

The clearance between the cylinder and concave is bigger where the material enters in
the threshing space, and it is smaller at the exit. This distance is to be measured radially
from the point of the outside diameter of the cylinder to the top surface of a bar. The ratio
between the values of the clearance at the entrance and the exit of the threshing space is
3-5.5 in cereals and beans and 1.8-2.5 in corn.

In certain crops and favorable harvesting conditions, the grain separation through the
concave can be as high as 90%, but a proportion of 80% grain separation is common in a
tangential threshing unit with one cylinder. This is a limiting factor of material through-
put that can be processed by such a unit. A more efficient way to increase the material
throughput is by using a series of tangential threshing units. A tangential threshing unit with
two cylinders in series has two advantages: an increased separation area (up to 65%-75%
more), that is, threshing efficiency (15%-25% higher), and the possibility of using a less
energetic action on the material, which leads to less grain damage, that is, better process
quality. This explains the design of a CLAAS threshing unit composed of multiple cylin-
ders to replace the straw walkers.

For threshing of rice, the cylinder is designed with teeth instead of rasp bars. The con-
cave also has a row of teeth in the feeding section (Figure 1.11b). The teeth have a convex
profile that allows a relatively soft treatment of the material. Overall, a threshing unit
with teeth is more aggressive than a conventional unit with rasp bars; it lends itself better
to the threshing of the uneven developed plants, full of weeds, and with high moisture
content. The throughput of the teeth threshing unit is usually 2-2.5 higher than that of a
threshing unit with rasp bars of comparable dimensions; however, the grain damage is
very high in the first case.

Section 1.4.1 discusses other technical solutions offered by modern combine harvest-
ers. The specifications of tangential threshing unit components of modern combine har-
vesters are given in Table 1.1. Table 5.1 displays typical cylinder settings for a variety of
crops.

TABLE 5.1
Typical Settings of a Conventional Rasp Bar Cylinder in a Variety of
Crops

Peripheral Concave Clearance
Crop Speed, m/s (ft/s) Front, mm (in.) Rear, mm (in.)
Barley 27-34 (88.5-111.5) 10-18 (0.39-0.71) 3-10(0.12-0.39)
Beans 7-20 (23-65.5) 20-35(0.79-1.38)  10-18 (0.39-0.71)

Corn (maize)

10-20 (33-65.5)

25-30 (0.98-1.18)

15-20 (0.59-0.79)

Oats 27-35 (88.5-115)  12-20 (0.47-0.79)  3-10 (0.12-0.39)
Peas 7-18 (23-59) 20-30 (0.79-1.18)  10-18 (0.39-0.71)
Rapeseed 15-24 (49-79) 20-30 (0.79-1.18)  10-20 (0.39-0.79)
Rice 20-30 (65.5-98.5)  14-18 (0.55-0.71)  3-6(0.12-0.24)
Rye 25-35 (82-115) 12-20 (0.47-0.79)  3-10 (0.12-0.39)
Wheat 24-35 (79-115) 12-20 (0.47-0.79)  4-10 (0.16-0.39)
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5.3 Construction of Axial Threshing Units

The limited grain separation efficiency and throughput of straw walkers in conventional
combines has finally led to the integral transfer of their function to the axial threshing
units.

An axial threshing unit (Figure 5.4, AXIAL-FLOW®) is mainly composed of the feed-
ing section (cage 1 pairs with the rotor feeding zone (2)) and the threshing and sepa-
rating section (cage 3 with a concave underneath, not shown, pairs with the rotor’s
threshing and separating zones (4)). The cage in the feeding section has two- or three-
start helical ribs that continue into the threshing and separating zones to induce a heli-
cal path motion to the material processed in the threshing space. The feeding section
of the rotor has an impeller made of three blades (a three-start helical ridge) that are
mounted on the rotor cone. The impeller increases the speed of the material from 2.5
to 36 m/s in less than 3 s. The rotor is equipped with short rasp bars arranged in three
spirals around it.

In comparison with tangential threshing units, the axial ones offer the following
advantages:

* Lower percentage of grain damage (Jalnin, 1982; Wacker, 1985, 1988, 1990).

¢ Functional versatility: They work much better in all cereals, soybean, and corn.

* Lower grain losses (Arnold, 1979; Wacker, 1988, 1990).

® Better work quality in wet crop conditions (Vogt, 1982).

¢ With a 16%-20% larger power requirement, the working capacity of an axial unit
is much larger (50%—-90%) (Serii and Kosilov, 1986).

* A 17%-30% larger working capacity than that of a tangential unit (Eimer, 1980;
Vogt, 1982).

A rotary threshing unit needs an increased power and yields a higher degree of MOG
fragmentation and separation through concave and cage openings that leading to over-
charging the cleaning unit of the combine.

In terms of the direction of material feeding, the axial threshing unit could be fed tan-
gentially (Figure 1.23), axially (Figure 5.4), or oblique-axially (Figure 1.26). The material is

FIGURE 5.4
(See color insert.) Material flow in the AXIAL-FLOW threshing unit. (Courtesy of Case IH, Racine, WI.)
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fed by the conveyor of the feeder-house or by the tangential threshing unit that is placed in
front of the axial unit (Figure 1.24). The axial threshing units may have one or two rotors.
The rotor, like the cylinder, needs a variable rotation for threshing and separation of dif-
ferent crop grains.

While the cage is fixed, the concave underneath the cage is composed of three or four
interchangeable, adjustable sections for processing different crops in various field condi-
tions. The specifications of axial threshing units of modern rotary combine harvesters are
given in Table 1.2.

5.4 Performance Indices of a Threshing Unit

The assessment of the performance of a threshing unit must take into consideration the
design and geometry of the threshing unit, processed crop type, maturity, and its con-
dition due to environmental factors, material throughput, process quality indices, and
power requirements to perform the threshing and separating processes. These processes,
although sequential for individual grains, take place quasi-simultaneously when a pro-
portion of processed grain is considered. Hence, it is difficult to quantify them separately,
unless the approach is based on a stochastic analysis.

The performance indices of a threshing unit (composed of one cylinder or one rotor),
accompanying or deriving from the threshing and separating processes, are shown in
Figure 5.5. If more units (cylinders in a series or rotors in parallel) compose a thresh-
ing assembly, these indices should be calculated individually for each unit: the output
from one unit may become the input for the next unit, and so on. Additionally, the
required idle power of the cylinder, as well as the specific power consumption (kW/
kg/s) per material throughput, characterizes the energy performance of that threshing
unit.

Let us make the convention that the vegetal material entering into a threshing unit
(measured in kg/s or 1b/s) is composed of grains, s (100%), and MOG, pp (100%); the MOG
may also include a negligible quantity of weeds or traces of the plants from the previous
crop on the considered field, whose overall influence on the threshing and separating pro-
cesses may be inconsequential or quite important.

Crop material, 100%, ] Threshing unit gis‘fha; ge‘lhf“atl‘?"alv .

Grains, s and MOG, pp '“,‘1‘:‘;" Threshing and Gra{nt reshing (lyss, ‘i A:)

(material other than grains) separating processes rain separating loss, V, %
Discharged MOG, pp,),,,, %

Separated material
Separated grain, s, %
Unthreshed return grains s,, %
Separated MOG, pp,, %

FIGURE 5.5
Performance indices of a threshing unit.
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Let us consider a threshing unit of a certain design and dimensional specifications
that performs stationary threshing and separating processes, that is, stochastic processes
whose marginal distributions (means, variances) do not change when shifted in time.
Thus, the performance of the threshing unit is characterized by the following perfor-
mance indices:

¢ Total material throughput, g

e Cumulative percentage (or proportion), s,, of the grains, relative to s, that separate
through the concave, grates, and cage openings, as the case may be

® Percentage of unthreshed grains, s,, which are either separated or discharged—
hence the threshing loss, V,

¢ Percentage of threshed and unseparated grains (free grains that are discharged)—
hence the separating loss, V,

* Grain separation efficiency, eff,

e Cumulative percentage, pp,, of separated MOG through the concave, grates, and
cage openings

* Percentage of fragmented, separable MOG, pp;, relative to the pp 100% throughput

e Percentage of damaged grains, s,

® Specific power consumption, P, that is, the required power per unit of material
throughput

¢ Idle power, P, of the cylinder/rotor that needs to be overcome
These indices depend on the following:

¢ Crop: Type, variety, maturity, crop yield variation, fraction of green content (weed-
to-MOG ratio)

¢ Vegetal material properties: MOG compressibility modulus, MOG bulk density,
grain and MOG moisture contents, coefficients of friction of material with various
surfaces, stem structure and shape

¢ Feeding-dependent parameters: Material cutting height (grain/MOG ratio), feed-
ing direction (tangential, axial), material velocity, and throughput variation

¢ Threshing unit: Type, design, functional parameters, such as cylinder (rotor)
speed, material throughput, and concave clearance

Figure 5.6 shows a qualitative comparison between performance indices of a tangential
versus an axial threshing unit, as well as the influences of certain functional parameters,
material moisture content, and green content.

There is a “sweet spot” of settings for the threshing unit; identification of these set-
tings should begin during the product development phase of the threshing unit by
thoroughly using process mathematical modeling theory, simulation methods, and
optimization algorithms. Throughout this chapter, we attempt to analyze and assess
the published mathematical models of threshing and separating processes, followed
by a unitary and comprehensive modeling approach developed by the author. Then, a
genetic algorithm (GA)—-based optimization technique for the design and functional param-
eters of a threshing unit is described, and the MATLAB program script is laid out in the
Appendix.
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Grain separation

Grain loss

Damaged grain

MOG separation

/ —_— //f

Spec. power
requirement

MOG throughput Cylinder/rotor speed  MOG moisture content Green content
Tangential
— Axial Grain separation: only threshing area/concave u, = 10-25%

FIGURE 5.6

Qualitative comparison of performance indices of tangential and axial threshing units. (From Wacker, P.
Untersuchungen zum Dresch- und Trennvorgang von Getreide in einem Axialdreschwerk [Researches
on threshing and separation process in an axial threshing unit], PhD dissertation, Hohenheim University,
Forschungsbericht Agrartechnik der MEG 117, 1985.)

5.5 General Assumptions in Theory, Mathematical
Modeling, and Simulation

Self-propelled combine harvesters have already reached the limiting width of roads, so
cost-effective continuous improvement of combine harvester performance is most likely
to be obtained through mathematical modeling, simulation, and optimization of both pro-
cesses and working units.

Mathematical modeling of threshing and separating processes offers the following
advantages:

¢ Comprehensive understanding of fundamental relationships of the physical pro-
cess parameters
* Quantification of nonmeasurable dynamic process parameters

e Programming keys for dynamic process simulation and optimization of design
and functional parameters of the threshing unit
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¢ Accurate prediction of unit performance over a large range of parameter variation
¢ Drastic reduction of testing time and costs

¢ Calculation elements for development of an automated control system for the com-
bine harvester to allow it to achieve the overall expected performance when oper-
ating in the field

¢ Advanced knowledge for further design improvement and new unit development

¢ Improved decision-making process for future development of the combine har-
vester manufacturing and application business

Much experimental work has been carried out on threshing units, and much effort and
inventive approaches have been extended in the analysis of experiment results. Thus, it is
very important to accentuate a list of applicable general assumptions that allowed theory
development and evolution as the concepts took shape. Here are general hypotheses (Miu,
1993; Miu and Kutzbach, 2008a,b) that make sense of the development and application of
the theory of threshing and separating processes:

® Vegetal material to be processed is homogenous; that is, the ears (panicles, cob,
and pods) are uniformly distributed within the MOG mass. The interpretation
of their distribution is based on a comparative scale relative to their physical size.

¢ The threshing unit is fed with a constant feedrate of vegetal material and a con-
stant grain/MOG ratio for a period of time much larger than the stationary opera-
tion time of the threshing unit. This assumption is required because it is about
the study of data collected during a time period when the process is considered
stationary; that is, its statistical properties do not change over time.

¢ Effective threshing of the grains (grain removal from the ears, panicles, etc.) starts
at the beginning of the feeding zone of a threshing unit. In other words, we ignore
quantifying a certain proportion of the grains that may have been shattered or
detached from their flowery cover by the header and feeder-house conveyors.

¢ Material to be threshed moves through the threshing space (space bounded by the
cylinder/rotor and concave/grates or cage) as a continuous stratum.

* The mass of material is continuously distributed in the threshing space, and its
density is a continuous function of position and time.

¢ In a tangential unit, the material is homogenous in any section of the threshing
space whose plane includes the longitudinal axis of the threshing unit, that is, in
any section perpendicular to the material flow direction in the threshing space
bounded by the cylinder and concave.

® In an axial threshing unit, the material is homogenous in any cross section of the
threshing space, that is, perpendicular to the longitudinal axis of the unit.

5.6 Modeling of Material Kinematics
5.6.1 Material Kinematics in a Tangential Threshing Unit

Regardless of the type and design of a threshing unit, the threshing and separating pro-
cesses occur due to the mechanical action of active elements (rasp bars, teeth, and ribs) and
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the static bars and rods of the concave/grates, and helical ribs inside the cage. The grains
and MOG fragments that directly make physical contact with the rasp bars get higher tan-
gential velocities than those that come in contact with the concave parts.

Thus, the material kinematics (position, speed, and acceleration) through the threshing
space varies, and it is influenced by the following;:

* Material properties: Type, variety, geometry, shape, and size of the grains and
stem, moisture content, and grain/MOG ratio.

¢ Threshing unit design: Feeding direction and zone geometry, design of rasp bars/
teeth and helical ribs inside the cage, concave wrap-up angle, concave and cage
opening design, and opening ratio.

® Process parameters: Material feedrate, rotor speed, and concave clearance.

Figure 5.7 shows the draft of the velocities of vegetal material between the cylinder and
the concave. Notice that the material in the immediate vicinity of the cylinder rasp bar gets
a velocity whose value is close to the peripheral velocity of the cylinder. Then, the veloci-
ties of the following material layers decrease based on the profiles shown in Figure 5.7.

Let us consider a cross section through a tangential threshing and the schematic of the
material feeding as represented in Figure 5.8. The cylinder with the radius R and z rasp
bars rotates with the angular speed w; thus, the peripheral velocity v, of the cylinder is

v, = ®R (N}

The height of a rasp bar measured radially is 5.

The concave wraps up the cylinder over the angle a. Its total length is [, and the variable
x is associated with the length of the concave, that is, x € [0, [ ]. The clearance between the
cylinder and concave top surface varies between §; and §..

The material is fed into the threshing space with the velocity v, at an angle v;.

Let us assume that in the feeding zone the density of the material as pressed by the
feeder-house conveyor does not appreciably change. When the cylinder rotates within the
time ¢, with an angle

0=" (52)

FIGURE 5.7
Draft of material velocity in a tangential threshing unit.
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FIGURE 5.8
Schematic of tangential unit feeding with material.
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the material must get into the space between two consecutive rasp bars on the distance &y.
This means the space bounded by the MNPT cross section. Since this is difficult to evalu-
ate, let us define an equivalent section MPQS with a similar area and length S,. It means
that the material will get in the space between two consecutive bars on an equivalent

depth §,;:

AMNPT
8=

Consequently, the following equation can be written for the time #:

Se _ Sz
'Uf U,

t=

where S, is the real distance traveled by the material.

The curvilinear distance S, value is given by the following equation:

S, = 2nR
z
This distance can be calculated as follows:
)

eq

“= cos (o1 —71)

(5.3

(5.4)

(5.5)

(.6)
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where ¢, is the mounting angle of the concave.
As a consequence, we obtain Equation 5.7 to calculate the value of the required velocity
of the material to be fed into a tangential threshing unit:

2nR cos (¢ — 1)

Geometric calculations show that the coefficient c,, = 0.65-0.8; the maximum value corre-
sponds to the highest allowable velocity of uniform material feeding. The literature recom-
mends values of material feeding velocities greater than 6.1 m/s (20 ft/s). At low feeding
velocities (2.5-3 m/s), even if the feeding conveyor is uniformly fed with material by the
header, the threshing unit is fed nonuniformly because of material partitioning by con-
veyor slats.

Within a reasonable approximation, we assume that the cross section size of the thresh-
ing space varies linearly from the entrance clearance §; to the exit clearance of the concave
3, over the length . of the concave (Figure 5.8). Applying the properties of the theorem of
Thales, we can write the following equality:

8 —9. _ 5 -9 (5.8
l. X

where § is the concave clearance corresponding to the current position x along the concave
length. Thus, at any given position x, the concave clearance can be calculated as follows:

X

6=6,'—
L

(8;—8.) (59)

At limit,

Ifx=0,6=9; and
ifx=1.,6=29,

If we calculate the value of the tangential component v, of material feeding velocity at
the entrance of the threshing space based on the feeding zone geometry, we propose the
following formula for calculation of the material velocity v, within the threshing space:

1

U =0+, (lxja e~e® (5.10)

where:
g, is the coefficient of material speed slippage relative to the rasp bar speed, ¢, < 1
g, is the coefficient of concave clearance resistance to the material movement through
the threshing space

The values of these coefficients vary with material properties and design of the thresh-
ing unit.
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5.6.2 Material Kinematics in an Axial Threshing Unit

There is a direct connection between the engineering design, the movement of material
through the threshing space, and the overall performance of an axial threshing unit.

Until recently, the design process of an axial threshing unit was performed through a
combination of the designer’s experience and intuition that require a thorough knowledge
of the threshing and separation process characteristics and the detailed specifications of
similar products. The process of threshing unit design should always begin with a high-
level description of the unit’s desired behavior.

Published studies on material kinematics in axial threshing units are not numerous.
Notable, though, are the contributions of Gasparetto et al. (1989) and Wacker (1985), who
reported on the influence of a few parameters (feedrate, rotor speed, material moisture,
and spiral angles) on material movement.

This section contains a further development of the study of the movement of vegetal mate-
rial through the feeding zone and threshing and separating zones of axial threshing units,
on which the author (Miu, 2002a, 2004; Miu and Kutzbach, 2007) has previously elaborated.

The kinematics equations are based on a nonlinear law governing the nonuniform movement
of the material on an uneven helical path between the rotor and the concave—cage assembly.

The kinematics of the material through the threshing space is mainly influenced by

* Material properties: Type, variety, stem size, MOG moisture content, grain-to-
MOG ratio

¢ Threshing unit design: Feeding direction, design of helical spirals (ribs) inside the
cage, concave and cage openings’ design

® Process parameters: Material feedrate, rotor speed, concave clearance

In developing the theory, the following specific assumptions have been made:

1. At the beginning of feeding zone of the threshing unit, the material feeding veloc-
ity has no tangential component.

2. Once introduced into the threshing space, the material moves as a continuum
stratum.

3. Material velocity is a continuous function of material position over the length of
the threshing space.

4. The radial reactive forces due to grain separation do not influence the material
movement.

Let us consider that the velocity of the feeding material at the entrance of the feeding
zone is vy with the components v, and vy, (Figure 5.9).

At the end of the feeding zone (i.e., the beginning of the threshing zone), the fed material
velocity v, has a tangential component v,, and an axial component v,,. Thus, as a vector,
we can write

Dy = Doa + Vot G.11)

The scalar value of the feeding velocity is

| = (| Toa” | +|Tot” (5.12)
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FIGURE 5.9
(See color insert.) Schematics of material kinematics in an axial threshing unit.

In Figure 5.9, the curve represents the flattened length of the material trajectory from
the beginning of the unit feeding zone to the end of the discharge zone. The shape of the
trajectory with respect to x is ultimately determined by the magnitude of material speed
v,,(x) as well as the angle y(x), where x is the current position over the rotor length (x > 0).
The material speed v,,(x) depends mainly on the feeding velocity and rotor speed, while
the angle y(x) depends on the unit design (rasp bar angle, spiral angle, etc.).

The material moves through the threshing unit on a helical path with variable pitch.
This movement is completely defined if the following equations are known:

0, =0,(t)
513
x=x(t) 619

where:

t isthe time
is the current rotation angle of the material around the longitudinal axis of the
threshing unit

0

m

By eliminating the time within Equations 5.13, it follows that
0, = 6,,(x) (5.14)

Let n,(x) be the number of revolutions with radius R, that have been completed by the
material over the length x, where 1,(x) is not necessarily an integer value. This means that
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0, (x)=2mn, (x) (5.15)

The radius R, can be expressed as

Ri=R+— (5.16)

where:
d is the weighted average clearance between the rotor and concave, respectively, the
rotor and cage
R is the rotor radius

The variation of angle 8,,(x) is nonlinear and can be described by a function that

1. Has a zero at x = 0 (assumption 1)

2. Is continuous over the length x, that is, is differentiable and satisfies the previous
assumption

3. Has no inflection points or extremes, to satisfy assumption 2

Consequently, we introduce the following relationship:

a v
0,(x)=—x 517
=% (517)
where:
a is the coefficient that helps carry out the above-mentioned last condition
b is the exponent
Thus, the number of material revolutions in the threshing and separating zones is
n, (x)= a_ 0 (5.18)
2nR,

Let I, be the length of the flattened curve f(x) = ax’, which is the length of the material
trajectory in the threshing and separating zones. According to the mathematical theory
(Brohnstein and Semendyayev, 1985), the length of trajectory can be written as follows:

1/2

I = j(1+ [ f’(x)]z) dx (5.19)

Hence, the path length of the material over the interval [0, L] is given by equation

I = j(1 ; [abxb’l]z)l/z dx (5.20)
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which must be computed by numerical methods using a ready available software such as
MATLAB.

From geometrical interpretation of the first derivative of the function f(x), we get the
angle y(x) at any point x:

tany(x)= f’(x)=abx"" (5.21)

Hence, the relation between the components of material velocity is

Omt = Z)maabxb_l (522)
where:
v, is the tangential velocity of the material
V. is the axial velocity of the material

The absolute velocity of material v,, on its path can be computed as follows:

U = Uy 1+ (abxb‘l)z (5.23)

The value of angle y can be used to compute the conditional probability of kernel pas-
sage through the concave and cage openings, and to design these subassemblies (Miu
etal., 1997).

The axial pitch p,,, of a material trajectory is given by the following equation:

v 1
o = 2R, O = 2R (5.24)
P & Vit T abxb

The value of the material trajectory pitch is very useful for designing both the rotor and
the cage in either tangential or inclined feeding sections of the threshing unit to ensure
that fed material does not return after one complete revolution.

The above-given equations did not take into account the speed v, of the material at
the beginning of the threshing zone, which is greater than the material feeding speed vy
due to the fact that the material movement in the feeding zone is accelerated abruptly by
the impeller blades (three-start helical ridge), feeding auger, and so forth, depending on
threshing unit design. Thus, the material is accelerated along the length L; of the feeding
zone, to which the variable X has been associated. Taking into account Equation 5.18, we
can write that the total length of the material trajectory from the beginning of the feeding
zone to the discharge end is

Y, = 2R, (x) = yp, +ax’ (5.25)

We propose the following law that describes the flattened trajectory of the material
within the feeding zone:

vo=as (e -1) (5.26)
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where the coefficients a,and by have positive values.
At x;= L, we get

Yo =ay (e -1) (5.27)

In other words, we have the following definition of the function y:

ag (ebef _1), for 0<x;<Ls (5.29)
yh = .
af(ebfo—1)+axb, for -—x;<x<L

The values of the coefficients 4,and by can be computed from experimental data that was
not available to the author at the time of writing this book. The model parameters b and a
depend on material properties, and on the design and functional parameters of the thresh-
ing unit. The parameter b <1 due to slippage between the material and the rotor, as well as
a higher angle y(x) compared to the theoretical angle of trajectory, as determined by spirals
and rasp bars or other active elements of the rotor. Because b is usually smaller than 1, the
graphs of the functions f(x) = axt are curves without any points of inflection or extremes.

Figure 5.10 shows the graphs of the number of revolutions performed by two differ-
ent materials versus rotor length (Miu and Kutzbach, 2007). The functions are monotonic,
increasing over the rotor length.

Because the factor a > 0, it stretches the y coordinates, as can be seen in Figure 5.11. The
graph of the number of revolutions in Figure 5.12 displays a similar pattern.

MOG feedrate represents an important parameter influencing the trajectory length
(Figure 5.13). The measured data is marked with symbols. The line represents the cor-
responding predicted data. With increasing MOG feedrate, the friction between material
and the rotor/cage increases, and transportation of the material becomes more effective.

The variation of material velocity components over the rotor length versus rotor speed
is shown in Figure 5.14. It can be noted that material sliding against the rotor is variable
over the rotor length.
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FIGURE 5.10
Number of revolutions of different materials.
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FIGURE 5.11
Trajectory length.
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5.7 Modeling of Grain Threshing and Separating Processes

5.7.1 Literature Review of Mathematical Modeling of Grain
Processing in Tangential/Axial Threshing Units

In this section different approaches in the published theories are mentioned; then, in
Section 5.8, the theory the author has further elaborated will be presented.

Under optimal conditions, the cumulative grain separation in a threshing unit has the
following values (Wacker, 1985; Serii and Kosilov, 1986; Miu, 1995):
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¢ Up to 85% for a tangential unit composed of one cylinder
* Up to 90% for a tangential unit composed of two cylinders in series
* More than 99% for axial threshing units

Most scientific published works refer to equations for grain separation over the concave
of a tangential threshing unit or over the rotor length of an axial one, as shown below. In
the following, the variable x will be the current position associated with the threshing
length (Miu, 1994, 1995; Miu and Kutzbach, 2008a,b), that is,

¢ The length I, of the concave inside arc, x € [0, [ ], for a tangential threshing unit
(Figure 5.8)

® The length L of threshing and separating zones, x € [0, L], for an axial unit
(Figure 5.9)
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Simple models use a single exponential function that represents the cumulative separa-
tion function s, over the threshing length for a tangential threshing unit (Vasilenko, 1954;
Arnold, 1964; Filatov and Chabrat, 1969); for an axial threshing unit (Wacker, 1985),

si(x)=1—e™ (5.29)
r(x)=e™ (5.30)
where:
t, is the remaining grain to be separated

A is the constant separation coefficient; that is, threshing and separation processes
occur at a constant rate over the threshing length

These models offer the advantage of simple calculations with variable accuracy, depend-
ing on the current position x within the threshing length. A single separation coefficient
cannot incorporate all influences of unit design specifications and functional parameters.
The coefficients for threshing, segregation, and separation operations are embedded
within the separation coefficient A. Furthermore, Wacker (1985) proposed two different
coefficients, A, and A, for threshing and separating zones, respectively. Moreover, he found
that second-order polynomials could quantify the influence of rotor speed v and MOG
throughput g, on the separation coefficients A as follows:

A =a, +b,o+c,0? (5.31)

A =a,+b,q,+c,q,° (5.32)

where 4, b, and ¢ are experimental coefficients that depend on material properties and
threshing unit design. The values of such coefficients corresponding to the influence of the
rotor speed are given in Table 5.2. Figures 5.15 and 5.16 show the influence of rotor speed
and MOG throughput, respectively (Wacker, 1985).

Maertens and De Baerdemaeker (2003) showed that Rusanov’s equation, Equation 5.33,
fits best to an experimental data set obtained from test runs with a New Holland combine.
Rusanov (2001, 2002) and Vetrov (2002) further discuss this equation.

TABLE 5.2
Values of Experimental Coefficients Corresponding to the Influence of Rotor Speed
q, U u, A A
Material t/h % % a, b, c, a, b, c,

Summer wheat ~ 17.5 180 375 -1.809 0.340 -0.0057 -0.786 0226 -0.0036
Winter wheat 15.3 16.0 395 4489 0446 -0.0070 -6.607 0574  -0.0086
Summer barley 8.9 16.0 365 9164 0758 -0.0120 -0.815 0.202  -0.0027
Winter barley 13.2 15.5 285  -7.694  0.627  -0.0090  —6.660 0.529  -0.0078
Source: Wacker, P, Untersuchungen zum Dresch- und Trennvorgang von Getreide in einem

Axialdreschwerk [Researches on threshing and separation process in an axial threshing unit],
PhD dissertation, Hohenheim University, Forschungsbericht Agrartechnik der MEG 117, 1985.
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Rusanov (1971) proposed the following exponential function to describe the remaining
grain to be separated in a tangential unit:

r=e ™ (5.33)
where the exponent o = 0.9 is based on experimental data.

Caspers (1973) developed an exponential function with a third-degree polynomial expo-
nent as follows:

_ —(al-x+a2-x2+a3-x3)
ss=k|l1-e (5.34)

where:
k is the total grain mass
a,, a,, a5 are the coefficients that depend on unit design and material properties
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For grain separation in a tangential unit, Lo (1978) developed an exponential func-
tion whose exponent is expressed as a fourth-degree polynomial of threshing length,
Equation 5.35:

—(alvx+a2vx2+a3 ~x3+a44x4)
ss=1—e¢

(5.35)

Trollope (1982) developed an interesting set of differential equations of the threshing
process in a tangential unit starting from the mass balance in a volume element of thresh-
ing space. The nature of the equations does not allow finding of the exact solution, but
approximations of it. He made the assumption that the pressure p, exerted on the material
is constant within the threshing space. Hence, the grain separation could be described by
the following function:

5=, [1 _ kr’oe—cwm] (5.36)
kpo—c

0 —

where the parameter ¢ depends on the threshing length, rotor speed, and material veloc-
ity, while the parameter c depends on the throughput. The main issue is that the pressure
exerted on the material is not constant, although this should be a desideratum to maximize
the process efficiency.

Other researchers have quantified the grain separation using the difference of two expo-
nential functions, by taking into consideration the threshing/migration and separation
operations. The coefficients in such functions are also influenced by crop properties and
functional and design parameters of threshing units.

The first such example is Equation 5.37, developed by Alferov and Braginec (1972):

ss=1-—eM*—g, X 1 n (e’”o" - e’xl") (5.37)
1= 0

where S, is the mass of unthreshed grain.
Klenin and Lomakin (1972) have developed a similar equation, as follows:

s =1- S (kzeLLY - ekz")— (1-Sa)e" (5.38)
kzu

Trollope (1982) also developed an equation with two coefficients:

ss=1+ b (ce"k”"“’ - kpoe’c“’) (5-39)
kp, —c

The grain separation model developed by Huynh et al. (1982) uses stochastic con-
cepts to quantify the threshing process tangential threshing unit. This forerunner
model represents a good approach for the threshing process description. The diffi-
culty lies in measuring or estimating the time for which the grains remain within the
threshing space, as well as the material velocity, which is variable over the threshing
length (Miu, 2002a).
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Analysis of the research results and models that are presented in the literature leads to
the following remarks (Miu, 1995, 2004; Miu and Kutzbach, 2000, 2008a,b; Kutzbach, 2003;
Maertens and Baerdemaeker, 2003):

¢ Most of the research has had the initial aim of knowledge and understanding of
the threshing and separating processes.

e All presented functions represent valuable approaches for modeling threshing
and separation processes.

* Most previous work has been done on conventional combines having rasp bar
cylinders for threshing.

e Many studies and research have reported on variables that affect separation
only.
¢ The influences of crop properties and functional and design parameters have been

reflected in graphs, but only a few related mathematical relationships have been
published.

e The models are partial; that is, they describe only particular aspects of the
threshing—separating process. Most models are composed of a single equation
and usually describe grain separation or the to-be-separated remaining grain.

* The models have been developed using different assumptions for certain types of
threshing units and for particular test run conditions, so none of the models are
universal.

Certain assumptions made in these previous efforts, as well as approach methods devel-
oped by mathematicians, have been used by the author in developing and validating the
theories presented in this book.

5.7.2 Conjoint Mathematical Model of Grain Processing
in Tangential/Axial Threshing Units

In the following, the author’s unitary theory and accompanying mathematical models
quantify the threshing and separating processes in both tangential and axial threshing
units so that only coefficient values need to be adjusted for different crops. The mathemati-
cal models are further embedded in a GA for unit design and process optimization, allow-
ing optimum setting of the threshing units as well as enhancing the decision-making act
in design and new product development.

In mathematically modeling the grain processing in threshing units, the author consid-
ered the assumptions outlined in Section 5.5. In addition to that, to understand and apply
this model, the following assumption must be noted: the threshing process—by which the
grains are removed and separated from the ear—begins

e At the entrance in a tangential unit, respectively
* At the beginning of the threshing section of an axial threshing unit

This assumption can be eliminated; this shall imply a precise correction of the initial
percentage of unthreshed grain (e.g., 97.8% instead of 100%) if a certainly known propor-
tion of grains have already been removed from their flowery cover by the forefront con-
veyors or unit impeller.



212 Combine Harvesters: Theory, Modeling, and Design

In a threshing unit, which is composed of a cylinder and a concave, respectively, a rotor
and a cage, the grains are detached from the ears, and most of them separate through the
openings of the concave, or grates.

The threshing and separating process can be divided into the following three sections:

1. Detachment of the grain from the ears (the grain becomes free grain in the thresh-
ing space)
2. Motion of free grain kernels through the straw mat

3. Passage of free grain kernels through the openings of the concave or grates

The probability that grains will reach the separation surface is the same over the separa-
tion length as is the probability of free grain passage through the openings of the sepa-
ration surface (Huynh et al., 1982; Mailander, 1984; Miu, 1994, 1995; Miu and Kutzbach,
2008a,b).

The probabilistic laws that respectively describe the above-mentioned events have been
identified as follows:

L f(x)=%e™ (5.40)

2. f(x) (5.41)

3. g(x)=Be™ (542)
where:

A is the specific threshing/segregation rate for events a and b, respectively
B is the specific separation rate for event ¢

At this point it is necessary to emphasize that these probability density functions are
defined on the threshing space length x, and A and p are space increments between respec-
tive successive event changes, while Huynh et al. (1982) assumed similar rates expressed as
waiting times. This is not quite correct since the speed of the material (implicit time rate)
varies along the length x (Gasparetto et al., 1989; Wacker, 1985; Miu, 2002a).

The distribution frequency of unthreshed grain percentage into the threshing space is
a continuous variable. Hence, the percentage of unthreshed grain s, is given by integrating
Equation 5.40 over the length x as follows:

Sy(x)=1- J' AeodE = e (5.43)

At the end of the threshing space (x = [. for tangential unit or x = L for axial unit), the
unthreshed grain becomes threshing loss V,, that is,

Vi =s,(l.)=e™, for a tangential unit (5.44)
Vi =s,(L)=e", for an axial unit (5.45)

Free grain kernels can separate; therefore, their passage through the straw mat and open-
ings (random events b and c) is independent and successive. According to the probability
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theory, the joint probability density s,(x) of the sum of two independent and steady random
variables with the densities f(x) and g(x) equals the convolution (Bosch, 1996) of their indi-
vidual probability densities:

()= frg = [ fRIg0x -2z (546)

By solving this equation, we get what actually is the grain separation frequency:

sq(x) = A (e’Bx - e’“’) (5.47)

The cumulative distribution function s(x) of separated grain is found by integrating the
grain separation frequency s,(x) to get

SS(X)ZAiBI:?\,(l—eBX)_B(]—eM)] (5.48)

Since the material throughput is constant from the initial assumption, in the cross sec-
tion of the threshing space at any current position x of separation length, the mass balance
can be written using the unthreshed grain s,(x), separated grain s(x), and free grain fraction s{(x),
as follows:

Su(x)+5¢(x)+s,(x) =1 (5.49)

From Equations 543, 548, and 549, we get the percentage of free, separable grain s{(x), as
follows:

sp(x)= k7:[3 (e’ﬁ" —e’“) (5.50)

At the end of threshing space, the free grain becomes segregation and separation loss V.

A
A—P

Vs =s5(l) = (e’Bl“ —g M ), for a tangential unit (5.51)

>

Vgs = sf(L):

(e"ﬁL - e"M), for an axial unit (5.52)

AP

Figures 5.17 and 5.18 show the graphs of unthreshed grain s,(x), free grain s/(x), and
cumulative separated grain s (x) for a tangential and an axial threshing unit, respec-
tively. It can be noticed that the fraction of unthreshed grain decreases exponen-
tially. The fraction of free grain rises to a peak value and then decreases due to grain
separation.
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Variation of unthreshed grain, free grain, and cumulative separated grain in an axial unit.

Based on Equations 5.43, 5.48, 5.49, and 5.50, we can write the continuity equation of the
process quality indices over the length of threshing space as (Miu, 2001b)

19%, s
—Z S = s, (5.53)
Box ox

Grain separation frequency s,(x) depends on the fraction of separable, segregated grain
s,(x), which reaches the concave/cage surface, by a coefficient that is the linear segrega-
tion rate A. Thus, the fraction of separable, segregated grain s, (x) is given by the following
equation:
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S.(x) = kEB (e’B"“ —e’“) (5.54)

At the end of the threshing space, the separable, segregated grain s,(x) becomes pure
separation loss V, as follows:

V()= kB 5 (e‘B"‘ —eMe ), for a tangential unit (5.55)

Vi(L)= " IEB (e’BL - e’”), for an axial unit (5.56)

Consequently, the fraction of free, unsegregated grain s, (x) can be calculated with the fol-
lowing equation:

Sug(X) = 57(X) =54 (x) = e P ™™ (5.57)
At the end of the threshing space, the unsegregated grain becomes segregation loss V,:

Vi (L) == e _e™ fora tangential unit (5.58)

V(L) ==¢eP" —e™", for an axial unit (5.59)

Separation efficiency describes the separation intensity along the length of the separa-
tion space (Wacker, 1985). According to Miu et al. (1997), the continuous separation efficiency
eff,(x) at the current position x of the separation length is defined as the ratio between the
separated grain mass on the differential interval dx and the available grain mass to be sep-
arated to the rear of the threshing unit. This can be mathematically expressed as follows:

_ 54
eff, = W rs) (5.60)

The grain separation efficiency represents the probability of separation of the remaining
available (separable) grain. Grain separation efficiency is a useful index for comparison of
the design versus work of similar threshing units with different sizes.

In the following, a procedure of assessing the model parameter p is proposed. Let us
consider the concave and cage geometry as shown in Figure 5.19a and b. According to the
screening theory (Wessel, 1967, Huynh et al., 1982), it is assumed that a free kernel will pass
through an opening of the concave (or cage) if the projection of the kernel on the opening
surface is within that area. Thus, the theoretical probability for a kernel to pass through
an opening concave is

Py = (ﬂl —ay — d;)£b1 — bz - dg) (561)
V1
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(a) Geometry of the concave openings. (b) Geometry of the rotor cage openings.

where:
a, 1is the centerline distance between rods, mm

a, isthe rod diameter, mm

b, 1is the centerline distance between bars, mm
b, isthe width of a bar, mm

d, 1isthe equivalent diameter of a kernel, mm

Analogously, the theoretical probability of passage for a kernel through a cage opening
is given by the following equation:

= (= a=d) }E{af ~bi—d,) (5.6
141

According to Huynh et al. (1982), the conditional probability of a grain passage through
a given opening (Figure 5.20) can be written as follows:
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FIGURE 5.20
Scheme of local trajectory of a free (separable) kernel.
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by
Y m

p=Pa=p (5.63)

a is the available average distance of passage for a kernel through an opening (mea-
sured in the x direction), mm
Y. is the angle of the material trajectory, degrees (Miu, 2002a)
p is the overall probability

Since a kernel can separate through a concave opening or cage opening, this separation
event can be partitioned into two mutually exclusive events (Miu et al., 1997). In this case the
overall probability p represents a weighted value of the probabilities p, and p,,, with the
weighting relative to the concave wrap angle a and, respectively, cage wrap angle a,:

= POt PO (5.64)
o+ 0Oy,

The above calculations can be summarized using the following formula (Miu and
Kutzbach, 2000):

nd>
N P (5.65)
p n( 4soj

The model parameters A and p can be better expressed as functions of design parame-
ters (concave, grates, and helical blade geometry), functional parameters (feeding velocity,
rotor speed, feedrate, and concave clearance) of the threshing unit, and material properties
(bulk density, moisture content, an equivalent diameter of kernels [Mohsenin, 1986]). This
mathematical model has been validated with comprehensive experimental data obtained
from testing of different threshing units (tangential and axial units).

Cumulative grain separation percentage, threshing losses, and separation losses were
used for identification/validation of process rates f§ and A with very good agreement, as
follows (Miu, 1994, 1995; Miu et al., 1997; Miu and Kutzbach, 2000):

p=29-6.0m"and A =21.2-64.4 m~! (R2= 0.998-0.9996) for a tangential unit

B =2.6-3.8m™ and A = 3.0-24.0 m™ (R?= 0.999-0.9998) for two different axial units
(with axial vs. tangential feeding)

Figure 5.21 shows the graphs of the indices of threshing and separating processes with
different settings of functional parameters of an axial threshing unit.

Grain separation depends on the type, variety, and maturity of cereals, as well as the
design and functional parameters of the threshing unit. In Chapter 2 we emphasized that
the precision of evaluation of threshing and separation rates depends on the number of
collection points (number of boxes), especially in the beginning of the cumulative separa-
tion curve due to its characteristic S-shape. As a consequence, it is completely inappropri-
ate to compare these models with other models found in the literature when a reduced
amount of experimental data (collection points, especially at the beginning of the separa-
tion zone) is available. As an example, 10 collection points of data make a bigger difference



218 Combine Harvesters: Theory, Modeling, and Design

100 : : — =
% Unthreshed grain, s, /

75//&
L
AN

Cumulative grain, s

Process indices

Free grain, s,

25

—~— |

0 0.4 .8 1.2 16 m 2

Rotor length

FIGURE 5.21
(See color insert.) Graphs of process indices of a different axial threshing unit.

than 6 points per trial. However, it is true that more collection points translate into a longer
period and higher costs of experiments. If given no choice, the practitioner shall balance
the costs with the accuracy of experimental results.

By deriving Equation 5.47 and equating it with zero, we get the position along the rotor
length where maximum separation occurs. Therefore, this point can be found using the
following equation:

Xsdmax = — L In % (566)

In the next sections, we will apply this mathematical model to a series of tangential units
and to an axial unit with tangential feeding. Further development includes models of the
influences of functional and constructional parameters of threshing units on the process
indices p and A.

5.7.3 Grain Processing in a Tangential Threshing Unit Series

In modeling the grain processing in a series of tangential threshing units, we take into
account that the series input of all grains is 1 (or 100%), and then the output of the first
tangential unit becomes the input for the next one in line. The rates p and A are specific to
each threshing unit if their design or functional parameters differ.

Thus, for the first threshing unit, Equations 5.44 and 5.51 become

‘/fl =5, (lcl) = e_MICl (567)

A _ -
Vea =57(la) = . 1[3 (6 B _, Mln) (5.68)
1~ P1

where [ is the length of the first unit of the series.
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For the second tangential unit of the series, Equations 543 and 5.48 become

Su(X2) = Vipe 2 (5.69)

52(2) = (Vi + Vgsl)le_ﬁz[xz (1) =By (1-e722)] (5.70)

where x, is the variable expressing the current position associated with the length of the
second unit’s concave.
Thus, the second unit’s mission will be to thresh only the threshing loss of the first unit,
and then to separate the resulting grain plus the grain separation loss of the preceding unit.
Other equations from Section 5.7.2 will be adapted accordingly for the second unit, as
well as for all of the following units that compose the series of threshing units.

5.7.4 Grain Processing in an Axial Unit with Tangential Feeding

Axial units with tangential feeding are being used in Gleaner and Laverda combines. For
further development of the model, we take into consideration the following additional
assumptions:

¢ While feeding, no return of fed material should be possible.

¢ The threshing process begins immediately in the feeding section of the axial
threshing unit; therefore, the grain starts separating through the cage openings
in the feeding zone.

* Material is distributed uniformly over the width L; of the feeding section.
* The material feedrate is constant (steady-state process).

We define the total length of threshing length L as the total length of the feeding, thresh-
ing, and separating sections of the axial unit (Figure 5.22).

Let x be the associated variable of the threshing space length, x € [0, L]. Let g, be the
nominal grain feedrate. The specific material §;(x) that is fed into the threshing unit on

an infinitesimal width dx, for 0 < x < L, is

. dgs

(x)= Y 71

s (x) =" (5.71)
Consequently,

gs (x) = gsx (5.72)

Let q,(L) represent 100% of the grain feedrate. Within any cross section of the feeding zone
at current position x € [0, L], the grain feedrate is proportional to x as follows:

1 (.73)

qs(x)zgx
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Representation of an axial unit with tangential feeding.

In the following, we will consider the same probabilistic laws (Equations 5.40 through
542) that describe the events into which the threshing and separating process can be
divided. The rate parameters f§ and A are constant over the lengths L;and L, and are equal
to the average number of corresponding events per unit length.

The frequency of unthreshed grain into the threshing space is a continuous variable. The
fraction of unthreshed grain s,,(x) in the feeding zone, 0 < x < L is

1 x<Lf s 1 x
Su(x)=—x|1- e Mds | = —xe (5.74)
Ly 0 L

Making the first derivative

dsy (x)
2onlt) _
dx

we find that s,,(x) has a maximum at x = 1/\.
The fraction of unthreshed grain s,,(x) over the length L;< x <L is

si2 () =1-5,1 (Lf)J pe M) g = (5.75)

0

At the end of the threshing space (x = L), the unthreshed grain becomes threshing
loss V;:
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Vi=sp(L)=e™ (5.76)

Separation of free grain kernels through the straw mat and openings of the cage and
concave occurs due to the independent and successive random events b and c. According
to the probability theory, the joint density s,(x) of the sum of independent steady random
variables equals the convolution of their densities. Therefore, we get the joint density that
is the separation frequency:

X

M (e
‘(!.f(z)g(x—z)alz:(}L_B)(e[5 —e ) (5.77)

¥2)
2
—
=
SN
Il
~
—
=
SN—
*
0qQ
—_
=
SN—
Il

The cumulative distribution function s(x) of separated grain over the length [0, L] is
found by integrating the density function s,(x), and then multiplying by proportionality
factor x/ Ly Hence,

s (x) = (xl—B)foWl e ) -B(1-e7)] (5.78)

For L;< x < L, the cumulative distribution function s, (x) of separated grain is found by
integrating Equation 5.77 only (i.e., the proportionality factor equals 1), as follows:

S (¥) = (xl—ﬁ)[m —e?)-p(1- e’}"‘)] (5.79)

It can be noted that
si2(Ls) =54 (Ly) (5.80)

Therefore, the cumulative distribution function s,(x) over the length [0, x] is

(=] e, (5.81)

Ss2 (x)‘LfoSL

In the cross section of threshing space, at position x, the balance equations can be writ-
ten as

St (%) + 551 (x)+54 (x) = Li' x<Lg (5.82)
f

Su2 (¥)+5p2(x)+50(x)=1, Ly<x<L (5.83)

where s;(x) and sp,(x) represent free, separable grain proportions corresponding to differ-
ent positions x over the rotor length.
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Consequently, we get

Sf1 (x) = WE(E_BX - e_M) (584)
s (x)= (7&7:[3) (E_BX - e"“) (5.85)

It can be noted that
sp2(Ls)=s51(Ly) (5.86)

At the end of the threshing space, the free grain becomes segregation and separation
loss V.
gs

A

Vgs =5p2(L) = T_B

(e'ﬁL - e'“) (5.87)

Figure 5.23 shows the predicted unthreshed grain s,(x), free grain s{x), and cumulative
separated grain s,(x) for an axial threshing unit with tangential feeding.

Notice that the fraction of unthreshed grain decreases with rotor length, but reaches
a maximum within the feeding zone, and then decreases exponentially. The graph of
unthreshed grain shows the primary difference in functioning between this type of axial
unit and all the others with axial feeding. In those cases, the fraction of free grain increases
with rotor length until it reaches a maximum at the end of the feeding section. Later, it
decreases due to grain separation.

The continuity equation of the process quality indices over the length of threshing
space is

100

i 7 3 =
L] S+ 8, +5, =100 o
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0 0.4 0.8 1.2 m 16
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FIGURE 5.23
Variation of unthreshed, free, and separated grain in an axial unit with tangential feeding.
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1 0%, . 05
B ox*  ox

= s, (5.89)

Grain separation frequency s,(x) depends on the fraction of separable, segregated grain
s,(x) that reaches the concave/cage surface, by a coefficient that is the linear segregation
rate L. Thus, the fraction of separable, segregated grain s,(x) is given by the following
equations:

Se(x)= (KIEB) %(6“‘" —e‘”) forx<Ls (5.89)
Se(x) = k?B (e’ﬁx —e’“’) for Ly <x<L (5.90)

At the end of the threshing space, the separable, segregated grain s,(x) becomes pure
separation loss V, as follows:

V(L) = S 5 (e —e™) (5.91)

Consequently, the fraction of free, unsegregated grain s, (x) can be calculated with the fol-
lowing equation:

Sng (X) = 57(x) —54(x) (5.92)

That leads to
Sng1(X) = 551(x) = 541(x) = Lif(e’ﬁx - e’“) (5.93)
Sug2(X) = 52(%) = Sg2(x) = (e #* —e7) (594)

At the end of the threshing space, the unsegregated grain becomes segregation loss V,:
Vi(Ly) = (e_ﬁLf -e‘Mf) (5.95)

The continuous separation efficiency eff,(x) at the current position x of the separation
length is defined as the ratio between the separated grain mass on the differential interval
dx and the available grain mass that could be separated at the rear of the threshing unit.
The separation efficiency on the rotor length is composed of two formulae corresponding
to the feeding and threshing zones, respectively:
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— effsl (x) 0<xs<Lf (596)
effs2 (x)‘LfoSL

effs (x)

Consequently, for feeding and threshing zones, these formulae can be mathematically
expressed as follows:

_ s (x)
)= ) (597)
effa(r)= o2 (5.98)

1= (Vi +52(x))

Test runs with an axial unit (Figure 5.24) were conducted in the laboratory with dry
winter wheat. The specific rates p and A have been determined using multiple nonlinear
regression analysis of the cumulative separated grain fraction, threshing and separation
losses, and the generalized functions that describe the influence of crop properties and the
functional and design parameters of the axial unit (Miu et al., 1998b). The overall quality of
the regression analysis of the cumulative grain separation over the length of the rotor was
assessed based on the value of the coefficient of determination R2.

According to the experimental results, the identified values of the coefficients range as
follows:

f=3.03-395m!
A =395-5.06 m™
R?2=0.981-0.996

FIGURE 5.24
Cross section of axial threshing unit in tangential feeding zone.
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In terms of losses, at x = 1.8 m, the model shows the following predicted values over the
entire range of testing conditions:

® Threshing loss V,=5,,(1.8) = 0.011%-0.082%
* Separation loss V= sy(1.5) = 0.32%-1.48%

These results show an excellent agreement between theoretical predictions and the
experimental data.

5.7.5 Models of Threshing and Separating Process Rates

The mathematical model of threshing and separating processes in threshing units,
described in the previous section, uses two coefficients: A, the linear rate of threshing, and
B, the linear rate of separation. Using physical process analysis, dimensional analysis, and
nonlinear multiple regression techniques based on the principles described in Chapter 2,
the linear rate A and p models are influenced by the following parameters:

¢ Crop properties: Crop type and variety, and moisture and bulk density of the
MOG.

¢ Functional parameters: MOG feedrate, rotor speed, and concave clearance.

® Design parameters: Concave wrap angle, dimension of concave and cage open-
ings, and length of the rotor.

In developing the theory, the following steps were taken:

* Analysis of the influence of the above-mentioned parameters on grain separation
and separation losses

* Analysis of the dependence of process indices on the values of coefficients
and A

e Comparison of the variation of both coefficients

¢ Identification of the functions that describe the influence of the parameters on the
coefficient values

¢ Combination and compression of these functions into a single function for every
coefficient f and A

* Generalization of the functions for prediction of the values of coefficients
and A

The analysis of the values of coefficients p and A revealed the following conclusions:

¢ Coefficients p and ) are in a certain reverse proportional ratio.

¢ Grain separation is proportional to coefficient p, which represents the linear rate
of separation.

¢ Losses are proportional to coefficient A.

¢ Variation of coefficients f and A in wheat and barley (summer and winter variet-
ies) displays similar shapes of the respective curves when a certain functional or
design parameter varies.
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Because of the large number of variables, we were faced with the following challenges:

¢ Finding out the proper forms of the generalized functions of coefficients p and A

¢ Minimizing the number of coefficients from equations

Using a nonlinear multiple regression technique, we found two compact generalized
functions of coefficients § and 2, as follows:

B (5.99)

where:
p is the probability of grain passage through the openings
v is the rotor speed, m/s
q, 1is the MOG throughput, kg/s
qp is the optimum working MOG throughput, kg/s
u, is the MOG moisture content (wet basis), %

p

Uy, is the minimum MOG moisture content (wet basis), %

p, is the MOG bulk density (free density), kg/m?
ks is the coefficient that depends on crop type and variety

The optimum working MOG throughput g,, represents the MOG throughput corre-
sponding to the maximum value of the cumulated fraction of separated grain for a given
axial threshing unit. The value of u,,, represents the MOG moisture content (wet basis) cor-
responding to the minimum grain damage when MOG throughput has a value of g,,,. That
means the MOG moisture content u,,, corresponds to the grain moisture content when the
grain is more resistant to dynamic forces of impact (Wacker, 1988).

Dimensional analysis shows that coefficient § implicitly depends on the rotor angular
velocity and on the separation surface (i.e., rotor diameter and length).

The generalized function of coefficient A is

A=k /L’USQ e[;’:’+“1:5” 7] (5.100)
%\/Z

k, is the coefficient that depends on the crop type and variety
is the exit concave clearance, mm

U,y is the maximum MOG moisture content (wet basis), %

is the optimum working rotor speed, m/s

The value of v, represents the rotor speed corresponding to the maximum value of the
cumulated fraction of separated grain (i.e,, to the feedrate g,,,).
In wheat and barley, the value of maximum MOG moisture content falls within the range



Cereal Threshing and Separating Processes: Threshing Units 227

Ut = (15...2)ty (5.101)

The following subsections are based on the author’s work in partnership (Miu et al.,
1998) with German colleagues at Hohenheim University, Stuttgart, Germany.

5.7.5.1 Influence of MOG Feedrate

In axial threshing units, at low material throughput, the relatively thin layer of material
is driven quickly by the active elements of the rotor, the crop is not sufficiently processed,
and therefore the threshing and separation occur later. That means coefficient A increases
and P decreases.

The grain separation improves with increasing the MOG feedrate because of the increas-
ing material thickness. At a higher MOG feedrate, the straw layer in the narrow concave
clearance is thicker. This has the effect of damping the beating energy via the active ele-
ments of the rotor, toward the depth of the material layer; consequently, the grain separa-
tion decreases. The influence of the MOG feedrate g, on coefficients  and X establishes an
exponential dependence, which mathematically can be written as

b
B= Ziqf (5102)
and
a= ke (5.103)
qp
where:

g, is the MOG feedrate
e is the base of natural logarithms
a, b, ¢, k, m, n are the coefficients

Above, the following was taken into account:
q,, q," are the positive influence of the MOG feedrate on grain separation

e, em¥ are the negative influence of the decreasing of straw permeability and the
transmissibility of beating energy across a greater thickness of the crop mat

The influence of the MOG feedrate and rotor speed on coefficient A, threshing loss, and
grain separation in barley, when MOG moisture content varies between 10% and 50% (wet
basis), is shown in Figures 5.25 through 5.27.

5.7.5.2 Influence of Rotor Speed

The detachment of the grain from ears and grain separation mainly take place due to the
beating energy of the rotor. The greater the rotor speed, the stronger is the action of the
active elements (rasp bars, straight bars), and the greater are the centrifugal force and grain
separation. And yet, with increasing rotor speed, the grain separation reaches a maximum



228 Combine Harvesters: Theory, Modeling, and Design
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Threshing rate A [m™!]

FIGURE 5.25
Influence of MOG feedrate and rotor speed on barley threshing rate A.

Separation loss L [%]

FIGURE 5.26
Influence of MOG feedrate and rotor speed on barley grain separation loss.

(Sonnenberg, 1971; Lo, 1978; Wacker, 1985). At higher rotor speed, the stationary time of
the material in the axial threshing unit becomes shorter and shorter, and the straw perme-
ability decreases because of a stronger fragmentation of the MOG. Following the above-
mentioned statements and on the basis of my own experimental results, we assumed that
coefficients f and A bear exponential relationships with rotor speed, with the forms

B=-1 (5.104)
e

and

(5.105)
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FIGURE 5.27
Influence of MOG feedrate and rotor speed on barley grain separation.
where:
v is the rotor speed

a,b,k,m are the coefficients (other than in Equations 5.102 and 5.103)

Above, the following was taken into account:

v, "™ are the positive influence of increasing the centrifugal force and threshing
action

v?, e are the negative influence of decreasing crop stationary time and straw
permeability

The influence of the rotor speed and MOG feedrate on coefficient A, threshing loss, and
grain separation in wheat, when MOG moisture content varies between 10% and 50% (wet
basis), is shown in Figures 5.28 through 5.30.

Separation rate B [m™!]

FIGURE 5.28
Influence of rotor speed and MOG feedrate on wheat threshing rate p.
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FIGURE 5.29
Influence of rotor speed and MOG feedrate on wheat grain separation loss.

Grain separation S [%]

FIGURE 5.30
Influence of rotor speed and MOG feedrate on wheat grain separation.

5.7.5.3 Influence of Concave Clearance

A reduced number of researchers have already reported experimental data concerning the
influence of concave clearance on grain separation in axial threshing units (Bjork, 1988a;
Wacker, 1990; Miu et al., 1997).

Thus, the influence of concave clearance on grain separation s, can be described by the
equation

5,
Ss = E;C(gg (5].06)
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where:

§; isthe concave clearance at entrance
8, 1is the concave clearance at exit

&, 1, C are the coefficients

i

At the exit concave clearance §,= 0, the rotor is blocked, and consequently, the grain
separation s, = 0. With an increase in concave clearance, grain separation increases until
it reaches a maximum, and then slowly decreases. The same observations have been
reported in tangential units by Caspers (1973). The influence of a concave clearance on
coefficient p can be neglected. Starting from Equation 5.103, we found for coefficient A a
close form of relationship:

kaem

nde

A=

(5.107)
e

where k, m, n are the coefficients.
Equation 5.104 was built taking into account the following:

8,m is the negative influence of the concave clearance due to decreasing the beating
intensity

e™e is the positive influence of the concave clearance due to increasing the material
compression

k is the coefficient that depends on the rotor length (concave length)

5.7.5.4 Influence of MOG Moisture

In an axial threshing unit, due to a long trajectory of the material into the threshing space,
the dryer the straw, the more broken it will be. Thus, at very low MOG moisture content,
due to a stronger MOG separation, the grain separation loss increases. The straw mass
acts as a viscoelastic layer (Baader et al., 1969), because of the behavior of individual straw
pieces and their kinetic friction (Huisman, 1983). At high MOG moisture content, the coef-
ficient of sliding friction between grain and straw increases, and the elasticity and size of
the MOG decrease; therefore, the separation loss also increases (Figure 5.31). The graphics
from Figures 5.32 and 5.33 show the predicted grain separation and separation losses in
summer barley and wheat, respectively, when the MOG feedrate, MOG moisture content,
and rotor speed vary. It can be observed that separation loss rises with an increase in MOG
moisture content.

5.7.5.5 Influence of MOG Bulk Density

Spatially variable field operations depend on various parameters, such as in-field varia-
tion of crop yield (Reitz and Kutzbach, 1996) and MOG yield. McGechan and Glasbey
(1982) reported the short-term variability in apparent MOG yield within a field or within
1 day. The MOG yield strongly depends on the MOG moisture content and MOG bulk
density.

The research of Vofs (1970) shows a nonlinear dependence between straw bulk density
and moisture content, which is reflected in the equation of the rates f and A. According to
Pickett and West (1988), the straw bulk density falls within the range of 14 + 34 kg/m? in
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Separation loss L, [%]

FIGURE 5.31
Influence of MOG moisture and feedrate on separation loss in barley.

Grain separation S [%]

FIGURE 5.32
Influence of MOG moisture and feedrate on grain separation in barley.

wheat and 20 + 22 kg/m? in barley. Figure 5.34 shows the predicted grain separation in

winter wheat as functions of MOG moisture content and MOG (straw) bulk density for
different values of rotor speed.

5.7.5.6 Influence of Concave/Cage Opening Design

Grain can pass through the concave and cage openings. As the opening surfaces differ
from concave to cage, it is necessary to compute the mean surface of an opening as a pon-
deral value of concave and cage opening surfaces (Miu et al., 1998a,b).

Let us define the opening ratio n of the separation surface as

n="% (5.108)
S
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Grain separation S [%]

FIGURE 5.33
Influence of MOG moisture and feedrate on grain separation in wheat.

Grain separation S [%]

FIGURE 5.34
Influence of MOG bulk density and moisture on grain separation in wheat.

where:

s, 1is the mean surface of the concave and cage openings (ponderal value)
s is the mean surface that contains an opening with the surface s,

Thus, we can use Equation 5.65 to calculate the probability p for a grain to pass through
an opening of the concave/cage.

Let us consider the opening is a square with the side 4, so that s, = 42. In Figure 5.35,
the graphics show the predicted data in winter barley as functions of the opening ratio
n, and dimension a of a square opening for different values of the MOG feedrate. The

designer can then choose the proper dimensions of the openings corresponding to the
surface s,
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FIGURE 5.35
Predicted influences of opening dimension and opening ratio in wheat.

5.8 Modeling of MOG Fragmentation and Separation Processes

5.8.1 Conjoint Mathematical Model of MOG Processing
in Tangential/Axial Threshing Units

Miu (1999, 2000) developed the conjoint mathematical model of MOG fragmentation and
separation for both tangential and axial threshing units. In developing this mathematical
model for both types of threshing units, the following assumption has been considered:
the MOG fragmentation and separation begins effectively

¢ At the entrance in the tangential unit

¢ In the threshing section of the axial threshing unit

Such an assumption could be eliminated, though, if a precise correction of the initial
fraction of unfragmented MOG (e.g., 95% instead of 100%) is known.

Due to the forced passage of vegetal material through the threshing space, the bonds
between the grain and their flowery cover are destroyed, and simultaneously, leaf and
stalk portions of the plant mass undergo deformation and fragmentation processes.

The seizure of stalks by the cylinder or rotor depends on several factors, such as the type
and construction of the threshing unit, gaps between their various elements, peripheral
speed, MOG throughput, and physical conditions of the plant mass.

In the threshing space, the MOG becomes a mixture of long stalks, chaff, and fragments
of the spikes, stalks, and leaves. The chaff and other small components of MOG are poten-
tially able to pass through the openings of the concave and grates.

Applying mutatis mutandis, for data analysis, the methods of determining and
expressing particle size described by ASAE S319.3 and ANSI/ASAE S424.1, we can
assert that



Cereal Threshing and Separating Processes: Threshing Units 235

* The analysis of the mass percentage distribution of fragmented MOG in the
threshing space is based on the assumption that these percentages are logarithmic
normally distributed.

¢ The size of MOG particles should be reported in terms of geometric mean length

l,,, and standard deviation S,,, by mass percentage.

e Calculated values are obtained as follows:

g'l z“(mZ log Z)

low=log” == (5.109)
2m

_ 2 /2
. 2 m; (10g -log lgm) (5.110)

Sem = log Z o

is the nominal length of the MOG particles of the ith interval of screening (sorting)
] is the geometric mean length of the articles on the ith interval of screening

m; is the mass percentage on the ith interval at the conditions of screening
L, is the geometric mean length
S, 1is the standard deviation

gml

MOG fragments passing through a concave or grate openings are considered to have
a geometric mean length of half the opening’s diagonal. That is what we define as
being the separable MOG fraction. That means I, = ls,= MOG fragment length at 50%
probability, and S, = l3,/15,, where I3, is the MOG fragment length at 84% cumulative
probability.

Development of the model is based on several judicious assumptions:

* The MOG fragmentation is performed in the threshing space.
¢ The MOG fragmentation and separation process can be divided into the next three
random events:
* The deformation and fragmentation of the ears, leaves, and stalks
¢ The movement of separable MOG particles through the straw mat to the con-
cave and grates, due to the airstream and centrifugal force

¢ The passage of separable MOG particles through the openings of the concave
grates and cage

In the previous section, we defined the length of threshing space where [ is the length of the
concave (for a tangential unit), and L is the length of the threshing and separation sections
of the rotor (for an axial threshing unit).



236 Combine Harvesters: Theory, Modeling, and Design

The general probabilistic laws that describe the above random events are respectively
defined by the following exponential probability density functions:

1 f(x)=ae™ (5.111)

2. f(x)=ae™

3. g(x)=ae™ (5.112)
where:

x is the current position along the length of the threshing space
b is the linear rate of MOG fragmentation and dispersion
a is the linear rate of MOG separation

The above-mentioned probability density functions are defined on the threshing space
length x; a and b are space increments between respective successive event changes over
the length x.

The fraction of fragmented MOG (small enough to become separable) is a continuous
variable and can be computed by integrating Equation 5.111 over the length x. Hence, the
fraction pp,(x) of unfragmented (unseparable) MOG is

ppa(x) = 1—jae’bsds = 1—%(1—6””‘) (5.113)
0

Fragmented and separable MOG can separate; therefore, their passage through the straw
mat and openings (random events 2 and 3) is independent and successive. According to
the probability theory, their joint probability density s,(x) of the sum of two indepen-
dent and steady random variables with the densities f(x) and g(x) equals the convolution
(Equation 5.46) of their individual probability densities.

Consequently, the MOG frequency distribution or probability density function pp,(x) of sepa-
rated MOG particles results in

2

pro)=frg =" (e —e™) (5:114)

The cumulative distribution function pp/(x) of separated MOG is found by integrating the
density function (5.114). We get

pps(x) = b(ba— B [b(l—e'”x)—a(l—e‘bx )} (5.115)

The total cumulated percentage of separated MOG over the length of the threshing space is
pp,(l) for a tangential threshing unit and pp (L) for an axial unit.
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Since the material throughput is constant (as per initial assumption), in the cross sec-
tion of threshing space at any current position x of separation length, the mass balance
of MOG fractions can be written as a summation of the unfragmented MOG pp,(x),
cumulative separated MOG pp,(x), and separable, fragmented MOG pp((x) fractions as
follows:

ppa (x)+pps (x)+pps (x) =1 (5.116)

According to the initial condition, pp/0) = 0, we get

PPr=1, f p (e =e™) (5.117)

According to the probabilistic theory, the MOG separation is proportional to the amount
of fragmented, separable MOG:

d
- (pp.)=app; (5.118)

The values of model parameters a and b were found through nonlinear regression analy-
sis with very good agreement, as follows: 2 = 1.8 + 4.0 m' and b = 10.1 + 204 (R*= 0.992-
0.9994) for a tangential threshing unit (Miu, 1999) and a =04 + 2.2 m* and b = 2.7 + 17 for
two different axial units.

Figures 5.36 and 5.37 show the graphs of MOG processing in a tangential and an axial
threshing unit, respectively.

The above-described models help to simulate and optimize the threshing process and
unit design and reduce time and costs in carrying out laborious experiments.
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FIGURE 5.36
(See color insert.) MOG processing in a tangential unit (feedrate 6.2 kg/s, cylinder speed 29.6 m/s).
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FIGURE 5.37
MOG processing in an axial unit (feedrate 7.5 kg/s, cylinder speed 30.6 m/s).

5.9 Modeling of Threshing Unit Power Requirement

5.9.1 Literature Review of Mathematical Modeling of
Threshing Unit Power Requirement

The threshing unit consumes the major part of combine harvester power used in grain
harvesting (Kepner et al., 1982; Bjork, 1988b; Kim and Gregory, 1989a). That becomes more
evident as, with the axial-flow design, a high percentage (up to 75%) of the total power
could be consumed by the rotor. Thus, modeling the power requirement of the threshing
unit represents a key in computing the total power of the combine engine. Concurrently, a
model of the cylinder/rotor power requirement helps in the simulation and optimization
of the threshing and separating processes, as well as in the threshing unit design using
evolutionary computation (Miu and Perhinschi, 2001).

Research carried out by Dolling (1957), Segler and Wienecke (1961), Arnold (1964), Eimer
(1977), and Kanafojski (1973) has shown that the specific power requirement of a tangential
unit varies within the 1-2.5 kWh/ty,o; range. In a pull-type combine with a tangential
threshing unit and two separating rotors, the power requirement has increased linearly
with MOG feedrate (PAMI, 1987).

Huynh et al. (1982) assumed that the threshing process is determined by friction and
compression phenomena. Hence, the processing power can be calculated using the follow-
ing equation:

D 5.\
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where:
p  is the coefficient of friction between material and concave
B is the cylinder width
L is the concave length

Kim and Gregory (1989a) developed a power requirement model for tangential thresh-
ing units as follows:

P=P+ kz% nL(q,+4q.) (5.120)

where:
P, is the idle power of the threshing unit cylinder
h, is the height of the material fed into the threshing unit
n is the cylinder speed, rpm

Research carried out by Wacker (1985) on an axial threshing unit shows that the idle
power is proportional to the cube of the rotor speed v, as follows:

Py=0.14-1037° (5.121)

Specific energy requirements for wheat threshing and separation increase linearly by
increasing the rotor speed and MOG throughput. Wacker also investigated the influence
of spiral position and MOG moisture content on the specific power requirement of the
tested axial threshing unit.

Harrison (1991) described the variation of the rotor power requirement at different MOG
throughputs, rotor speeds, and concave clearances. The power required for the axial-flow rotor
was extremely sensitive to any change in the throughput, doubling for a 50% increase of it.

Outside of the author’s paper (Miu, 2001a), there are no published mathematical func-
tions that describe the influence of design and functional parameters of the axial threshing
unit on the power consumption.

5.9.2 Idle Power of an Axial Threshing Unit

The main components of an axial threshing unit are the rotor (feeding impeller, and
threshing and separating zones) and a cage with concave and grates. The grates are located
in the separating zone of an axial threshing unit. From the design point of view, they are
basically very similar to a concave.

When functioning, a rotor is considered to be both

¢ An impeller, which forces the air to move through the threshing space in the axial
and radial directions

* A rigid body, which processes vegetal material through the threshing space

When idling (no throughput material), the rotor requires an idle power P,. When thresh-
ing, the rotor requires a process power P,,. The process power is directly proportional to the
material MOG throughput g, by a specific process power p,,, that is,
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Ppr = Psplp (5.122)

Consequently, the total power P, required by a rotor of an axial unit is
P =P, +P, (5.123)

Applying the principle of kinetic energy of a rotor with rotary motion with respect to
time ¢, we get

Ea _

P, =
t

% Jw? % =k,RLv® (5.124)

where:
J is the moment of inertia of the rotor with respect to the axis of rotation (kg m?)
o is the angular velocity of the rotor (s™)
R s the rotor radius (m)
L is the rotor length (m)
v is the rotor speed (m/s)

>

(S

is the coefficient, which includes carbon steel density (kg/m?3)

For an impeller, with negligible friction losses and no pneumatic losses, the idle power
can be calculated with the following formula:

b, =Qp.Wg (5.125)

where:
Q is the volumetric airflow rate (m?3/s)
p, 1is the density of air (kg/m?)
W is the total theoretical head (m)
g is the acceleration due to gravity (m/s?)

Equation 5.125 is for an ideal situation in which the airflow through the rotor’s active
elements (rasp bars) is frictionless, and the fluid velocity vectors can be accurately deter-
mined from the bars” angles.

The total head is the sum of a velocity head and a pressure head (Henderson et al., 1997).
The total head is proportional to the square of the rotor speed and to the difference in the
squares of the inner and outer radii of active elements of the rotor. Since the rotor moves
a quantity of air against a certain resistance, which may be attributable to the friction of
cage spirals and separation openings, a part of the velocity head should be converted into
a pressure head. Following the above-mentioned statements, the following equation for
idle power P, (kW) was found:

P, =10%c,p,RLSz0* (5.126)
where:

¢, 1is the coefficient (s™)
8z is the difference of the inner and outer radii of active elements of the rotor
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FIGURE 5.38
Rotor idling power dependence on the peripheral speed.

An example of variation of idle power versus rotor speed is shown in Figure 5.38. The
determination coefficient achieved for the nonlinear regressions was R?= 098, and the
standard error of the estimates was e,= 0.11 kW.

5.9.3 Models of Input Variable Influence on Axial Threshing Unit Power

In this section we analyze and model mathematically the dependence of threshing unit
specific power p,, (kW/(kg/s)) on MOG throughput g,, rotor speed v, concave clearance 5,,
and MOG moisture content u,,.

5.9.3.1 Effect of MOG Feedrate

In axial threshing units the specific process power increases linearly with MOG feedrate
(Wacker, 1985) or with MOG feedrate to the power of 1.6 + 2 (Bjork, 1988b; Kim and Gregory,
1989a). The power required for the axial-flow rotor is extremely sensitive for a change in
the feedrate, doubling for a 50% increase (Harrison, 1991).

The influence of the MOG feedrate on specific process power is higher in barley than in
wheat, as shown in Figures 5.38 and 5.39.

At low MOG throughput, the relatively thin layer of material is driven quickly by the
active elements of the rotor. At higher MOG feedrate, the straw layer is thicker. This has
the effect of damping the beating energy via the active elements of the rotor and the spe-
cific process power increases.

The influence of MOG feedrate g, on the specific process power p,, (kW/(kg/s)) estab-
lishes an exponential dependence, which mathematically can be written as

(5.127)
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FIGURE 5.39
Specific processing power dependence on the MOG feedrate.

where:
g, is the MOG feedrate (kg/s)
e is the base of natural logarithms
a is the coefficient
b is the exponent

Above, the following was taken into account:

¢"" is the negative influence of decreasing the transmissibility of the beating energy
across a greater thickness of the crop mat

qr is the positive influence of decreasing the friction of the crop when the layer is
thin

5.9.3.2 Effect of Rotor Speed

The rotor speed has no significant effect on the process power (Bjork, 1988b; Harrison,
1991). Wacker (1985) showed that the specific energy requirement increases linearly by
increasing the rotor speed. The greater the rotor speed, the stronger is the action of the
active elements (rasp bars, straight bars), and the greater is the straw fragmentation and,
consequently, the specific process power. At the same time, increasing the rotor speed
does not mean a proportional increase of axial velocity of the material. Therefore, it can
be assumed that the specific process power bears with the rotor speed the following
relationship:

P =" (5.128)
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FIGURE 5.40
Specific processing power dependence on the rotor peripheral speed.

where:
v is the rotor speed (m/s)
a,b are the coefficients (other than in previous equations)

In Equation 5.128, the term e™ expresses the negative influence of intensifying the straw
fragmentation when the rotor speed increases; therefore, the specific power increases. In
accordance with Equation 5.128, Figure 5.40 displays the dependence of the specific pro-
cessing power on the rotor peripheral speed in wheat and barley.

The graph shown in Figure 541 displays the influence of the rotor speed and MOG
throughput at two MOG moisture contents of barley on a specific process power of an axial
threshing unit.

Specific process power (kW/(kg/s))

FIGURE 5.41
Specific processing power dependence on the rotor speed and MOG feedrate.
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FIGURE 5.42
Specific process power dependence on the concave clearance.

5.9.3.3 Effect of Concave Clearance

An example of how the concave clearance influences the variation of specific power of an
axial threshing unit is shown in Figure 5.42.

On one hand, when the material MOG feedrate is constant, decreasing the concave clear-
ance determines an increase of the pressure the material encounters within the threshing
space, and thus an increase of specific power consumption. On the other hand, the layer of
material should be quickly driven toward the exit of the threshing unit. This has a slight
effect on decreasing the power consumption, though. Both effects can be described by the
following equation:

(5.129)

where:
8, 1is the concave clearance at the outlet (mm)
a, b, c are the regression coefficients/exponents

The above-mentioned coefficients depend on crop type, variety, and maturity stage.

5.9.3.4 Effect of MOG Moisture Content

At low moisture content of MOG, the straw size decreases; therefore, the specific power
requirement decreases. At very high MOG moisture content, the coefficient of the sliding
friction between the straw and the rotor cage decreases.

Consequently, the specific power requirement was found to be best described by the equation

_ auy

sPT cu
e P

(5.130)
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Specific process power dependence on the MOG moisture content (w.b.).

where:

u, is the MOG moisture content (wet basis, %)

a, b, c are the coefficients
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Figure 5.43 shows how Equation 5.130 can be fitted to experimental data obtained when
threshing barley with an axial unit. Figure 544 shows the cumulated effects of concave
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FIGURE 5.44

Specific process power dependence on the concave clearance and MOG moisture content.
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clearance and MOG moisture content on specific power consumption, in wheat, for two
different MOG feedrates.

5.9.3.5 Generalized Model of Input Variable Influence on Specific Process Power

Using Equations 5.127 through 5.130 and a multiple regression technique, we developed a
compact generalized function of specific process power as follows:

( ap +c(v+5P—up))
& 5.131
Psp = auy qzvcse ( )
where the coefficients (exponents) take values within the following ranges: 2 = 0.6-14,
b =0.2-0.55, and ¢ = 0.02-0.055 (in wheat and barley).
The trends predicted by the above-mentioned model are similar to the observed data
with a global coefficient of determination R?> 0.8. This model is further used in the next
section as part of the outlined GA for optimization of the threshing unit process and design.

5.10 GA-Based Optimization of the Threshing Unit
Process and Design (MATLAB® Application)

5.10.1 Introduction

Increasing the field performance of the combine harvester depends on the improvement of
the threshing and separating processes, as well as the threshing unit design. The contem-
porary design procedure of threshing units is mainly based on general and manufacturer
expertise that relies heavily on expensive, time-consuming, and laborious experiments
performed on different crops on full-scale prototypes, aimed at tuning and improving
functional and design parameters.

Following the author’s work (Miu, 2001a,b; Miu and Perhinschi, 2001), in this section we
will integrate the mathematical models outlined in this chapter within a GA with applica-
tion in axial threshing unit optimization.

GAs are parameter iterative search techniques, which rely on analogies to natural bio-
logical processes. They simulate the evolution of species and individual selection based
on Darwin’s principle of the survival of the fittest. GAs work simultaneously with a set (pop-
ulation) of potential solutions (called individuals) of the investigated problem. The degree
to which such solutions meet certain performance requirements is evaluated and used to
select “surviving” individuals that will “reproduce” and generate a new population. Then
individuals will undergo alterations similar to those of natural genetic mutation and crossover.

Search is governed by two major contradictory elements: use of already acquired infor-
mation about good solutions and thorough investigation of the entire solution space. The
first is enhanced by biased selection toward the fittest individuals, while the second is
enhanced by alterations of the genetic material in the new generation. Emphasis on the
first element decreases the convergence time with the risk of reaching a local extreme.
The emphasis on the second element increases the convergence time, but will also improve
the chances of reaching a global extreme.
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The selection scheme is biased toward high-performance solutions. A careful selection
of GA structure and parameters will ensure a good chance of reaching the global opti-
mum solution after a reasonable number of iterations.

Therefore, readers are advised to first read Section 2.5.2, and then continue on with
the current section. However, in the following, we will synthesize the major aspects of
developing the GA for evolutionary optimization of threshing unit design and functional
parameters. A good understanding of the method, structure, and searching parameters
may help in the development of similar algorithms for other processes and working units,
not necessarily connected to the combine harvester’s processes and design. A ready-to-use
MATLARB script of the program is given in the Appendix.

5.10.2 Statement of the Optimization Problem and Object

Crop properties are components of the property vector g =[g;, ..., &%
The specifications of a threshing unit that processes the considered crop are integrated
within the following vectors:

® Vector x of m design parameters, x =[xy, ..., x,,]T
e Vector & of r functional parameters, £ = [€,, ..., E]”

® Vector y of p performance criteria, y = [y,, ..., yp]T

Some functional parameters that rely on other combine subassemblies and influence
threshing unit operation are also included in the vector &.

The problem is finding the optimum parameter configuration {x;, &}, that has to be
applied to the crop property configuration {g;}, for a maximum, possibly nonlinear, evalu-
ation function F; that is developed based on threshing unit performance criteria. The solu-
tion of the problem will be constrained by a number of restrictions expressed in terms of
function inequalities.

5.10.3 Process Model Integration

The evolutionary computation and decision process in searching for the optimal solution
of the problem is mainly based on the mathematical models developed by the author as
described in this chapter.

Due to the nature of the threshing and separation process and the goals of the thresh-
ing unit operation, seven required objectives define the vector of performance criteria, as
given below:

y:[ssr‘/srppsrpsprsv/‘/trel:IT

where:

is the cumulative fraction of separated grain (Equation 5.48)
. is the grain separation loss fraction (Equation 5.56)

pp, is the cumulative fraction of separated MOG (Equation 5.115)
ps, is the specific power requirement (Equation 5.131)

is the grain damage fraction (not yet published)

v
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V., is the grain threshing loss fraction (Equation 5.45)
g, is the material sliding coefficient (cinematic condition) (Equation 5.48)

Two continuity equations of the process quality indices on the threshing length can be
written:

1 9%, 0s,

B 2 + P =As, (see 5.53)
1 9%pp. . Ipps
ETZ f +—§;7 = abpl, (5.132)

where:
x is the current position on the threshing length (concave or rotor length)
s, 1is the fraction of unthreshed grain (Equation 5.43)
pl, is the percentage of undetached chaff, that is, pp,(L) (Equation 5.113)

The rate b of MOG fragmentation and rate 2 of MOG separation are functions of the fol-
lowing parameters:

a=a(q,, v, 0,,8,M, dy, Up) (5.133)

b=0b(q,, o, u,) (5.134)

where d, is the average diameter of the plant (straw).

The model also takes into account external perturbations that apply to the system, such
as weed percentage, mean length of the weeds, crop cutting height, feeding MOG density,
and variability of MOG moisture content in the field during the day (Heger, 1974).

The decision process is based on a priori articulation of preferences; the required indi-
vidual objectives are combined into a single utility function (evaluation function) prior
to optimization. Although such an evaluation function is difficult to formalize in every
detail, we used approaches based on weighting coefficients and goal values (performance
measure parameters). Weighting coefficients are real values, which express the relative
importance of the objectives and control their involvement in the overall evaluation func-
tion. Goal values indicate desired levels of performance in each objective dimension.

5.10.4 Genetic Algorithm

The GA starts with an initial randomly chosen population of potential solutions (individu-
als). To each individual a genetic representation (chromosome) is assigned. This means that
every set of parameters is coded in such a way that a tractable form results and allows
an easy application of genetic operators (crossover and mutation). Evaluation of each chro-
mosome in each generation gives the measure of its “fitness.” The fittest individuals are
selected to reproduce, that is, to form the new generation (the next iteration). Genetic opera-
tors are further applied to alter the genetic information, and hence introduce new solu-
tions into the search scheme. The cycle is repeated a prescribed number of times or until
some convergence criterion is met (Davis, 1991; Michalewicz, 1996).
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In terms of genetic representation, a floating-point representation is used to code real
values of x; (k =m + ) variables (parameters that have to be determined) as a floating-point
vector (chromosome) with k components in the range [0, 1].

The GA begins with an initial population to avoid erroneous results due to the stochas-
tic nature of the search algorithm. Population is constant through the process, and it is
randomly initiated. Therefore, k random uniformly distributed numbers over the interval
[0, 1] are generated to form a chromosome (individual), which represents the initial solu-
tion to the problem.

5.10.4.1 Evaluation Function

The parameters associated with the seven operation requirements listed in the perfor-
mance vector y are computed for each individual, and a performance measure is assigned
to each of the requirements except the first. If a solution is not viable (requirement number
1 not satisfied), then the computation of all other parameters is no longer necessary, and
each of the seven performance measures is set to —0.5. Otherwise, each performance mea-
sure will take a value in the range [0, 1] according to fuzzy-logic schemes in Figures 545
and 5.46, depending on the specific requirement.
In the domain [a; b] the performance measure curves are third-order polynomials. If
any of the performance measure exceeds limit ¢, then the accepted index i, is set to zero
and the configuration is penalized by a factor f,. In this way, the complete elimination of
unviable configurations is avoided because they can contain useful genetic information for
the next generation. “Bad” parents may have “good” children though.

The performance vector y is multiplied by the weighting vector W. The evaluation func-
tion F has the expression

W-y fori, #0
F= (5.135)

W-y/f, fori,=0

As far as the seven required objectives are concerned, it has been assumed that they
are equally important; therefore, the weighting vector W has all components equal to 1/7
in the base version. It is likely the algorithm with equal weights to converge to a local
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FIGURE 5.45
Fuzzy-logic scheme of performance measure for minimized requirements.
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FIGURE 5.46
Fuzzy-logic scheme of performance measure for maximized requirements.

optimum when it does not meet one of the requirements. That could be due to the fact that
there are large, easily reachable regions of the solution space where all the requirements
are met except one. To avoid this problem, we used selective weights in the vector W.

Using selective weights does not mean emphasizing unequal importance of different
performance elements, but directing the search toward narrow regions of the solution
space (Perhinschi, 1997).

5.10.4.2 Individual Selection

A roulette wheel selection technique is used (Michalewicz, 1996). Each individual is evalu-
ated by computing Fy; (i = 1-pop_size). The total fitness F; of a population is given by

pop _size

F = Z Fs (5.136)

i=1

The probability p; of each individual selection is

FEi
=== 5.137
E (5.137)
The cumulative probability g, for each individual to be selected is
g = 2 p; (5.138)
j=1

Each time an individual for a new generation is selected, a random number 7, is gener-
ated in the range [0, 1]. If n, < gq,, then select the first individual; otherwise, select the ith
individual such that g, ; < 1, < g;. The best individual gets more copies in the new genera-
tion, and the worst are eliminated.
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However, due to the probabilistic nature of the process, many times the best individual
does not survive to the next generation, especially in an algorithm setup that allows for high
variability. Elitist selection strategy will ensure that the best individual survives unaltered
into the new generation. When the elitist strategy is applied, we check whether the best indi-
vidual made it through the above selection process. If it did not, an arbitrary individual is
simply replaced to generate the new population. A second check is necessary to see if an unal-
tered copy of the best individual is still present in the new population after genetic operators
are applied. If it is not, then again, an arbitrary individual is simply replaced with the best one.

5.10.4.3 Genetic Alteration

Once a new population is selected, crossover and mutation are applied randomly. Single-
point (gene) crossover and uniform mutation have been used in this study. The single-
point crossover operation consists of splitting two chromosomes in two parts at the same
randomly determined crossover point, and then building up two new chromosomes by
combining the first part of one chromosome with the second part of the other. The prob-
ability that an individual undergoes crossover is the crossover rate.

Mutation alters a gene, a position in the binary string, with a probability equal to the muta-
tion rate m,;,. The alteration consists of changing 0 to 1, or vice versa. Uniform operators keep
the mutation rate constant for all bits throughout the entire iterative process. Let the number
of bits that would represent an algorithm parameter be 1,;.. For the floating-point representa-
tion, a gene is a component of the floating-point vector. The mutation rate 1, is

mﬂnat =1- (1 — Mpin )”bil (5139)
It introduces more variability of populations.

5.10.4.4 Application

Considered was the threshing of wheat, whose properties are integrated into the following
explicit vector:

g:[lpr 7\'1'/ €p, uprusr derlw pp] (5140)

I, is the mean length of the plants

is the grain-to-MOG ratio

g, is the weeds-to-MOG ratio

u, is the MOG moisture content (wet basis)

is the grain moisture content (wet basis)

is the geometric mean diameter of the grain kernel
is the mean of the grain kernel maximum diameter
p, is the MOG bulk density

The values of the following parameters have to be optimized:

Xi = [qp/ o, 88/ So, M, LR, Up, h]T (5141)
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where:
g, is the MOG feedrate
is the rotor speed
is the exit concave clearance
is the mean surface of the concave and cage openings
is the opening ratio of the separation surface
is the rotor length
is the rotor radius
is the plant cutting height

SRS

Sy

= A ~>

These parameters have to be found within the limits indicated in Table 5.3.

The values a,, b, and c, of the desired levels of performance parameters are listed in
Table 54.
Two different weighting vectors W have been considered:

¢ Equal components of the weighting vector

e Selected components of the vector (some larger than others) (Table 5.5)

TABLE 5.3

Limits of Wanted Design and Process Parameters of Axial Threshing Unit
) L R h

Parameter I v ¢ S N p

Limits kg/s m/s mm mm? m m % m

Minimum 2 25 5 200 0.1 1.2 0.2 15 0.04

Maximum 7 35 25 900 0.6 2 0.45 50 0.4

TABLE 5.4

Values of Performance Measure Parameters

Parameter/Performance

Measure a b, c,

Specific power requirement, 6.5 9.8 11.5
Pis "W /kgyioc/s)

Separation loss, L, (%) 0.5 2.5 4

Grain damage, s, (%) 0.8 2 3

Grain separation, s, (%) 972 994 95

MOG separation, pp, (%) 18 23 28

Material slip, 6 058 065 075
TABLE 5.5

Versions of Weighting Vector

Parameter/Version GA1 GA2

Specific power 1/6  3/11
requirement, p,

Separation loss, L, 1/6 1/11

Grain damage, s, 1/6 2/11

Grain separation, s, 1/6 3/11
MOG separation,pp, 1/6  1/11
Material slip, o 1/6 1/11
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The purpose of selective weighting coefficients is not especially to emphasize the unequal
importance of different good elements, but to control their involvement in the overall util-
ity measure and to direct the search toward narrow regions of the solution space.

The initial population has 100 individuals. The crossover rate is 0.5, and the mutation
rate is 0.03.

5.10.4.5 Results

For each version of GA, five runs of a hundred generations each have been performed. The
averages over these runs of the best individual evaluation function and generation average
are plotted versus generation number in Figures 547 and 5.48.

All five runs for each version yield best individuals that satisfy the performance cri-
teria within the range 91 + 100%. The stronger restrictions come from specific power
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FIGURE 5.47
Best individual evaluation function and generation average for equal weights (GA1).
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FIGURE 5.48
Best individual evaluation function and generation average for selective weights (GA2).
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TABLE 5.6
Best Individual Components

9y v 8, So n L R u, h
Parameter kg/s m/s mm mm? m m % m

Value (GA1) 4 30.7 243 295 058 1994 026 1561 0.14
Value (GA2) 3.8 312 2438 307 056 1990 024 1513 0.24

requirement and separation loss performance criteria. Although both of them restrict the
throughput increase, an essential improvement in performance is emphasized in compari-
son with the experimental data. It is implicitly assumed that there is at least one solution,
which satisfies all constraints, although in practice that cannot always be guaranteed. The
best individual was found using selective weights (GA2) (Table 5.6).

The set of best performance parameters that were obtained are

pts = 7.09 kW/kgMOG/S

L,=0.65%
s,= 0.78%
5,=99.26%
pp,= 18.36%
o =0.67

and the evaluation function has the mean value 0.971.

It should be noted that general algorithm uses a model for grain damage, which was
validated for other axial threshing units. Since not all goals can be simultaneously 100%
met, a family of points (individuals) can be closest to the solution for the problem. Note that
optimal solutions obtained with both GAs are very closed. That shows the developed GAs
are robust in the beginning of the formulated problem.

5.10.4.6 Conclusions

After a reasonably limited number of runs, the following conclusions may be drawn:

¢ Although it is implicitly assumed that there is at least one solution, which sat-
isfies simultaneously all goals and constraints, optimal solutions obtained with
two GAs are approximately identical, and the evaluation function has the greatest
value: 0.971.

* Selective weights affecting the elements composing the evaluation function can be
successfully used to direct the search toward narrow regions of the solution space.
In this case, the evolution of the best individual evaluation function seems to be
very smooth and precise, and higher values are obtained (Figure 5.48).

* Using the elitist strategy is recommended because it reduces the convergence time
and allows for parameter fine-tuning.

¢ Experimental results indicate that the GA is a promising design and optimization
tool for solving agricultural machinery-related problems for the best approxima-
tion solution and for minimizing the execution time.
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5.10.4.7 GA Program Installation

The MATLAB script of the GA program is given in the Appendix. It contains nine files.
Here are the installation instructions:

1. Edit and save the files from the Appendix into a folder, for example, D:matlgenp;
make sure this path is indicated in applicable files.

2. Create two empty text files in the same directory: FUZrez.txt and graf.txt.

In MATLAB, in the corresponding directory, write genpet, and then press ENTER.
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Separation Process and Operation of Straw Walkers

6.1 Introduction

Most of the material other than grain (MOG) and threshing unit grain losses are delivered
to the straw walkers. Depending on material type and properties, and on the threshing
unit design and operation, the material mixture discharged by a threshing unit onto the
straw walkers (Figure 6.1) consists of long straw (20%-50%), short straw (10%-35%), chaff
(10%-15%), weed components, and grain losses of the threshing unit, as well as other com-
ponents of vegetal origin, insects, and small mineral components.

The straw walkers of a conventional combine harvester execute the following functions:

* Recover the grain losses of the threshing unit through separation
® Transport the recovered grains to the cleaning unit
e Separate the straw from the MOG mixture

® Transport the straw toward the rear of the combine for discharging on the field

The most difficult task of straw walkers is separating residual grains (free or unthreshed)
from straw. In fact, the grain-separating capacity of straw walkers determines the total
material (MOG) feedrate of conventional combine harvesters.

Straw walker performance is mainly sensitive to combine inclinations (flow uniformity),
MOG federate, and moisture content. To increase the efficiency of grain separation, on top
of the straw walkers is mounted a straw-mat agitator (ruffling drum) to aerate the straw as
it speeds along and to allow the free fall of the grain for efficient separation.

A great advantage of using straw walkers is maintaining grain quality and straw size
and condition when compared with the process performed by an axial threshing unit,
which eliminates the straw walkers, but damages the grain to a certain extent; however, an
axial threshing unit offers the advantage of a threefold feedrate increase.

At their rear, most modern combines are equipped with a chopper—spreader that grabs
the straw while in motion from straw walkers, chops the straw, and spreads it evenly over
the field (Figure 6.2). The debris from the cleaning sieve reaches the spreader as well, mixes
with the chopped straw, and follows the same path before reaching the soil. We discuss
such working units in Chapter 9.

6.2 Construction of Straw Walkers
The straw walkers of conventional combine harvesters can be classified based on the fol-

lowing criteria:
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FIGURE 6.1
Discharged straw on straw walkers by threshing unit. (Courtesy of CLAAS, Harsewinkel, Germany.)

FIGURE 6.2
Lateral view of a straw chopper/chaff spreader. (Courtesy of CLAAS, Harsewinkel, Germany.)

¢ Construction shape: Straw walkers with shakers, oscillating platform, sliding
screens, and grain separation-intensifying devices (retractable-finger drum, oscil-
lating stellate discs, or oscillatory forks [used in the past])

¢ Motion type: Straw walkers with uniform motion or oscillatory motion
* Motion phase: Synchronous or independent

A modern conventional combine harvester may have four to seven independent straw
walkers (shakers or shoes), which are mounted on a crank axle (front side) and motion-
driving crankshaft (rear).

Each straw walker (Figure 6.3a and b) is formed of four to six shaking sections whose
screens are inclined to form a series of steps (cascades) that intensify the grain separation.
Moreover, the wall of each cascade is a screen as well (Figure 6.4). Each straw walker may
have 4-11 cascades and 5-12 screens (sieves) for grain recovery from the straw mat.

The sidewalls of each straw walker have a linear sawtooth profile forming retaining
elements, which, together with the section cascades, push the straw rearward to be dis-
charged directly on the field, or to be chopped and then spread over the field.



Separation Process and Operation of Straw Walkers 263

Feeding zone Main separation zone Discharge zone

Shaking Cascade
section angle

Bearing Cascade

Screen

()

(b)

FIGURE 6.3
(a,b) Functional zones and elements of a straw walker endowed with four cascades.

FIGURE 6.4
Shape of cascade slotted screens. (Courtesy of Sampo Rosenlew, Pori, Finland.)

The straw walkers have three functional zones: feeding, separation, and discharge. Each
straw walker performs a plane-parallel motion within a vertical plane, in which the trajec-
tory of every point results from a translational motion with an arbitrarily selected pole,
around which rotational motion occurs due to the driving rotation of the crankshaft.

For the straw walkers whose shakers have an independent motion, the position of each
crank of the crankshaft and axle has an angular offset whose value depends on the num-
ber of shakers, as shown in Figure 6.5 for independent straw walkers with four, three,
and six shakers at 90° 120 and 60°, respectively. For straw walkers with five shakers, the
angular offset of the cranks is 72°. The independent straw walkers are very efficient when
the MOG contains a relatively big fraction of short straws and fine chaff.
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FIGURE 6.5
Schematic of crank angular offset for straw walkers with four, three, and six shakers.

The straw walkers with synchronous motion are divided into two groups with opposed
motion direction (e.g., a group of shakers 1, 3, and 5, and another group of shakers 2, 4,
and 6). In such a case, the cranks of the crankshaft and crank axle have a 180° angular
offset. These straw walkers are efficient when the MOG contains a relatively big fraction
of long straws.

The overall dimensions of a shaker are length of 2.75-4.5 m (108-177 in.), width of
230-355 mm (9-14 in.), and length of cranks of 40-60 mm (1.58-2.375 in.). The rotation
of the crankshaft can be set between 180 and 270 rpm. Data about the straw walker
separation area is in Table 1.1. Depending on the type and design of the threshing unit,
as well as on the crop, the load of the straw walkers varies between 1.3 and 2 kg/s/m
MOG feedrate.

6.3 Theory and Modeling of Grain Separation of Straw Walkers
6.3.1 Literature Review of Mathematical Models

Due to the shaking motion the MOG and threshing unit grain losses are subjected to, the
material jumps from one position to another; thus, the grains separate through the screens
(mounted at the top of each section) and cascade screens, and then they are collected on
the chute of each straw walker and directed forward to the feeding zone of the cleaning
unit (oscillating grain pan). At the same time, the straws are pushed rearward and eventu-
ally are thrown on the field in the form of a swath or chopped and spread evenly on the
field to serve as an organic fertilizer after their incorporation into the soil.

The assessment of straw walker performance when working at a relatively high mate-
rial throughput can be quantified based on process indices: fraction of separated residual
grain (free grains and unthreshed grains), grain separation loss, fraction of separated
MOG (mostly chaff and small straws), and specific energy consumption. Mechanically,
the straw walkers are evaluated based on the vibration spectra, magnitude, and resonance
frequency induced through the combine chassis.

Many researchers developed mathematical representations of the grain separation pro-
cess on straw walkers. According to Vasilenko (1954), Filatov and Chabrat (1967), Reed et al.
(1987), and Wang et al. (1987), the grain g, separated over the length of straw walkers can
be described by the following equation:

g =go(1-¢™) 6.1)
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where:
Qo s the residual grains coming onto the straw walkers
x is the current position along the straw walker chute
e is the base of natural logarithms
b is the exponent that is determined experimentally

Based on the rules of mathematical modeling outlined in Chapter 2, the derivative of
Equation 6.1, representing the density function of grain separation, has no maximum
value; thus, this kind of equation implies a certain error.

Gregory and Fedler (1987) derived a mathematical relationship to predict grain separa-
tion in combines (including straw walkers) based on Fick’s law of gas diffusion.

Huynh and Powell (1978) presented a quantitative description of the separation process
in wheat. The process was characterized by three parameters: mean time of grain passage
through the straw mat (1/1,), mean time of grain passage through the screen (1/A.), and
crop dwell time ¢ to predict the grain loss g. for a give shoe design:

et At
Age =A™

g@ = xm _ }\‘C (62)

Bottinger (1993) developed a mathematical model to describe the separation process of
grain on both straw walkers and the cleaning unit, as follows:

b cn —a e+l
ab | @ e
g€=—db_ux (e b } 6.3)

where the coefficients 4, b, ¢, and d are determined experimentally and depend on the
MOG feedrate, grain/MOG ratio, and crop that is harvested.

Ivan and Popescu (2008) developed a theory that considers the material displacement on
the shaker, crankshaft speed, crankshaft length, and Froude number—thus the angle of
the crankshaft at which the material starts getting out from contact with the sawtooth-like
retaining elements of the chute walls.

Steponavicius and Butkus (2012) carried out research to determine the inclination angle
of the straw walker sections (22° 10° and 18°); the grain separation reached a maximum
when the rotation of the crankshaft was 205-225 rpm. The intensity of grain separation
varies with the rotational speed of the crankshaft or the inclination angle of straw walker
sections.

6.3.2 Mathematical Model of Grain Separation on Straw Walkers

The author’s model that follows quantifies the grain separation and defines the grain sep-
aration efficiency along the straw walkers’ length for comparison of the straw walkers’
working processes.

Straw walkers are fed with a mixture of fragmented MOG and grains, which can be
divided into two groups:

¢ Threshing loss (fragments of unthreshed ears) V, (Equation 5.44)
¢ Threshing unit segregation and separation loss V,, (Equation 5.51 or 5.52)
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The segregation and separation loss are the biggest fractions of threshing unit losses;
these are free grains (detached from the ears). Separation of these grains as well as the
unthreshed grains occurs when a kernel or fragment of ear bounces through an opening
of the straw walker screen.

Developing the theory implies consideration of the following commonsense assump-
tions (Miu and Kutzbach, 1997):

* The material feedrate is constant; this means, besides regular interactions between
the straw and grains, no additional feeding turbulences or transient state can
influence the separation process.

e At the very beginning of the feeding area, the residual grains from the thresh-
ing unit are uniformly distributed in the straw mass across the working width of
the straw walkers. This translates to equal probabilities for each grain to migrate
through the straw mat.

Let us consider a shaker of length L, expressed in meters or feet (Figure 6.6).
The physical separation process of grains (free or unthreshed) on the straw walkers can
be divided into two successive and separate events:

1. Migration of the grains through the MOG mass (segregation phase)

2. Passage of segregated grains through the openings of the straw walker screen
(separation phase)

Applying the theory of statistics in regard to assumption 2, any grain is equally likely to
reach the screen surface at any distance x (current position) associated with the length of a
straw walker. Then, any grain segregated on the top surface of the screen is equally likely
to pass through the screen at any distance x.

The probabilistic laws that respectively describe events 1 and 2 have been identified as
follows:

1 filx)=ae™ 6.4)
2. fo(x)=(a-b)e™ 6.5)
where:

a is the specific rate of grain segregation (m)
b 1is the specific rate of grain separation through the screen (m)

FIGURE 6.6
Schematic diagram of straw walker.
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Rates a4 and b are considered constant; they respectively represent space increments
between successive event occurrences. Since the material speed over the length of straw
walkers decreases, the time interval each increment a and b is covered varies as well. To
establish the time rates corresponding to space increments a and b, extensive experiments
and very accurate measurements are required.

Events 1 and 2 are independent; therefore, according to the probability theory, the joint
probability density g(x) of the sum of two independent and steady random variables with
densities f,(x) and f,(x) equals the convolution of their individual probability densities, as
follows:

8@ = fi+ fo = [ @) futx -2z 66)

By solving this equation, we get what actually is the probability density function of grain
separation, starting from the initial position within the MOG mixture and ending with
grain passage through the screen:

g(x) = a(e'h" - e’”") 6.7)

Since the maximum fraction of the total grain that can be separated by straw walkers is

Vi + V,, the grain separation density function or separation frequency g,(x) is

gi(x)=a (Vt + Vgs)(e’bx - e"”*) 6.8)

Equation 6.8 is expressed in terms of the grain fraction out of the total residual grains
being fed onto the straw walkers. If one needs to express it in terms of percentage, then
Equation 6.8 should be multiplied by 100 (%); the same rule should be followed for the next
applicable equations.

By integrating Equation 6.8 over the length of the straw walkers, we obtain the cumula-
tive distribution function g,(x) of separated grain:

gs(x) = %[a(l—e‘h‘)—b(l—e‘” )} 6.9)

The cumulated fraction of separated grain over the length L, is given by Equation 6.9 for
x =L, as follows:

gu(Ly) = %[a(l —e ) =b(1-e")] (6.10)

Since the material throughput is constant (according to the first assumption), in every
cross section of the straw walkers” operating space that is perpendicular to the direction of
the straw movement, the grain mass balance can be written as

gs(X)+ 8, (x) =V, + Vg 6.11)
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where g,(x) is the fraction of residual grains that still exists within the straw mat. That means
1 —bx —ax
g,(x):(x/,+vgs){1-b[a(1—e ")-b(1-e )]} 6.12)

At the end of the straw walkers, the fraction of residual grains becomes grain separation
loss g, of the straw walkers:

g =(Vi+ vgs){1 - %[a(l —e ) =b(1-e" )]} (6.13)

Figure 6.7 shows the graphs of the density function g,(x) and cumulative separated grains
&,(x) when the threshing unit losses V,+ V,,= 0.2 (i.e., 20%). Notice that the fraction of the
grains residing within the straw decreases exponentially, while the cumulative separated
grain fraction increases and asymptotically tends to the V,+ V,, ordinate.

As x approaches +o0, Equation 6.10 has the true limit

lim g,(x) =V, + Vg, 6.14)

if, and only if, the rates satisfy the condition a = 2, that is, the specific separation rate is
half of the segregation rate.
Consequently, Equation 6.9 becomes

2
-b.
gS(x)=(Vt+Vg5)(1_e X) (6.15)
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| \ | \ \
[ \ |
| \ | \ \
6+————+————+—— —_———————
I } | Cumulative
S | | separated grain
g 2y—rFf—"FN"F """
= [ \ | \ \
£ [ \ [ \ \
® | \ [ \ \
g 8¢+f+——"+f——N-—""T"-41—)———k——-—
E | } : Frequency of
| [ separated grain
L R e i i B e
| \ \ \
| \ | \ \
| \ | \
0 } } } } ;
0 0.6 1.2 1.8 24 3 3.6

Straw walker length (m)

FIGURE 6.7
(See color insert.) Straw walker process indices.
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Equation 6.15 was developed based on a comprehensive theory; it is very compact and
simpler than other models known from the literature. The exponent b, which represents
the specific separation rate, is proportional to the conditional probability of a kernel pas-
sage through an opening of a straw walker’s screen.

Straw walker separation efficiency quantifies the separation intensity along the length
of straw walkers. We define the continuous separation efficiency s,(x) of straw walkers at the
current position x of separation length as the ratio between separated grain mass on the
differential interval dx and available grain mass to be separated to the rear of the threshing
unit. This can be mathematically expressed as follows:

8a(x)
Ser (X) = (6.16)
T (Vi V)~ (8 + 2.)
Equation 6.16 is equivalent to the following equation:
sy(x)= 8100 6.17)

gr(x)_gg

Using Equation 6.9, the nonlinear regression analysis of available experimental data
showed that a = 1.9-4.54 and b = 0.9-2.26. It can be noted that a = 2b, that is, Equation 6.15
is correct.

Using the experimental data published by Beck (1999, Figure 63) in his PhD dissertation,
by regression analysis made with Equation 6.12, we found the values of coefficients a and b
as shown in Table 6.1. The agreement of experimental data (wheat MOG federate = 4.1 kg/
(sm) with model predicted data is shown in Figure 6.8, and the variation of corresponding
process indices is illustrated in Figure 6.9.

The mathematical model described above is mainly intended as a simulation and
design optimization tool when a minimum of experimental data was previously
acquired.

Another simulation approach of grain separation through the straw was described by
Lenaerts et al. (2010) considering discrete element modeling of bendable straw particles
by segmentation of cylindrical elements. The results have been compared with the experi-
mental data obtained by Beck (1992). The grain particles were assigned a spherical shape

TABLE 6.1

Results of Regression Analysis of Experimental Data
Published by Beck (1999)

Wheat MOG Coefficient of
Feedrate, kg/(s'm) a b Determination, R?
4.1 1.9334 1.0313 0.995

2.7 2.5097 1.2794 0.999

14 2.9306 1.4561 0.998

Source: From Beck, F, Simulation der Trennprozesse im
Mahdrescher (Simulation of separation processes in com-
bine harvesters), PhD dissertation, Hohenheim University,
Forschritt-Berichte VDI, Reihe 14(92), 1999, figure 63.
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(See color insert.) Agreement of model-predicted data with experimental data published by Beck (1999). (Data
from Beck, F.,, Simulation der Trennprozesse im Mahdrescher [Simulation of separation processes in combine
harvesters], PhD dissertation, Hohenheim University, Forschritt-Berichte VDI, Reihe 14(92), 1999, figure 63.)
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FIGURE 6.9

(See color insert.) Indices of grain separation process on straw walkers (experimental data published by Beck,
1999). (Data from Beck, F.,, Simulation der Trennprozesse im Mahdrescher [Simulation of separation processes
in combine harvesters], PhD dissertation, Hohenheim University, Forschritt-Berichte VDI, Reihe 14(92), 1999,
figure 63.)

even though in reality they are spherical. Although the method looks good, a series of
trade-offs had to be made with simulation time, and only a qualitative assessment was
intended. To quantitatively validate this method, larger numbers of simulation times and

correct particle properties are required. We hope that the data from this book will help in
such a matter.
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6.4 MOG Motion on Straw Walkers

The motion of MOG on straw walkers is complex, being determined by the crankshaft angu-
lar speed, design parameters such as angles of the cascade walls, sawtooth profile dimensions
and angles, number of walkers and their motion phase, and the properties and condition of
the crop. On this matter, the Russian literature offers extensive theoretical studies.

On straw walkers, the MOG behaves as a body with a combination of elastic—plastic
properties that allow the material during its movement to repetitively undergo a series
of compression and elongation deformations. This kind of behavior is even more ampli-
fied when an agitating system is used on top of the straw walkers. One of the most used
of these systems is the drum with retractable fingers. Readers are advised to consider its
design and the theory of finger kinematic parameters, as explained in Section 4.2.3.

6.5 Straw Walker Design Considerations

The design of straw walkers must initially take into consideration the design specifications
of the combine harvester (MOG throughput in different crops g,, fraction of grain losses of
the threshing unit V,+ V,,, allowable grain loss of the straw walkers g, etc.).

In the following, we describe some considerations and formulae for calculating the con-
structional and functional design parameters of straw walkers with shakers. The main
design parameters are the length L,, the total width W,, the cascade angles c,, the cascade
height c;, and the design parameters of the screen openings.

The length of straw walkers L, can be calculated with Equation 6.13 based on the maxi-
mum allowable straw walker grain loss g (<0.5%) and threshing unit losses V, + V,, using
computational numerical methods.

Alternatively, Equation 6.15 can be used for x = L thus, the length of straw walkers can
be calculated as follows:

1

1- [1-— 8 6.18)
Vi+ Vi

The width W, of straw walkers depends on the length of the tangential threshing unit;
thus,

L, :lln

W, =(1.1..12)L (6.19)

where L is the length of the cylinder(s) of the tangential threshing unit.
Considering a number n, of shakers, the width w, of a shaker can be calculated with the
following formula:

W, —(ns—1)c
wy = 6.20)
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where ¢ = 5-10 mm (0.2-0.4 in) is the clearance between every two adjacent shakers.
A tighter clearance helps to avoid the damaging of the grains that escape between the
shakers, but it is technologically more difficult and expensive to achieve.

As specified in the beginning of this chapter, the number of the shakers n,= 3-7.

Table 1.1 indicates the technical specifications of the straw walkers of several combine
harvesters made by prestigious manufacturers.
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7

Cleaning Unit Process and Operation

7.1 Introduction

The grain-material-other-than-grain (MOG) mixtures separated through the concave/
cage of the threshing unit and through the straw walker screens are delivered to the clean-
ing unit of the combine harvester by means of the oscillating gain pan, which moves the
material rearward due to its oscillating movement.

The duties of the cleaning unit (cleaning shoe) of a combine harvester are as follows:

¢ Separate the free grains from the grain—chaff-small straw mixture and forward
them to the grain auger.

® Separate small fragments of unthreshed fragments of ears, panicles, and so forth,
called tailings, from the chaff-small straw mixture and advance them to the auger
of the tailing return system to rethresh them.

¢ Discharge the MOG mixture on the soil or to the straw—chaff chopper/spreader.

The cleaning unit (Figure 7.1) generally consists of a grain pan, two sieves mounted
one above the other, and a fan that blows air upward through the bottom of the sieves
toward the rear of the combine harvester. Between the grain pan and the top sieve
(also called chaffer), there is a winnowing step. The top sieve has openings whose size
is adjustable, while the bottom sieve is changeable for different crops. The air blows
the chaff and straw fragments off, while the grains separate through the openings of
the sieves, and then an inclined wall moves them to the clean grain auger. At the end
of the top sieve, there is a chaffer extension that favors the tailings through which to
separate.

After preliminary grain segregation through the MOG mixture on the top of the grain
pan, the grain separation process on the cleaning unit occurs due to the combination
of the forces generated by the oscillatory motion in opposite phases of the sieves and
the gravitational force. The grain cleaning occurs due to differences in terminal veloci-
ties, shapes, and dimensions of grain, ear fragments, and chaff. Table 3.5 indicates
the dimensions of selected crop grains, while Tables 3.8 and 3.9 show the values of
drag coefficients and terminal velocities for grains and MOG components of different
crops.

The next section describes the key differences in the design and function of different
cleaning units and their main components.

275
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Grain pan Winnowing Top sieve Chaffer
step extension

Bottom sieve
Fan Wind board Grain auger Tailing auger

FIGURE 7.1
Main components of a cleaning unit. (Courtesy of CLAAS, Harsewinkel, Germany.)

7.2 Construction of Cleaning Units
7.2.1 General

In terms of design, there are cleaning units with different grain pans, with two or three
sieves, and with fans of various shapes and drives. Then, the cleaning system may have
a fixed mounting position or may be tilted to compensate the combine inclination when
working on hillside fields.

Most combine harvesters have a regular grain pan or a smaller one, as shown in
Figure 7.2. In the second case, the main transportation function of grain and the MOG
mixture from the axial threshing unit is accomplished by a set of parallel augers due to the
length of the axial threshing unit. This design is also used on John Deere combines, but the
grain pan is inclined at a higher angle.

When a conventional combine has a series of tangential threshing units, two grain pans
may collect and transport the separated material from the threshing units and straw walk-
ers, respectively. Such a design (Figure 7.3) includes a set of three sieves (chaffer, middle

FIGURE 7.2
Cleaning unit with a short grain pan fed by a system of parallel augers. (Courtesy of Case IH, Racine, WI.)
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FIGURE 7.3
Cleaning unit with two grain pans and three sieves. (Courtesy of SAME Deutz-Fahr, Treviglio, Italy.)

sieve, and bottom sieve) and is used in the Topliner-3 combine series made by SAME
Deutz-Fahr. A similar solution (Figure 74) is used in the axial-flow RTS-1 combine har-
vester of the same manufacturer.

The separation and cleaning processes performed by a cleaning unit are very sensitive to
the tilting angle of the combine when harvesting on side slopes. This is due to the fact that
the material slides to the downhill side of the sieves, and the airflow escapes on the upper-
hill side. The gathering of material on the downhill side of the sieves has a negative effect
on material transportation and grain segregation and separation, thus resulting in grain
losses on the field. A higher flow of the air passes through the upper-hill side of the sieves,

FIGURE 7.4
Cleaning unit with two grain pans under an axial threshing unit. (Courtesy of SAME Deutz-Fahr, Treviglio, Italy.)
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FIGURE 7.5
Laterally tilted cleaning unit. (Courtesy of Case IH, Racine, WI.)

throwing out the grains, while separated grains are accompanied by a greater fraction of
MOG. The sieves of a tilted cleaning unit rotate in the transversal plane on a combine har-
vester, as shown in Figure 7.5. This cleaning unit has a synchronous movement, contrasted
with the combine frame rotation when the combine harvester works on side slopes.

The CLAAS combine design includes additional lateral oscillation of the sieves with
respect to the cleaning unit frame that conveys the material to the upper side of the inclined
sieve. Figure 7.6 synthesizes the kinematic schematics of cleaning units implemented on
combine harvesters (including hillside combines) of different manufacturers worldwide

Passive crop-guiding systems Slope-independent systems
Slope guide Deflection guide | Slope leveling | Rotary sieve
\ M \ [/ g \\
\ W Y \ \\ - 2/
Several manufacturers New Holland Laboratory
Additional pneumatical forces Additional mechanical forces
From the side From the bottom | Lateral oscillations| Conveyors
»\/”/’ ’\ ,/”/” 4:"»”//’ /,"/”/”
i ¥ 5
Allis chalmers Laboratory CLAAS MDW

FIGURE 7.6
Synthesis of different kinematics designs of cleaning unit sieves when working on side slopes.
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FIGURE 7.7
Grain pan general construction. (Courtesy of CLAAS.)

(adaptation of Figure 1.289, Kutzbach and Quick, 1999). On the hillside or sidehill com-
bines, since the combine body is leveled for the side slopes, there is no need to separately
adjust the inclination of the sieves.

7.2.2 Grain Pan

The grain pan of a cleaning unit has two tasks: transportation of the separated grain-MOG
mixture from the threshing unit/straw walkers to the chaffer and segregation of the grain
through this mixture on the pan’s top surface. When segregated grains fall through the
pan extension on the chaffer, their separation is accelerated, while the airflow is very
efficient over the area of this winnowing step. The widespread design of the grain pan
among combine harvester manufacturers is shown in Figure 7.7. The surface of the grain
panis usually divided by equidistant walls that are perpendicular to its surface. The wall
roll is to prevent the lateral movement or agglomeration of the MOG and grain mixture,
knowing that the airflow distribution in the transversal cross section is not uniform.

7.2.3 Chaffer and Bottom Sieve

The chaffer (top sieve) performs the separation of small fragments of straw from the
grain-MOG mixture. The chaffer consists of a Graepel sieve (Figure 7.8) or a sieve with

FIGURE 7.8
Graepel sieve design.
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FIGURE 7.9
Common design of a chaffer with adjustable louvers.

adjustable louvers (Figures 7.9 and 7.10); the latter type of sieve is used by most combine
manufacturers.

The adjustable louvers are mounted on rods whose ends can rotate with an angle
between 0° and 45° into the sieve frame, thus varying the size of the sieve openings. The
profile of adjustable louvers can be curved (Petersen type) or of a spline shape; they can be
made of galvanized steel, stainless steel, or plastic. The length of the chaffer is 1.1-1.5 m
(43.3-59 in.).

The bottom sieve of the cleaning shoe consists of a perforated sheet metal whose open-
ings may have a round or rectangular shape. In some cases, a sieve with adjustable louvers
can be used as well.

The sieves of the cleaning shoe have an inclination angle of a = 1°-7°, with the lifted end
of the sieve located at the exit where fragmented straw and chaff are discharged onto the
field. In order to recover most unthreshed, fragmented ears, the chaffer extension can be
inclined at an angle of a; = 7°-30°.

FIGURE 7.10
Different sizes of adjustable louvers. (Courtesy of A&I Products, Rock Valley, IA.)
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One of the most important functional parameter of the sieves is the Froude number,
which expresses the relationship between the forces that act on a particle lying on the
sieve, the acceleration of sieve oscillations, and gravity. This number can be expressed as
follows:

_ ae’ sin (B - o)

Fr, (71)

gcosal

a is the amplitude of sieve vibration, m

o is the angular velocity of the driving shaft, s
B is the angle of oscillation direction

a is the angle of sieve inclination

g is the gravitational acceleration, m/s?

The amplitude of oscillations is usually within the range of 0.015-0.040 m (0.59-1.575 in.),
and angle p = 23°-33° and the rotation of driving shaft n = 200-340 rpm. Thus, the value of
the Froude number is Fr,=14-2.7.

The load of a chaffer with adjustable louvers is g,= 1.75-2.75 kg/m?/s, while for the bot-
tom sieve g,, = 1.0-1.5 kg/m?/s. Uniform feeding of the cleaning shoe over the entire width
is also very important for efficient grain separation and cleaning.

7.2.4 Fans
7.2.4.1 Fan Construction

The grain-cleaning process occurs on the cleaning unit due to pneumatic forces created by
the airflow generated by the fan. The role of the airflow is to move the light components
of the MOG mixture and evacuate them out of the combine. The pneumatic forces of the
air must be higher than gravitational forces acting on MOG particles (chaff, fragments of
straw, and leaves) and lower than the gravitational force acting on grain. Thus, a certain
range of air velocity is required to simultaneously satisfy both conditions. Besides, the
airflow should have an even distribution across the width of the sieves and decrease sig-
nificantly from the front side to the rear side of the sieves to avoid throwing some grain
on the field. Values of the air velocity should be 6-8 m/s (19.7-26.25 ft/s) in the winnowing
steps, 5 m/s (16.4 ft/s) at the front of the chaffer, and less than 3 m/s (9.8 ft/s) at the end. The
airflow direction in the winnowing steps should be approximately 30° to the horizontal,
while on the sieve, it should be within the 20°-30° range.

The airflow required for grain cleaning is generated by a fan or several fans mounted on
the same shaft driven through a driving transmission by the combine engine.

The fan types mostly used in a combine harvester cleaning unit are the centrifugal
radial-flow fan and cross-flow fan. The axial-flow blowers may also be used; they could be
oriented either in a longitudinal-axial position or, rarely, in a cross-axial position (Figure 7.11).
The fan types are characterized by the path of the airflow through the fan.

Centrifugal fans are commonly used in applications with low to medium airflow rates at
high pressures, being able to handle high-particulate airstreams, which includes the case
of combine cleaning units.

The radial-flow fan (Figure 7.12) uses a rotating impeller to increase the velocity of the
airstream. The impeller consists of a shaft mounted on two bearings, and four to six radial
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Axial-flow blower Axial-flow blower
in cross-axial position in longitudinal-axial position

FIGURE 7.11
Fan types of cleaning units.

Housing

FIGURE 7.12
Centrifugal radial-flow fan.

blades mounted on radial arms. The impeller rotates into a sheet metal housing of cylin-
drical shape whose longitudinal axis does not coincide with the rotation axis of the impel-
ler. On the housing there are air intake circular openings, but most of the airflow enters
through the lateral sides. In some radial-flow fans, the airflow can be controlled by using
a sliding throttle plate that changes the effective width of the impeller that is exposed to
the airstream. The airstream then radially flows through the blades to the air discharge
divergent duct, where one or two stabilizers (vanes) are mounted to modify the airflow
direction. The straight-blade position can be radial or backward inclined; this position is
characterized by the orientation angles a; and o, (Figure 7.13). By convention, the values of
these angles are considered positive when the measuring direction from the blade to the
radial direction coincides with the impeller rotation sense.

The design parameters of centrifugal radial-flow fans used in combine cleaning units
have the following general values: outside diameter D, = 0.4-0.65 m (15.75-25.75 in.), fan
housing width B;= (1-2)D,, inside diameter D, = (0.35-0.5)D,, air intake opening diameter
D,;= (0.62-0.83)D,, discharge duct height ,= (0.4-0.65)D,, B;/h,= 2-5, and impeller width
B;= (0.98-0.99)B;. Regarding the straight-blade orientation, the angle values are o, = 0°-30°
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FIGURE 7.13
Orientation parameters of radial-flow fan blades.

and o, = 0°-10°. The impeller rotation n; must be continuously adjustable within the 500—
1550 rpm range.

The cross-flow fans are highly efficient, being capable of generating high pressures at
relatively low rotating speeds, in harsh operating conditions. The housing of a cross-flow
fan (Figure 7.14) consists of a front guide and a rear guide divided by an open region (air
intake) that extends over the entire length of the fan; then, in the air discharge duct, one or
two stabilizers can adjust the direction of the airflow. The cross-flow fans have forward-
curved blades relative to the rotation sense.

When the impeller rotates, the air is sucked through the air intake opening of the hous-
ing, then it transversally passes the inner side of the impeller, and then it is discharged
through the duct. A cross-flow fan having forward-curved blades produces a relatively
high dynamic pressure at low rotating speed because the air passes through the impel-
ler blade twice. Low rotating speed translates to a low level of noise. Moreover, forward-
curved blade fans do not require high-strength attributes due to relatively low rotating
speeds.

FIGURE 7.14
Model of a cross-flow fan.



284 Combine Harvesters: Theory, Modeling, and Design

The influence of the guides and the stabilizer design on fan performance is stronger
than that of the impeller (Kim et al., 2008). Thus, their shape, as well as the air intake open-
ing position, should be well considered during the fan design stage.

The design parameters of cross-flow fans used in combine cleaning units have the fol-
lowing general values: outside diameter D,, inside diameter D;= (0.7-0.85)D,, and impeller
width B;= (0.98-0.99)B, where B;is the fan housing width. Regarding blade orientation, the
angle values are a; = 0°-20° and a, = 50°-65°.

7.2.4.2 Background of the Fan Theory

Fan performance is typically indicated by a diagram of developed air pressure and power
required over the range of generated airflow (Figure 7.15). Most fans have an operating
region in which their curve slopes in the same direction as the system resistance curve.
In this region, the fan operation may become unstable due to interaction between the fan
and the system for which the airflow is generated. As a consequence, the fan attempts to
generate more airflow, which leads to an increase of the system pressure, reducing the
generated airflow. As airflow decreases, the system pressure also decreases, and the fan
generates more airflow. Thus, the fan operation is characterized by a cyclic behavior that
leads to poor fan efficiency and increases wear on the fan components.

In fan selection or design, there are several key pressure terms of interest, as follows:
static pressure, dynamic pressure (also known as velocity pressure), and the total pres-
sure that is the sum of the static and dynamic pressures. The static pressure p, is the
resistance opposed to the airflow (aided by the fan) that is independent of the air veloc-
ity. This is measured in inches of water gauge (wg) or pascals (1 in. wg = 249.089 Pa,
1 Pa=1N/m?).

The dynamic pressure p; developed by the fan can be calculated with the following
formula:

100

90
Region of instability Region with

80 parallel slope lines

70
60
50
40
30

Static pressure and B.H.P. efficiency, %

20

10+

0 20 40 60 80 100

Airflow volume % of delivery at zero static pressure

FIGURE 7.15
Characteristic curve of a forward-curved blade fan.
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—9.80702 Po _
Pa 0, Zg (72)

where:
ps is the dynamic pressure, Pa
v, is the air velocity, m/s
p, 1isthe air density, p, = 1.226 kg/m? (0.075 1b/ft3 at 15°C)
g is the gravitational acceleration, g = 9.807 m/s?

Then, the total pressure is
Pr=Ps+Pa (7.3)

The air velocity in a duct can be calculated with the following formula:

v, = 0.764 | P4 (74)
Po

where:
T is the temperature (K, i.e., °C + 273.15)
ps is the dynamic pressure, Pa
po is the barometric pressure, 101.325 KPa (absolute value)

Equation 74 can be simplified for standard conditions at 20°C and 101.325 barometric
pressure, as follows:

v, =13\Jpa (7.5)
The volume of airflow rate V (L/s) can then be calculated with the following equation:

V =10000,A, (7.6)

where A, is the cross-sectional area of the discharge duct (m?).
The fan laws relate the performance variables, and they can also be written as similarity
equations, as expressed below:

® The volume V of the airflow variation is proportional to the fan speed n (rpm):

Va_m (7.7)
i m
® The variation of the total differential pressure Dp, is proportional to the square of
the fan speed:
D m Y
Pr2 _ ( ny ) (78)
Dpn m
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The total differential pressure can be calculated as follows:
DPr = Pso + Pdo — Psi — Pai (79)

where:
Ps is the static pressure at outlet, Pa (gauge)
Psp is the dynamic (velocity) pressure at outlet, Pa (gauge)
ps is the static pressure at inlet, Pa (gauge)
psi is the dynamic (velocity) pressure at inlet, Pa (gauge)

* The power required by a fan varies in proportion to the cube of the fan speed:

3
Pra _ (”2) (710)
P 1 m

The total fan efficiency n, may be expressed as follows:

_ VDp,
1000P;

(711)

N

where Py is the power input to the fan shaft (kW).

7.2.5 Fan Airflow Parameters and Position Relative to the Sieve

There are certain design and functioning requirements for a fan to handle the MOG feedrate
on the sieves in connection with its position relative to the sieve length. The main requirements
refer to the airflow rate, speed, discharge angles, duct shape design, dimensions, and position.

The magnitude of the airflow rate V (m?/s) generated by the fan should be correlated with
the feedrate g, of light fragments of MOG that flow onto the cleaning unit sieves. This is a
fraction of the entire MOG feedrate and can be calculated as follows:

qpc =4 + Gss (712)

where:
qg. is the chaff feedrate, kg/s
g.s 1is the small straw and threshed ear feedrate, kg/s

The required airflow rate to be generated by the fan can be calculated with the following
formula:

v = e (713)
YPa
where:
y is the coefficient of gravimetric concentration of MOG particles in the airflow
(nondimensional)

p, 1isthe air density, kg/m3
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FIGURE 7.16
Fan position and airflow pathway relative to the sieve.

The coefficient of gravimetric concentration of MOG particles in the airflow can be quan-
tified experimentally by the method of physical gravimetry. Its value is y = 0.2-0.3.

The airflow speed should be uniformly distributed over the cross section of the fan dis-
charge duct, and its vertical component must be higher than the terminal velocity of the chaff,
and fragments of straw and threshed ears in the floating zone above the chaffer. Tables 3.8
and 3.9 show the values of drag coefficients and terminal velocities for grains and MOG com-
ponents of different crops. Thus, the terminal velocity of the chaff is 1-5.15 m/s, and of straw
of various lengths, 2.2-6.8 m/s. Moreover, at the exit from the discharge duct, the airflow
spreads laterally within the angle p = 12°-15° (Figure 7.16). As a consequence, depending on
the fan type and its position relative to the sieve, the airflow speed at the exit from the duct
should be 1.5-1.75 times higher than the terminal velocity of MOG particles in the floating
zone over the chaffer. The angle a of the main direction of the airflow takes values within
the 25°-32° range. The value of this angle should be correlated with the angle of adjustable
louvers that forms the chaffer.

7.3 Modeling of Grain Separation on Cleaning Unit
7.3.1 Literature Review

Modeling of grain separation on the cleaning unit refers to the mathematical description
and quantification of the frequency distribution and cumulative distribution of cleaned,
separated grain through the sieves of the cleaning unit, which is subjected to the vibratory
action of the sieves, forces generated by the pressure of the fan airflow, and gravitational
forces that act on the grains. Related literature mentions different approaches that expand
from physical measurements and empirical equations to analytical equation systems and,
lately, stochastic models. Other different models describe the influence of main process
variables on grain separation and grain loss of the cleaning unit (Damm, 1972; Zehme,
1972; Huynh and Powell, 1978; Freye, 1980; Hiibner and Bernhardt, 1998).

It is very important to consider the grain movement within the MOG layer over the
cleaning shoe. Regarding this subject, Freye (1980) performed comprehensive research on
the influence of mechanical and pneumatic forces that determine the movement of the
grain-MOG mixture on the chaffer. He determined an analytical solution for the grain
motion on the chaffer, as well as for the influence of several factors, such as material veloc-
ity and material motion phases. The influence of the flight phase, fluidization phase, and
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FIGURE 7.17

Influence of motion phases on grain loss in combine cleaning unit. (From Freye, Th., Untesuchungen zur
Trennung von Korn-Spreu-Gemischen durch die Reiningungsanlage des Madhdreschers [Research on separa-
tion of grain-chaff mixtures in the cleaning unit of combine harvesters], dissertation, Universitit Hohenheim,
Forschungsbericht Agrartechnik MEG H. 47, 1980.)

bulk phase on the cleaning unit grain loss is shown in Figure 717. During the fluidization
phase, the airflow disrupts the MOG layer, allowing an improvement of the layer penetra-
tion by grains. One of the most important factors that influences grain separation through
a sieve is the opening ratio of the sieve (Bilanski and Dongre, 1968) surface, defined as

n=2 (714)
S

where:
s, is the mean surface of sieve openings
s is the mean surface of the sieve that contains an opening with the surface s,

Beck (1999) and Kutzbach (2003) did a comprehensive inventory of mathematical models
of grain separation in combine working units ranging from a simple exponential function
with a constant separation rate to several exponential functions. Table 7.1 synthesizes such
mathematical models that refer to the grain separation on a cleaning unit.

According to the screening theory (Wessel, 1967; Huynh and Powell, 1978, it is assumed
that a free kernel will pass through an opening of the sieve if the projection of the kernel on
the opening surface is within that area. Thus, the theoretical probability for a kernel to pass
through an opening concave (sieve) is given by Equation 5.61, which relates to Figure 5.19.
When successive contacts of a kernel with the sieve are possible, the resulting probability
for the kernel to separate through an opening corresponding to the nth contact is

pn=1-(1-p) (715)

The equations developed by Chrolikow (1974), Huynh and Powell (1978), and Béttinger
(1993) (Table 7.1) for the remaining grain to be separated are quite similar. Our experience
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TABLE 7.1

Review of Mathematical Models of Grain Separation (i,) or Remaining
Grain (,) on Combine Cleaning Unit

Contributor, Year Grain Separation Model Notes
Chrolikow, 1974 1 ky, k,: exponents
f = (k1 e _k, e’k”)
kz - k1
Huynh and Powell, 1 1) o speed, constant; t:
1978 = Ut ig o _ ig w time constants
To—T1 | T T2
Kim and Gregory, —kafi-e ) ky, ky, ky: exponents
1991 rs=e
Bottinger, 1993 1 0 en b oen a, b, c: exponents
7= be 1 ae ctl
b—a
Beck, 1999 2 m,: grain mass; D,:
u(x,t)= 8 o 4D dispersion coefficient;
0= e - ime
Schreiber and

a A a, c: exponents
Kutzbach, 2003 7, = (f X+ l] e
c

Miu, 2003 ¢, \: exponents

U = (1—@')“[)

Note: x, current position along the sieve.

suggests that such functions might be better suitable for describing the separation fre-
quency distribution underneath the considered sieve. The relationship developed by Kim
and Gregory (1993) is hyperexponential, which suggests a rapid decrease of the remaining
grain from the top of the sieve to be separated.

The need for at least two exponents can be explained by the nature of the grain separa-
tion process that results from the combination of grain segregation through the MOG-
grain mixture flowing above the sieve and the grain separation of already segregated
grain that reached the sieve surface and eventually finds an opening through the sieve.

Schreiber and Kutzbach (2003) conducted limit considerations for the equations devel-
oped by Bottinger and developed an equation of the y = ax e type. Zhao (2002) used such
equations for processing the experimental data. Figure 7.22 shows an example of modeling
of experimental data with this model. However, the step gradient corresponding to the
separation peak is not well predicted (Kutzbach, 2003).

Voicu et al. (2008) published their investigations on the adequacy of describing experi-
mental data of grain separation by different, modified, statistical distributions as follows:
normal, gamma, Weibull, and beta. According to this study, the best results were obtained
with gamma and beta distribution since the correlation coefficient values were close to 1.

7.3.2 Beck’s Model of Grain Separation on the Cleaning Shoe

The convection—diffusion model, published by Meinel and Schubert (1971), was further
developed by Beck (1999). The stochastic grain movement through the MOG layer on the
top of the sieve is the result of convection (by constant sinking) and diffusion (due to ran-
dom scattering). The model of this process is well represented in Figure 7.18. In developing
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FIGURE 7.18

Model of grain separation through the MOG layer and chaffer of a cleaning unit. (From Beck, F.,, Simulation der
Trennprozesse im Mahdrescher [Simulation of separation processes in combine harvesters], PhD dissertation,
Hohenheim University, Forschritt-Berichte VDI, Reihe 14(92), 1999.)

the model, it was assumed that the grain is concentrated on top of the volume element
of MOG layer. While the material moves over the sieve with a constant velocity v,, the
grain penetrates the MOG layer, and thus segregates until it reaches the top surface of
the sieve; then the grain separates through the sieve openings. It was also assumed that
the grain distribution within the MOG layer always follows a normal distribution whose
shape evolves as shown in Figure 7.19.

Figure 7.20 shows the association of mathematical model functions to the physical model
represented through a volume element of a grain-MOG mixture. The distribution func-
tion u(z, t) (Table 7.1) is determined by the combination of a diffusion process characterized
by a constant parameter D, and a convection process characterized by an average sinking
velocity v, that takes place over the time f.

The grain distribution u(z, t) follows the law of Fokker, Planck, and Kolmogorov (cited by
Meinel, 1974; Beck, 1999) as follows:

) ou o’u
—ulz, t)=—v,—+Dz— (7.16)
ot (= 1) 0z 0z*
z A Grain normal distribution u(z, £)
h || _\_ — == '—f/— —)\
0 - \ L

FIGURE 7.19

Qualitative representation of grain distribution transformation through convection and dispersion. (From Beck,
F, Simulation der Trennprozesse im Mahdrescher [Simulation of separation processes in combine harvesters],
PhD dissertation, Hohenheim University, Forschritt-Berichte VDI, Reihe 14(92), 1999.)
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FIGURE 7.20

Association of mathematical model with physical model of grain segregation and separation. (From Beck, F.,
Simulation der Trennprozesse im Méahdrescher [Simulation of separation processes in combine harvesters],
PhD dissertation, Hohenheim University, Forschritt-Berichte VDI, Reihe 14(92), 1999.)

The solution of Equation 7.16 leads to the normal distribution curve and has to satisfy the
limit conditions as follows:

0 forz=#0

u(z,t=0)=mg8(z—h) where §(z)= c o
o for z= (717)

u (z = Zoo, t) =0
where m, is the total mass of the grain.
This means that the distribution function of the grain within the MOG layer is
m 7(z—ll—vzr)2

u(z, t)=——5—e 40 718
(=)= b (718)

Separation of segregated grain on the top of the sieve is proportional to the mass of grain
u 4(t) that makes contact with the sieve, by a separation rate 1/¢,. This means that the fre-
quency of separated grain through the sieve is

i (1) = s (1) (719)

ta

The separation rate quantifies a time delay that depends on the sieve design, grain type
and species, and opening ratio 1 of the sieve (see Equation 7.14).
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D

The model parameters for diffusion D,, convection with the sinking speed v,, and the
separation rate were approximated by linear functions dependent on the parameters of the
cleaning shoe.

Beck (1999) simulated the grain segregation through the MOG layer, as shown in
Figure 7.21. At the feeding end of the sieve, the grain is considered to be concentrated in
a thin layer on top of the MOG layer of height #, and then the grain penetrates the MOG
layer with a random sinking velocity, which leads to various segregation times.

One of Beck’s model deficiencies is the fact that, in reality, the grain is not distributed on
top of the MOG layer, but within this layer. Readers should keep in mind that a random
sinking velocity does not imply a constant speed v, of the grain over the sieve length. The
mathematical model described in the next section belongs to the author and attempts to
eliminate the above-mentioned disadvantages.

i o 5 5
//////////////////////////////

FIGURE 7.21
Predicted grain distribution within the MOG layer (MOG mixture not displayed).

7.3.3 Model of Grain Distribution and Separation on Cleaning Shoe

This section resumes the author’s work (Miu, 2003) with additional explanations and fur-
ther improvements.

The separated material from the threshing unit and straw walkers (if applicable) is com-
posed of grain and MOG that consist of chaff, ear fragments (threshed or unthreshed),
and straw and leaf fragments. This material is fed onto the cleaning shoe by an oscillatory
grain pan whose movement is oppositely synchronized with the cleaning sieve motion.
On the grain pan, grain presegregation may occur due to the following causes: vibratory
motion of the grain pan and airflow blown by the fan in the winnowing step between the
grain pan and the sieve (Figure 7.22). This is suggestively represented in Figure 7.23 (adap-
tation of Figure 29, Beck, 1999).

On a vibratory cleaning sieve, one can consider that within the MOG layer, a kernel (par-
ticle) jumps from one state to another with a particular transition rate. That is equivalent to
the realization of a stochastic process of grain segregation with a specific segregation rate.

100s 60 | |
& [ mG 1 kg/(s m) m riig =1 kg/(s-m)
80 0 ring =2 kg/(s:m) - X ® riig =2 kg/(s-m)
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FIGURE 7.22
Prediction of remaining grain on the sieve and grain separation over the sieve length.
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Grainpan  Winnowing step

FIGURE 7.23
Grain presegregation in the winnowing step area.

When the grain reaches the top surface of the sieve, it may jump from a location to another,
until it separates through an opening of the sieve. The overall process can be regarded as
a continuous, bidimensional walk in the limit of small jumps. As a great number of such
events are generated through the segregation/separation processes, the stochastic grain
quantities of interest can be evaluated as ensemble averages.

Therefore, the overall movement of the grains within the MOG layer can be divided into
the following sequential, at least two-by-two, components:

¢ Grain segregation to the top of the sieve (diffusion created by sieve vibrations)
¢ Grain transportation movement along the sieve
¢ Grain passing through the sieve openings

At the feeding end of the chaffer, the grains could be almost normally distributed within
the MOG layer, over its height, displaying more or less a particular stage of segregation
close to the chaffer top surface. Then, along the sieve, the distribution u(z, x) of the grains
within the MOG layer transforms to a distribution that is more and more skewed toward
the MOG layer top. This is well represented in Figure 7.24. This transformation matches
very well the frequency (probability density function) of separated grain through the sieve that

A
h _
Grain separation Dis‘t::lljibution
frequency #(x) median x
0

Sieve length

FIGURE 7.24
(See color insert.) Transformation of grain distribution u(z, x) within the MOG layer, over the sieve length, to
the grain separation frequency under the sieve.
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FIGURE 7.25
(See color insert.) Transformation of grain distribution u(z, x) within the MOG layer to the grain separation
frequency distribution i(x) under the sieve.

was determined from experimental data. Thus, the frequency of separated grain i,(x) is
perfectly described by univariate Weibull distribution (Equation 7.20) as a function over the
length 0 < x < L, of the chaffer, where x is the associated current position (Figure 7.25):

i, (x) = Aex“le ™ (7.20)

where:
A is the scale parameter; A > 0
c is the shape parameter of the distribution; ¢ > 0

The fraction of the grain that is cumulatively separated over an interval [0, x] can be calcu-
lated by integrating Equation 7.20:

= J’mf*le*@‘ de=1-e™ (7.21)
0

For instance, the fraction of separated grain i(x,) at the location x = x, equals the area
A, under the curve u(z, x). That means

h
it (x,) = Ju(z, X,)dz (7.22)
0

If we integrate over the interval [0, x], we get the generalized form as follows:

||
H
O'—.k

I
Ju z x dzdx (7.23)
0
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or, in a simplified form,

-

u(z, x) dzdx (7.24)

x

Il
© Sy 2
© Sy =

By deriving Equation 7.24 with respect to x, we get the following equivalent equation:

h
Aextle ™ = —Ju(z, x)dz+k (7.25)

0

where k is a constant from integrating the right-hand part of the equation.
Equation 7.25 describes the fraction of separated grain at any arbitrary location x
(0 <x < L). It implies that the parameters of the function u(z, x) are functions of x, A, and c.
Grain separation frequency ii;(x) is proportional to the grain mass fraction u,(x), which
is already segregated on the top surface of the sieve; we assume this proportionality is
given by the decay rate Ac. This leads to the following relationship (similar to Equation 7.19):

s (x) = Acuy (x) (7.26)

Consequently, the function that describes the fraction of separable, segregated grain 1 ,(x)
has the following form:

Uy (x)=xle™ (7.27)

At the end of the sieve, that is, where x = L, the separable, segregated grain becomes sieve
separation loss u,(L,), as expressed below:

s (L) = L e (7.28)

Within the cross section of the material layer on the sieve, at any position x along the
sieve, the equation of mass fraction balance can be written as follows:

s () + 104 (%) +us (x) =1 (7.29)

where u,,,(x) is the fraction of unsegregated grain through the MOG layer, including the grain
not segregated enough to reach the top surface of the sieve. Accordingly, this fraction of
grain is

s () = (1= e ™ (7.30)

It can be noted that although the exponent ¢ must be higher than zero (per Weibull dis-
tribution definition), if ¢ = 1, all separable grains are already segregated and reach the top
of the sieve.
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If ¢ # 1, at the end of the sieve, the unsegregated grain becomes sieve segregation loss
uns(Lc):

s (L) = (1= L") e (7.31)

Segregation loss and separation loss represent the total grain loss of the sieve u;(L.):
up (L) =1a (Lo )+t (L) = 7 (7.32)

Let us go back to Equation 7.25. The goal is to derive the expression of the function u(z, x).
Such a function must satisfy the following initial conditions:

0 for z=0
u(z,x=0)=8(h-z), where §(z)={>0 for 0<z>h

0 for z=nh
(7.33)

h
J.h(z, O)dz =1
0

Then, this function should be defined for values z < 0 as well, to visualize the curve
shape when sliding toward negative values of z (under the sieve). Instead of represent-
ing the function u(z, x) in the coordinate system XOZ, it would be much more conve-
nient to represent in the £QC coordinate system the function u(, &) = u(h - z, x), which
results through a transformation series of reflection and sliding operations, as shown in
Figure 7.26.

In order to derive the function u((, ), a generalized bivariate Weibull distribution was
considered by following the guidelines set up by Kundu (Dey and Kundu, 2012; Kundu
and Gupta, 2014). The expression of the function u(g, €) is as follows:

)= a’b(c- b)Ch’le’”glH
1- exp"’hb

u(C &

a=100e™% , a>0 (7:34)

b=&"4c-1, b>0

The denominator (1 - exp(’”hb )) is the complement of the survival function of the grain
Weibull distribution along the { direction, at the top of the sieve ({ = /). Thus, the grain
distribution within the MOG layer is inversely proportional to the complement of the sur-
vival function of the distribution. Physical interpretation of the denominator significance
is as follows: if the segregated grain on the top of the sieve separates fast through the sieve,
then the grain distribution within the MOG layer decreases fast and its curve displays a
long tail.
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FIGURE 7.26
(See color insert.) Transformation of grain distribution u(z, x) to the distribution u(, ).

Figure 7.27 shows the graph of this function for a 1.6 m long sieve, 1 = 0.1 m, A =11, and
c = 2.45. Note the Weibull distribution shape along and just above the sieve, as well as the
grain flow in both directions within the layer of material.

Within the MOG layer, it is assumed that grain segregation follows a jump process as
well as the physical laws of convection and diffusion (Meinel and Schubert, 1971; Beck,
1999; Beck and Kutzbach, 1995). Both above-mentioned assumptions are satisfied by the

FIGURE 7.27
(See color insert.) Predicted grain distribution within MOG layer over the sieve length.
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Fokker-Planck equation, which is a special type of master equation (van Kampen, 1992) in
the limit of small jumps:

0 0 0’
Sz n= _UZ£+DZTZ§‘ (7.35)

where:
v, is the average sinking velocity (m/s)
D, is the constant of dispersion (m?/s)

Because we use the function u((, &), Equation 7.35 can be applied as follows:

1 ou 0%u
u, &)= { v, +Dx } 7.36
& 0® Fo "t ag (736)

To find the variables of the process, we want to look at the stationary solution, which has
to satisfy the following condition:

hm éu(g ,E)=0 (7.37)

and hence,

d 0
dc(_vgumg aZJ =0 (7.38)

To satisfy Equation 7.38, the term

—vgu+ Dy (—;Z =cst

must be constant. If we assume the stationary density u,({)—0 for (-0, then the constant in
question must be zero, and we conclude that

b—1-abl’

=D, ‘

For comparison, nonlinear regressions of experimental data shown in Figure 7.22, using
Equation 7.20, lead us to Figure 7.28. With coefficients of determination R2> 0.99, the regres-
sion results prove that the Weibull distribution describes perfectly the frequency of grain
separation through the sieve.

This model represents an excellent simulation and design tool for saving time and costs
during the testing and improvement of cleaning unit prototypes. For future work, the
author recommends the analysis of the influence of constructional and functional param-
eters of the cleaning unit on the coefficients 2 and b, that is, A and c.
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Grain separation frequency (%)

Sieve length (m)

FIGURE 7.28
(See color insert.) Prediction of grain separation over the sieve (vs. Figure 7.22).
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8

Grain Conveying Process and Equipment

8.1 Introduction

In most combine harvesters, conveying of the grains is needed in the following zones:

¢ Within the cleaning unit for directing the grain or unthreshed ears to the corre-
sponding auger

® From the cleaning unit to the threshing unit for returning unthreshed grain in
the ears

* From the cleaning unit to the grain tank for temporary storage of grains
* From the grain tank to discharging them into the transportation vehicle

Grain flow rate, conveying distance, incline, available space, efficiency, work quality, and
economics influence the type, design, and operating parameters of the conveying equip-
ment. This section provides an overview of grain conveying equipment design, operating
parameters, and the process modeling approach in the design of combine harvesters.

Before designing any conveying system, the practitioner should consider the physical
characteristics of the grains to be handled. In this regard, the most relevant properties are
grain size, bulk density, moisture content, coefficient of friction with different materials,
and other mechanical properties, such as compression stress, modulus of elasticity, and
Reynolds number. These physical property values are given in Tables 3.1, 3.5, 3.6, and 3.10.
Grains are relatively lightweight particles, free flowing, noncorrosive, and nonabrasive.
According to the U.S. Conveyor Equipment Manufacturers Association, grains are classi-
fied as class I products.

Within the cleaning unit, conveying the grains and unthreshed ears is performed by the
inclined walls of the cleaning shoe structure. The wall incline and harmonic motion deter-
mine the movement of the grains/unthreshed ears from the sieve/chaffer extension to the
corresponding transversal auger, which collects and conveys them further. The oscilla-
tory motion is induced by means of a crank-conrod mechanism; thus, the inclined walls
and the sieves have similar kinematic indices characterized by the Froude number (see
Equation 7.1).

For conveying the grains from the cleaning unit to the grain tank, and for discharging
them from the grain tank, grain augers are used. For conveying the grains/unthreshed
ears, scraper or bucket elevators are also used. We will refer to these conveyor types in the
following subsections.
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8.2 Auger Elevator

The auger elevator is also known as the screw elevator. In construction of agricultural har-
vesting machinery;, it is used for the conveying of grains, ears, unthreshed ears, chaff, and
chopped vegetal material. The auger conveyors have the advantages of compact design,
low maintenance, and the ability of continuously conveying materials. Their disadvan-
tages include their limited length and inability to transport sticky and lumpy materials
(Shimizu and Cundall, 2001).

An auger elevator is a conveyor that moves the material from one elevation to a higher
one, at a certain angle. It consists of a circular tube (barrel) with inside diameter D,, in
which a helical flight with external diameter D, rigidly mounted on a driving shaft with
the diameter d, rotates with n rpm (Figure 8.1). The flight is made of a sheet metal of thick-
ness ¢, and wraps up the shaft with the pitch p. The driving shaft is usually supported at
its ends by two radial-axial bearings (not shown).

Practically, there is a radial clearance & between the exterior side of the flight and the
inside surface of the barrel, that is,

s=De-D 8.1)

7

The height ki, of the flight is

h, = , m 8.2

The principle of conveying materials relies on the friction between the materials, the
flight, and the barrel. An auger elevator is a volumetric conveying device. The volume of
material that is conveyed in a given time depends on the material nature and properties,
and on constructional and operational parameters, such as flight height h,, flight pitch p,
rotation #, incline a, and the degree y of filling of the flight channel with material.

Direction of material conveyance

Pitch angle

Inlet  Flight e ) Barrel
AN \\\ T .\7

J
B N -,
S Q= / r // // C n
~ ) ‘ y
N Shaft Outlet
Flight channel

FIGURE 8.1
Design representation and parameters of a grain auger.
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The performance and quality indices of an auger elevator are material feedrate g,, con-
veying efficiency ¢, and the power P required at the auger shaft.
The material feedrate g,, can be calculated with the following formula:

2 _ g2
G = pory — o~ kg/s (8.3)
where:
o is the angular speed of the auger, s™
2mn
=—— 84
©0="5 (8.4)

y is the volumetric mass of the conveyed material, kg/m3

The other design parameters are expressed in meters.
The filling coefficient y depends on the incline a of the auger conveyor as given by the fol-
lowing equation, which we determined using experimental data published by Verclyte (2013):

1( o
- 85)
where:
y, =04 is the filling coefficient of the flight channel of a horizontal auger conveyor
0 g & & y
¢ =153 1is a coefficient

For grain conveying, here are the ranges of design parameter values: D = 100-300 mm
(2-12 in.), d = 25-90 mm (1-3.5 in.), p = (0.6-1.25 D), and 6 = 6-12 mm (0.25-0.5 in.). The
length of the feeding section [ is equal to or bigger than the pitch p.

The conveying efficiency of an auger conveyor is defined as the ratio between the actual
feedrate and the theoretical feedrate that results when the flight channel is completely full
and the particles are conveyed with the axial speed of the auger (without slip or rotation).
The efficiency decreases as the clearance between the barrel and screw flight increases.

Cyclic variations due to screw flight rotation, particle buildup on the auger, blockage in
the auger feeding section, and an underpowered drive may lead to feedrate fluctuations
and, consequently, to variable and lower efficiency (Dai et al., 2012).

The power P (kW), which is required for driving the auger, can be calculated as follows:

(LA+h)

Gm
P= 8.6
102 (66)

where:
L is the total length of the conveyor, m
A is the material resistance coefficient
h  is the effective elevation at which the material is conveyed, m

The A values are within the range 1.2-4.2.
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The radial clearance § is strongly influenced by the shape factor of the grains and the
friction coefficient, but less so by the relative roundness of the flight edge, to commonly be
within limits smaller than 0.4 mm (Rademacher, 1981).

8.2.1 Modeling of Conveying Process of Auger Elevator

Modeling of the grain conveying process performed by a grain auger is based on studying
the behavior of the grain in the auger. Three methods have been used: discrete element
method (DEM), computational fluid dynamics (CFD), and residence time distribution
(RTD).

The DEM approach models each particle of a granular mixture as a separate entity; the
particles interact among themselves and with conveyor surfaces through collisions or last-
ing contacts. DEM simulation keeps track of the position, velocity, and acceleration of the
particles and reference surfaces, thus simulating the dynamic behavior of a granular flow.
During simulation, the auger rotation, incline, and degree of flight channel filling with
material are varied. Owen and Cleary (2009a,b) found two types of flow pattern: one pat-
tern is exhibited at low angles and low filling degrees, while the other pattern occurs at
higher angles and filling degrees. The research results displayed in Figure 8.2 come from
simulation of superquadrics particles (SQBs) with the general form

N N
XN+ (Z) + ((Z:) =35V @.7)

that describes nonspherical particles. The power N is the shape factor, to smoothly change
the shape from a sphere to a cube as N increases. B and C are the aspect ratios of the par-
ticle’s first and second minor axes to the major axis. The authors found that increases in
nonsphericity of the particles have a negligible effect on the particle flow patterns. The
particle velocities and their axial and tangential components were invariant to changes of
particle shape and friction between particles or with the auger wall.

The DEM method has two major disadvantages: (1) a large computational load at high
particle concentrations and (2) difficulty in implementation of physical properties of par-
ticles, such as form and elasticity. In the next discussed method (CFD), all particles can be
represented by one fluid.

The CFD method uses algorithms to analyze the fluid flow by simulating the interaction
of the fluid with surfaces defined by boundary conditions. The laws of three fundamen-
tal principles are involved: conservation of mass (continuity), conservation of energy, and
Newton’s second law (dynamics). The obtained solution is as good as the initial/boundary

SQB super-quads; angle 0° SQB super-quads; angle 30° SQB super-quads; angle 60°

FIGURE 8.2
(See color insert.) Influence of the auger inclination angle on the particle flow pattern. (From Owen and
Cleary, 2009a and b.)
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conditions considered for the mathematical model. The author recommends the CFD com-
ponent of the ANSYS or COMSOL software package to perform CFD simulations.

When solving the CFD models, the software uses the finite element method with adap-
tive meshing (if selected) and error control. Predefined formulations of different types of
flow make possible the use of physical quantities such as volumetric mass and viscosity
of the material. Then, the software allows tracking the trajectories of particles based on
Newton’s second law.

In ANSYS, the rheology of a mixture of grains analyzes their complex behavior in trans-
port or fluidized beds. The main factors governing the grain behavior are the volume
fraction and shear rates. The Eulerian granular approach is based on a continuum, multi-
dimensional model. Different particle models (DPMs) are available, such as a DPM for the
dilute phase (steady and time dependent), the particle-tracking model with a probabilistic
collision model, a dense-phase DPM for dense flows with large size distributions, and a
macroscopic particle model for large particles.

The RTD approach deals with a probability distribution function that describes the time
a particle (grain) spends in the conveyor, thus investigating the mixing and flow pattern.
This method also facilitates the scale-up design of conveying equipment and optimization
of process parameters.

For more reading on conveying process modeling, although not integrally applicable,
practitioners are directed to Verclyte’s thesis (2013), while becoming proficient in working
with ANSYS or COMSOL software.

8.3 Scraper Elevator

In combine harvesters, one scraper elevator is used for lifting the grains from the cleaning
unit grain auger to the bubble-up auger that, in turn, transfers the grains to the grain tank,
while another scraper elevator is used to transfer the unthreshed ears from the cleaning
unit tailing auger to the threshing unit for reprocessing them.

A scraper elevator is comprised of an endless metallic chain that is wrapped around
a driving sprocket (at the lower end of the elevator) and around a tensioning (driven)
sprocket at the upper end of the elevator. The chain supports a series of bulk material
paddles (Figure 8.3) that lift the material from the lower opening and project it toward the
discharge zone at the upper end of the elevator.

The paddles are usually made of plastic or rubber with fabric insertion layers. They can
be flat or curved. The paddle shape is rectangular (Figure 8.4), with the following dimen-
sions: a = 32-120 mm (1.25-4.75 in.), b = 75-300 mm (3-12 in.). The paddle pitch p = 200-
500 mm (8-20 in.). The trunk is usually made of galvanized steel assembled as an integral
staggered seam construction to provide a flush connection throughout the interior of the
conveyor without use of welding and easy disassembly.

Usually, the paddle elevator conveys the material on the bottom side of the trunk. In this
case, the material is easily discharged. If the grains are conveyed on the upper side, there
is a flume to support the material during the conveying process. The inclination angle
of the grain paddle elevator is o = 25-90° to the horizontal. The chain speed is within
v,=0.6-2m/s (2-6.5 ft/s).

Design and functional parameters are selected based on the nature and condition of the
material, feedrate, length, and inclination of the conveyor.
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o\<°e

FIGURE 8.3
Paddles assembled on the chain and hardware. (Courtesy of May Wes, Hutchinson, MN.)

The material feedrate g, of a paddle conveyor can be calculated with the following
formula:

_ a*buyy

= .k :
2ptano 8/s ®8)

m

where:
y is the volumetric mass of the conveyed material, kg/m3
¢ is the coefficient of filling the space between paddles with material

When the material is conveyed on the lower branch, the length of the discharge section
depends on the maximum linear speed of the conveyor and the inclination angle. The

Paddle

7 ///
T 7 \ T \)4
/
Chain Sprocket Shaft
FIGURE 8.4

Shape and geometry of a paddle mounted on a chain.
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FIGURE 8.5
Calculation schematic for discharge section length.

design condition is that the length of the discharge section should allow the complete
release of the material that is contained between each two consecutive paddles. The con-
veyor parameters to be considered in the design of the discharge section length are shown
in Figure 8.5. The conveyor speed is v, and it is inclined with the angle a. Let us associate
a Cartesian coordinate system XOY to the active face of a paddle.

We consider that the coefficient of the conveyor filling with material is 1; that means
the material spreads on a length a/tan a. During discharging, the following forces act on
the material: gravitational force mg, conveying force N, and friction force pN between the
material and the paddle surface.

If we apply Newton’s second law, we can write the following equation system:

N =mgsino
ma = mg coso. —uUN

d%s

- (89)

a

where a is the material acceleration on its falling trajectory.
By integrating two times the second equation with respect to the time ¢, we get the equa-
tion of material speed v, and the space s the material travels, as follows:

v, = gt(cosa—psina)

gt? .
s= N (cos o —usin (x) (8.10)
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The length d of the discharge section must satisfy the following functional condition: the
time t in which the material flows along the paddle height 2 must be less than or equal to
the time in which the paddle travels the distance 4; mathematically, this translates to the
following equation:

1/2
d=n0, [7‘”“’5"’)] 8.11)

gcos(o+0

where the material repose angle

¢ = arctanu 8.12)

The power P (kW), which is required for driving the auger, can be calculated with
Equation 8.6. The theoretical power should be increased by 10% to overcome the losses due
to friction between conveyor parts, and power drive and transmission efficiency losses.

8.4 Bucket Elevator

Bucket elevators are the most used conveying systems for transporting the grains vertically
or at high inclination angles. They require limited horizontal space, and because they are
enclosed in the housing, they spread a low quantity of dust. A bucket elevator (Figure 8.6)
consists of buckets attached to a belt transmission and transports the grain from the inlet
hopper to the discharge spout. The driving pulley is always at the top. The buckets can be
loaded directly from the inlet hopper, or from the back, or from both sides. The material is
discharged by means of either gravity or centrifugal force. Thus, two design methods are
used for bucket discharge: low-speed gravitational discharge or high-speed centrifugal

Head

hood Driving
00! -

/ drum

Discharge
spout

FIGURE 8.6
Components of a bucket elevator.
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discharge. The first method allows low conveyor speeds (0.5-1.0 m/s), and it takes advan-
tage of the material weight. The centrifugal discharge is the most common, and allows
high conveying speeds (1.2-1.4 m/s); the separation distance between the buckets is two to
three times the bucket height.

The weight w,, (kg) of the material conveyed by a bucket is

Wy = WVhpm (813)

where:
¢ is the coefficient of bucket volume filling with material
V, is the bucket volume, m3
p,, is the bulk material density, kg/m?

The bucket conveyor capacity g, (kg/s) is then calculated as follows:

W,, 0,
Ge=—"7+ (8.14)
P

where:
v. is the conveyor speed, m/s
p is the bucket pitch, m

The standard pitch is p = (2-3) h,, where h, is the bucket height (m). For a flake bucket,
p=h,

The power P (kW), which is required for driving the auger, can be calculated with
Equation 8.6. The theoretical power should be increased by 10% to overcome the losses due
to friction between conveyor parts, and power drive and transmission efficiency losses.

Buckets can be made of different materials, in various shapes and sizes. The common
shape of a bucket is shown in Figure 8.7. Although the bucket elevators are less used in
construction of combine harvesters, they are a good alternative to consider.

B < 80°

SN
AT S oo

FIGURE 8.7
Common bucket configuration.
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Crop Residue Chopping and Spreading
Processes and Equipment

9.1 Introduction

Modern, large combine harvesters discharge a higher flow of material other than grain
(MOG) on a small-width swath relative to the header width. The weed and grain loss
are thus concentrated behind the combine. The axial-flow harvesters process the vegetal
material more intensively than the conventional combines; if the postharvest residues are
left behind the combine and are shallowly incorporated into the soil, the accumulation of
organic matter in the upper soil layer becomes a problem due to their insufficient decom-
position and conversion to humus.

Field studies showed that distribution of nitrogen resulting from MOG left behind the
combine is uneven, as shown in Figure 9.1.

Cereal crop residues (straw, husk, chaff, corn cobs, hulls, and some cornstalk pieces) are
competitively regarded as very important organic fertilizers, organic materials for bed-
ding and forage in the livestock industry, and for energy production from direct combus-
tion and biogas production.

When not collected, managing the crop residue that results during cereal harvest-
ing is very important for any consecutive seeding process, especially a reduced or no-
tillage process. Heavy harrowing of the soil often groups the straw and corn husks in
bunches that may not be properly incorporated into the soil; thus, all these residual
MOG components, if not previously chopped and uniformly spread, do not disintegrate
into the soil to release useful nutrients by mineralization. Success in uniformly dis-
tributing crop residue translates to better soil erosion protection and improved stand
establishment.

It is believed that single-pass harrowing or cultivating of the soil is worse than no
tillage at all because weed seeds are incorporating into the soil and loosen the stubble.
Thus, failure to manage crop residue negatively influences the seeding process efficiency,
leading to uneven distribution, hairpinning, plugging, lack of soil aeration and drying,
and ultimately, low and nonuniform germination and emergence of the next crop seeds.
Plants that emerge later than the neighboring plants may be outcompeted throughout
their development, and crop yield may be reduced proportionately to plant emergence
delay:.

Modern combine harvesters are equipped with chopping—spreading equipment that
chops and spreads the straw, husks, and chaff uniformly across the header cutting width.
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Cut straw

Uncut straw (stubble)

0 2 4 6 8
Distance from left side of header (m)

FIGURE 9.1
Amount of nitrogen (kg/ha) from decomposition of crop residue left behind the combine. (From Douglass Jr.,
C.L. et al., Soil Science Society of America Journal 56(4):1171-1177, 1992.)

Such a system has to satisfy a series of technological and process efficiency requirements, as
follows:

e Produce consistent and uniform short chop length

¢ Uniformly spread the chopped material over the entire working width of the combine
* Generate a relatively low quantity of dust

¢ Consume low driving power

e Have a low level of maintenance

Material resistance to cutting depends on the crop MOG physical and mechanical prop-
erties, chopper knife design and kinematics, and feeding and discharging path of the
material. The next section describes the construction of chopping—spreading systems that
equip the combine harvesters.

9.2 Construction of Choppers and Spreaders

A chopping and spreading system may execute the process with a single working unit that
chops and spreads the chopped material or may consist of two in-series units: chopper and
spreader.

When the process is performed by a single unit, the process schematic is as shown in
Figure 9.2. The straw released by the straw walkers or axial threshing unit is chopped into
smaller pieces by the blades of a rotor or drum, which also generates airflow to help spread
the chopped material behind the combine. The rotor could be equipped with four longitu-
dinal rows of jointed blades (Figure 9.3), which are of two types: cutting blades and pad-
dle blades. The straight, sharpened, and reversible blades finely cut the crop residue into
uniform sizes. The lateral fan blades generate high air velocities (e.g.,, up to 145 km/h or
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Long straw

Rotor shaft

Cross-cutter

Adjustable stationary knives

Fine chop step

Grater bar

FIGURE 9.2
(See color insert.) Schematic of the chopping process. (Courtesy of CLAAS, Harsewinkel, Germany.)

Fan blade

Straight blade

Paddle blade

FIGURE 9.3
Active components of cutting and spreading rotor.

90 mph). The paddle blades increase the chopper airflow and spread width while improv-
ing the spreading uniformity across the combine working width. In this case, the chopped
material is spread through special shrouds. Slightly different versions of this rotor are
used in combine harvesters made by Case IH, Caterpillar, John Deere, New Holland, and
Massey Fergusson. The usual number of blades on the rotor is 72-88. Case IH combine
harvesters may also use a chopping rotor with multiknife (serrated) blades, which have
opposite orientation and are grouped in pairs mounted on a helical path on the rotor barrel
(Figure 9.4) to require a uniform torque over a complete rotation.

Regardless of the blade types, the blades are positioned within equally spaced transver-
sal planes to the rotor axis to maintain a consistent cut length and for process and power
efficiency reasons. To increase the cutting process efficiency, the cutting blades work in
conjunction with stationary, yet adjustable counterknives. At the top, Figure 9.5 shows
the counterknives of the chopping unit as well as a MOG spreading system composed of
two spinning discs that rotate in opposite directions. Two spinning discs are needed for
spreading the chopped material when the harvest swaths are greater than 7.5 m (25 ft);
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FIGURE 9.4
Chopping rotor with multiknife (serrated) blades. (Courtesy of Case IH, Racine, W1

FIGURE 9.5
Chopping and spreading rotors. (Courtesy of CLAAS, Harsewinkel, Germany.)

otherwise, a single disc may be enough to perform this task. Straw choppers and spreaders

are interchangeable on most combines, so the cereal growers can choose between differ-

ent versions: one disc, two discs, or a combination of both. To increase material spreading

width and uniformity, radial or curved vanes are attached on the spinning disc’s surface.
The spreading width and distribution pattern are usually adjusted by

¢ Changing the fore—aft position where the material drops onto the spinning paddles

¢ Changing the angular position of deflectors or shields placed around the disc’s
border

¢ Changing the rotational speed of the discs
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A list of crop residue chopping and spreading equipment can be found at the following
link: http://pnwsteep.wsu.edu/tillagehandbook/chapter3/031997htm.

9.3 Theory, Modeling, and Design of Crop Residue Chopping Process

The chopping process of crop residue, which is released by straw walkers or the axial
threshing unit and cleaning shoe, is a cutting process of the material fibers by the edges of
the cutting blades and counterknives of the chopper following physical phenomena such
as bending, compression, and local crushing of the material. Such deformations occurring
in the material depend on the form and orientation of the cutting edges and the kinemat-
ics of the process. Therefore, the cutting resistance of a material is strongly related to the
shape and orientation of the cutting edges and process kinematics.

The material components have a random orientation when coming into contact with the
active elements of the chopper. These components may be cut individually or in bundles
instantly formed.

The cutting types of the material can be classified based on two criteria, as follows:

1. Position of the blade cutting edge relative to the straw (stalk) fiber direction

2. Direction of blade movement relative to the cutting-edge direction

Thus, based on the first criterion, there are two types of cutting: cutback and splitting
(defibration), which is cutting along the straw fiber direction. In regard to the second crite-
rion, the material can be sheared (when the direction of the blade speed is perpendicular
to the cutting edge) or cut with sliding (the cutting edge slides over the material). This sec-
ond type of cutting strongly decreases the power requirement for the chopping process.

Previous research on the plant cutting process extensively described the influence of
different design and functional factors on the cutting process efficiency and equipment
performance. Such factors include the blade speed, bevel angle, sharpness, thickness, edge
serration, clearance between the edges, and physical and mechanical properties of cut
material.

The cutting theory explained in Section 4.2.2.2, specifically Equation 4.42, is also appli-
cable here. We emphasize here that the size of the angle between the blade edges during
the cutting process is closely linked to the coefficient of friction between the blades and
vegetal material.

In the following, we developed a theory that was not previously published. Let’s assume
the schematic of the chopper and process shown in Figure 9.6. On the chopper barrel rotat-
ing counterclockwise with a constant angular speed, the cutting blade is jointed at one end
(point O,); that is, it can freely rotate around it. The position of the axis OX of the associated
coordinate system XOY corresponds to the radial orientation of the blade reaching the
beginning of the cutting edge of the counterknife. Initially, the first pieces of material are
sheared. This type of cutting requires a high and very nonuniform power due to irregular
resistant torque created by material during the cutting process. Therefore, we are looking
to determine a counterknife edge profile so that the power requirement and its nonuni-
formity will decrease. We aim to accomplish this desideratum by considering the blade
clockwise rotation due to material resistance to cutting, and by designing the counterknife
edge profile so that the rest of the material will be cut through a combination of shearing
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Barrel

Counterknife
profile

FIGURE 9.6
Schematic of the cutting process and counterknife edge profile.

and sliding. For mathematical modeling purposes, let us orient in a convenient way the
coordinate system XOY and the counterknife edge profile as shown in Figure 9.7.

Let us consider an instantaneous position of the jointed point O, of the blade, when its
positioning angle is a. The blade rotates with the instantaneous angular speed o, and
meets the counterknife edge in point A. The distance polar coordinate of point A is R,. At
contact point A, the tangent to the curve that defines the counterknife edge shape makes
the angle f with the horizontal (as considered by convention in this figure). Taking into
account Equation 4.42, ideally the angle ¢ between the tangent to the curve at any point of
the cutting operation and the blade edge should satisfy the following relationship:

O+ ¢ 01
Y Counterknife
edge profile
]
Iy
g lpa
€
S Blade edge
,
54 Ol b A
A
RC
o B
lo) X
L

FIGURE 9.7
Schematic of shearing/cut by the sliding process and the counterknife edge profile.
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where:
@, is the friction angle of the straw (stalk) with the cutting blade, degrees
@, is the friction angle of the straw (stalk) with the counterknife edge, degrees

Since the material of the blade and counterknife are similar, the values of these coeffi-
cients have equal or very close values, and they are considered as given design parameters.

We also assume that the following design parameters have already been established
(chosen):

* ris the radial distance to the blade joint center on the chopper barel (base radius)
(m).
¢ [, is the length of the cutting blade edge (m).
® R, min 1S the minimum clearance for the blade (m).
We want to define an equation y = f(x) of the counterknife edge profile that satisfies the
following limit conditions:

0 if X=r+ lb
= Romin i x=0 92)
(x)=tan(-2¢) if x=r+l,

The third equation of the above system derives from geometrical interpretation of the
first derivative of a function.

We particularly studied two reciprocally matching functions whose expressions were
derived from basic functions, followed by reflection and sliding operations. They are as
follows:

fi(x) = Remin —ax" 9.3)

f2(%) = Renyin (1= me™) 94)

The coefficients/exponents a4, b, m, and n must be determined from the above-mentioned
limit conditions. The values of these coefficients of the above-defined two functions match-
ing one another are given in Table 9.1 for a value of the considered design parameters
r+1,=025m.

The rotational speed of the blade varies from the base to the tip within the range, but is
not limited to 20-50 m/s (65.6-164 ft/s).

This type of mathematical modeling has to be accompanied by a dynamic analysis of
the blade rotation angle and angular speed or a specific design, material, and process
parameter setting.

Usually, the cutting edge is formed by sharpening the blade on one side. The blade bevel
angle (Figure 9.8) is a very important design and functional parameter. The bevel-angle
value is usually within the range of 20-30°. A blade with a sharper angle will wear out
and become duller faster and is more likely to be seriously damaged when subjected to
foreign material (stones, lost metal parts). Besides, according to Chancellor (1988), when the
bevel-angle value is decreased below 20° there is very little reduction in the cutting energy
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TABLE 9.1

Coefficient/Exponent Values of the
Functions Expressed by Equations 9.3
and 94 whenr + [, =025 m

Coefficient/
Exponent Value R, iy M
17.36 0.158
3.392
0.02323 0.165
15.112

T 3 &=

ap
'
N

-

Leading \\'-..
edge )

dy

FIGURE 9.8
Design parameters of cutting blade.

requirement. An increase of the bevel angle greater than 35° leads to a higher requirement
for cutting energy. For a better and longer use of blade material, the blades have two oppo-
site cutting edges to allow reversing them when one cutting edge is irremediably worn
out.

The thickness of the leading edge influences the magnitude of the cutting force and
energy requirement. Thus, the cutting force is relatively constant when the edge thickness
is 0.05-0.09 mm (0.002-0.0035 in.), but for a greater thickness, it increases significantly. This
can be explained by the fact that a very sharp blade causes a more localized compression
stress, that is, breaking failure in the material, while a dull blade exercises this action over
a larger area, thereby requiring more energy for the same result.

Serrations on the blade-beveled area generate higher forces along the blade cutting edge
and offer the advantage of a relatively larger angle between the shearing surfaces (blade
and counterknife), while the material is not expelled. However, this translates to higher
cutting forces and energy requirement because the material cutting occurs over a zigzag
line instead of a continuous one.

9.4 Theory, Modeling, and Design of Crop Residue Spreading Process

The crop residue composed mainly from straw (stalks) and chaff can be spread in different
ways as follows:
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¢ Chaffis spread separately from the straw, which is chopped and then spread. The
advantage of this process is separate setting of chaff- and straw-handling equip-
ment, while the chaff does not overload the chopper.

e The chaff and straw are chopped and spread together over or into the stubble.
The main advantage of the latest case is reducing the dust, that is, preserving the
environment, and preventing the clogging of the cabin air conditioning filter and
combine engine filter.

The spreading process is relatively simple: the chopped material is fed at a certain radial
distance into the spreading disc that rotates uniformly in a horizontal or back-tilted plane.
The effect of applied forces causes the material to move on the disc surface along a curved
path until it meets the vane that acts as a guiding element until the particles leave the disc
and fall based on the laws of physics.

For calculations of material particle dynamics, one needs to conventionally assess at
least the size and average mass of a particle, Young’s modulus, as well as the friction coef-
ficients of the chopped material with the disc and vane materials. Young’s modulus values
as described in the literature are systematized in Table 9.2. The ASAE D251.2 standard
gives values of friction coefficients for a few chopped forage plants; this is a good source
to start with.

By applying mutatis mutandis, for data analysis, the methods of determining and express-
ing particle size described by ASAE S319.3 and ANSI/ASAE S424.1, we can assert that

¢ The analysis of mass percentage distribution of fragmented MOG in the chop-
per is based on the assumption that these percentages are logarithmic normally
distributed.

® The size of MOG particles should be reported in terms of geometric mean length
Igm and standard deviation Sgml by mass percentage, as given by Equations 5.109
and 5.110.

The mass m of a generic particle can be determined using the data published by Lam et al.
(2008). Thus, the chopped straw particles with an average length of 9.078 mm (0.3574 in.)
have an average mass of 0.008 g (0.0176 1b), while the particle density is 0.093 g/cm?.

Let us consider an inclined spreading disc at an angle a, and one of its straight vanes
positioned at the initial radius r, and angle y,, and being mounted with a forward incli-
nation y with respect to the corresponding radial direction (Figure 9.9). The disc rotates
uniformly with constant angular speed w. A particle of mass m, initially discharged on the

TABLE 9.2

Young’s Modulus of Individual Plant Stems

Young’'s Modulus, Shear Strength,
GPa (individual MPa (individual

Material stems) stems) Author(s)
Alfalfa 0.79-3.99 0.4-18.0 Galedar et al., 2008
Barley 0.33-0.62 Tavakoli et al., 2008
Wheat 3.13-3.75 Esehaghbeygi et al., 2009
Wheat 0.90-1.80 Tavakoli et al., 2008
Wheat 4.76-6.58 4.91-7.26 O’Dogherty et al., 1995

Wheat 1.59-2.15 5.39-6.98 O’Dogherty et al., 1989
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FIGURE 9.9
Acting forces on a particle interacting with the spreading disc.

disc at the interior end of the vane, is located at the radial position r after moving onto the
distance €.
Consequently, we can write the following geometrical relationships:
rsiny = 1 sin yy ©9.5)
rcos\y =&+ 1y cos o 9.6)

Let us assign the coordinate system XYZ, which is oriented in a convenient way, as
shown. The particle moves along the vane on the distance £ with the speed v and accelera-
tion a, respectively:

v=de/dt=¢ ©9.7)
a=d%/d =" 9.8)

The following forces act on the particle:

* myg is the particle weight, which has two components sideways and perpendicular
to the disc.
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* mrw?is the centrifugal force oriented in the radial direction that passes through the
weight center of the particle, with its two components depending on the angle .

e pmg cos a is the friction force of the particle with the disc surface; p is the fric-
tion coefficient of the particle with the disc/vane material (galvanized steel). We
neglect the friction force generated by the component mg sin o because it is rela-
tively very small.

* 2mwv is the Coriolis force.
* 2umov is the friction force of the particle with the vane material.

* pmre?sin y is the friction force of the particle with the vane that arises due to the
Coriolis force component.

By applying the second law of dynamics along the axis X, we get
m&” = mrw* cos ¥ — Wmg cos oL — umr®> sin y — 2umes’ 9.9)

If the vane is inclined backward, then the term pmrw?sin y is negative; as a consequence,
by considering both design options, Equation 9.9 becomes

m&” = mrw* cos ¥ — mg cos oL + umre’ sin y — 2umos’ (9.10)

By dividing the last equation with the mass m and considering Equations 9.5 and 9.6, we
can write

& + 2108 — 07 = 1o’ cos (Yot ¢)/ cos ¢ —ug cos o (9.11)

where the friction angle

¢ =arctanL 912

Equation 9.11 is a heterogeneous differential equation of the second order; its character-
istic equation has the following second-order form:

A+ 2umh—o® =0 (9.13)

The unknown A, and A, expressions are

= w(m - u) 9.14)
ho = —w(m - u) (9.15)

In solving Equation 9.11, we followed the mathematical approach described by Bosoi
et al. (1988) for a similar problem.
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Let us introduce arbitrary constants C; and C, in Equation 9.11, which will take the fol-
lowing form:

&=Cie" +Coe™ +1ycos(Wo £ 0)/ cosd—pug cos o/ o (9.16)

These constants will be determined from the initial conditions of the particle movement;
at the moment ¢ = 0, the particle is discharged onto the disc at the position corresponding
to the vane inner end (v, and y, coordinates). That means

E=&=0att=0 9.17)

Substituting for the constants C, and C, in Equation 9.16, the result is

0
o’ cos ¢

+
&Z ngCOSO( —y COS(WO—q))j“:?\’ 1 : (7\' Mt }\' ekzt) 1:! (918)
2 1
From Equations 9.5 and 9.6 we get

(E+mcos \yo)z =1 —15sin’ y, (9.19)

From this equation we can express the current position r of the particle:

= J(E+mcos o) +7sin o (9.20)

The derivative of Equation 9.18 gives the particle velocity along its trajectory over the
spreader’s disc as follows:

,_| Hgcoso cos(Wo0) [ Mha (s
5 { »? o cosd Ao =M (e ‘ ) 21

The above developed equations of the particle kinematics help a designer to simulate
and optimize the movement of the particle in connection with the rotation and inclination
of the disc so that most of the particles will leave the disc within a defined angular area
and at a certain spreading distance.
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Corn Ear Dehusking Process and Equipment

10.1 Introduction

Section 1.5.3 describes how the corn headers detach and collect the corn ears from the
plants to be further threshed and cleaned by combine harvesters. Thus, a combine har-
vester delivers only corn kernels, and the husks are left as a swath or chopped and spread
on the soil (see Chapter 9). In some countries, the corn is still harvested and preserved as
cobs after removing the husks from the ears, while ensuring the integrity and quality of
corn kernels.

Harvesting only the corn cobs has two big advantages: it provides the raw material for
canning (e.g., sweet corn is the most important canned vegetable in the United States), and
it allows a rapid drying of the corn kernels because the stored cobs allow a greater aeration
flow, which can be naturally available in the storage bins exposed to the wind.

Harvesting the corn as cobs is done with a combine harvester of a different design, usu-
ally a pulled or self-propelled combine. The design of these combines is beyond the scope
of this book. In the following, we will describe only the dehusking process of the corn ears
and the afferent equipment (unit).

There are several husking unit designs, but they have in common pairs of rapidly
rotating rollers, which catch the husks and pull them between the rollers while the
cobs flow to the end of the rollers. Section 10.2 describes the roller construction and
specifications.

10.2 Construction and Specifications of Corn Dehusking Units

The working unit that performs the corn ear dehusking process consists of a pair of cylin-
drical rollers (Figure 10.1), which rotate in opposite directions, have different working sur-
face profiles, and are made of different materials. One roller is metallic (forged or cast
steel), while the other one has cylindrical, rubber-made sections pressed over a metallic
shaft. There are also combined rollers, the length of which the metallic and rubber sur-
faces alternate: a metallic portion, then a rubber one, and so on. At all times, the rollers
are pressed one onto the other by helical compression springs, and their reciprocal contact
surfaces are made of different materials, as stated above.

The outer surfaces of both rollers have different profiles (combinations of helical and
longitudinal ribs, grooves, and spurs), whose main role is to develop nonuniform friction
forces with the ear husks, to dislodge them, and to pull them down through the rollers.

325
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FIGURE 10.1
Dehusking rollers made of steel (top) and rubber.

One roller is always placed at a slightly higher elevation to increase the difference between
the friction forces developed by each roller with the ear husks, so that they can be easily
dislodged and grabbed. Most of the dehusking units have a pushing mechanism, which
exercises additional forces on the corn ears (pushing them forward and toward the roll-
ers), so that the husks may be easily, uniformly, and eventually completely dislodged and
removed from the ears, while the ears flow uniformly and fast over the rollers’ surface. The
pushing mechanism can be of a belt conveyor type with elastic paddles or rotary type with
paddles or fingers (Figure 10.2). A dehusking unit is made of at least four rollers, which are
arranged alternately: metal/rubber/metal/rubber. The rollers are inclined by 8°-15° with
respect to horizontal to help cob movement along them.

The main design parameters of the rollers are outside diameter D, = 63.5-80 mm (2.5-
3.125in.)) and length L,= 0.8-1.25 m (31.25 — 49.25 in.) when a pushing mechanism is present
or L,= 145-1.75 m (57-70 in.) otherwise. The dehusking units without a pushing mecha-
nism are mainly used in stationary dehusking equipment. The peripheral speed of the
rollers is 0.85-1.37 m/s (2.75-4.5 ft/s).

10.3 Dehusking Process Theory

The process of removing the husks on the cobs can be divided into three phases:

¢ Orienting the ears with their longitudinal axis parallel to the roller axis
¢ Dislodging the husks while the ears rotate and move along the rollers
¢ Dragging the husks through the rollers

Eventually, the cobs leave the rollers, and then they are collected and conveyed accord-
ing to the material flow design of the combine.

The orientation of the ears is performed by the helical ribs of the metallic rollers in
the section where material is fed. Due to different friction forces developed between the
ears and each roller, the husks are one by one dislodged and pulled down through the
rollers.
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FIGURE 10.2
Rotary pushing mechanism with fingers.

Let us consider the dynamics of a cob between the rollers, as shown in Figure 10.3. The
rollers are pushed against each other with the force P, at both ends, by pairs of helical com-
pression springs. We noted the inclination angle of the rollers with respect to horizontal
by a. Thus, the cob weight G-cos a has two components: G, and G,. By applying the sinus
theorem for these forces, we can write

G G, G

sin| Z- (3+7)| ) sl 2~ (3-1)| ~sin2p

(10.1)

where y is the positioning angle between the rollers” axes. By design, the value of this angle
is chosen within 15°-20°.
Consequently, the cob weight components can be calculated as follows:

_ Geosocos(B+7)

Sn2B (10.2)

1
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FIGURE 10.3
Dynamics of the cob between the rollers.

_ Geosacos(B-7) (10.3)

G
2 sin 23

Due to the normal reactive forces on the cob that counteract the forces G, and G,, the
friction forces F, and F,, respectively, occur at the contact surface between the cob and
the rollers. Due to differences in their size, also determined by differences between fric-
tion coefficients p, and p,, we can write F, > F,. Explicitly, these forces can be expressed as
follows:

G o +
F= cos 'cos(B Y) (10.4)
sin 23
Gcosocos(P —
B =i, (B-7) (105

sin 23

In order to avoid cob catching and pulling by the rollers, the following two inequalities
have to be satisfied:

F cosP < G;sinf (10.6)
F, cosP < G, sinf (10.7)

If the angles of friction between the cob and the rollers are ¢, and ¢,, then the value of
the angle B, which characterizes the cob position with respect to the roller position, must
satisfy the following requirements:

B>, and B>, (10.8)
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Based on the geometry of the rollers and cob, we can calculate the value of the position-
ing angle f as follows:

B = arccos Dlird (10.9)

where
d
D

is the cob diameter
is the roller diameter

c

r

If we also consider a vertical pushing force P, that is exercised on the cob by the pushing
mechanism of the dehusking equipment, Equations 10.4 and 10.5 become

E =y, (Gcosu+'Pv)cos([3+y) (1010)
sin 23
E =y, (Geosa+P,)cos(B-7) (101)

sin2f3

The cob rotates by its longitudinal axis due to the resultant moment AM generated by
the friction forces, that is,

AM = (F, - Fl)% (10.12)

From the moment a husk is dislodged and grabbed, it will be pulled down by the rollers
with a force T, which has to be higher than the breaking resistant force R;, of the husks from
the cob, meaning that

T= (lil + HZ)P > Ry, (10.13)

The roller diameter is calculated so that pulling the smaller cobs through the rollers is
not possible. Mathematically, from the condition tan p > p, we draw the following design
requirement:

d.

J1+p? -1

where p value is chosen for each roller, depending on its material and surface profile. The
force P is adjustable by pretensioning of the compression helical springs.

During pulling the husks, the clearance between the rollers varies within certain lim-
its. Because the rollers are driven by spur gears, their teeth profile have to be adequately
designed; the tooth is longer, while its base is thinner, when compared with the involute
profile of a regular tooth.

D, < (10.14)
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Power System of a Combine Harvester

11.1 Introduction

Modern self-propelled combine harvesters have evolved into complex machinery, which
use a considerable amount of energy to move into the field and perform all the technologi-
cal processes required for harvesting crops. The current marketplace for combine harvest-
ers is substantially driven by advertised horsepower. The energy required by a combine
harvester is generated and transmitted by the power system, which can be divided into the
propulsion (traction) subsystem and process driving subsystem. Both subsystems share
the energy generated by a diesel engine. A block diagram and components of the power
system of a combine harvester are illustrated in Figure 11.1.

The engine converts the chemical energy of diesel fuel into mechanical power.
Combustion of the fuel that occurs sequentially in the engine cylinders moves reciprocat-
ing pistons, which turn the engine crankshaft. The power from the crankshaft is transmit-
ted to the power train and process drives via a flywheel.

The traction power is used for combine propulsion and steering. The drives for techno-
logical processes can be mechanical or hydrostatic as well.

The power train consists of a mechanical gearbox that receives the power via a clutch, or
one or more hydrostatic pumps, or all together. If the power train contains a mechanical
gearbox, then the final drives at the driving front wheels are also mechanical gearboxes
with planetary spur gears. In this case, a differential gearbox correlates the individual
rotation of each driving wheel when the combine turns in a direction or when dissimilar
sliding of the wheels occurs at the contact with the ground.

Tables 1.1 and 1.2 indicate essential specifications of the engine, power train, and steer-
ing of modern conventional and axial combines, respectively.

11.2 Diesel Engine

Due to the complexity of phenomena occurring in an engine, and associated design and
optimization problems, an extensive study of the diesel engine is beyond the scope of this
book. There are books that are exclusively dedicated to the study of engines. In the follow-
ing, we will just cover a few aspects of the diesel engine for a combine harvester. However,
specific information on a particular engine should be required from the manufacturer.
The diesel engine of modern combine harvesters is a four-stroke engine with an elec-
tronically controlled fuel injection process; that is, the timing and duration of fuel injection
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Process driving subsystems Drives
\ Plant handling
Power train Plant cutting
Diesel engine Mechanical gearbox Stem collecting
Hydrostatic pumps Material feeding
Threshing and
separation
Vehicle body Straw walkers
i
Traction system separation
. Grain cleaning
Steering system

Grain collecting

Propulsion subsystem
Grain conveying

FIGURE 11.1
Components of the power system of a combine harvester.

are controlled by opening the associated solenoid valves. This allows optimizing gener-
ated power, while fuel consumption and exhaust emissions are diminished. Figure 143
shows a longitudinal cutaway of a diesel engine with in-line cylinders.

The equivalent power of the fuel Py, that is generated by combustion into the engine cham-
bers is given by the following equation (Goering, 1999):

P = U (11.1)
3600

where:
H; is the specific heating value of fuel, kJ/kg
qy is the fuel consumption rate, kg/h

Depending on the boiling temperature range (160-260°C or 200-370°C), the heating value
of diesel fuel is 45,500-45,700 kJ/kg, and corresponding densities are 0.832-0.834 kg/L.

Fuel combustion is possible in the presence of the air introduced into the engine cylin-
ders at a certain air/diesel mass ratio.

For a stoichiometric composition, the combustion reaction of diesel fuel is represented
as follows:

CJ%+(x+Z)OT%xCOZ+g}hO (11.2)

where:
x,y are the number of carbon and hydrogen atoms, respectively, in a diesel molecule
(CieHsy)
z is the number of oxygen atoms in the reaction
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The air/fuel ratio can be calculated with the following equation (Goering, 1999):

137.3(x+3/—ZJ
M, _ 4 2
my;  0(12x+y+16z)

(11.3)

where:
m, is the mass of air
my  is the mass of diesel fuel
¢ is the fuel equivalence ratio

The fuel equivalence ratio is reported in terms of a nondimension variable, which is the
actual oxygen/fuel ratio normalized by the stoichiometric oxidant/fuel ratio. By defini-
tion, ¢ = 1.0 corresponds to the stoichiometric condition. When the mixture has an excess
of fuel, ¢ < 1 and it is called lean. When the mixture has oxygen in excess, ¢ > 1 and the
mixture is called rich. In diesel engines, the m,/m; ratio is greater than 20.

Diesel engine rotation is limited by the amount of the fuel injected into the engine cyl-
inders. In the cylinders there is always sufficient oxygen to burn the fuel. Consequently,
by increasing the amount of injected fuel, the engine will attempt to increase the speed
to meet the new fuel injection rate. If the engine load is very low, the engine can acceler-
ate at a high speed that is limited by the engine governor, which controls the amount of
the fuel.

An important design parameter of a diesel engine is the compression ratio, which is a
measure of how much the pistons compress the gases in the cylinders. In diesel engines,
the compression ratio takes values within the 14:1 to 24:1 range because mostly the air is
compressed; the fuel is injected late in the compression stroke, and then starts evaporating
and mixing with air during an ignition delay. Compression ratio r, is calculated with the
following formula:

_ Vd+VC

v (11.4)

c

where:
V; is the displacement volume, cm? (in.?)

V. s the clearance volume, cm? (in.3)

Displacement of an engine cylinder is given by the following equation:

_d;

Vi (11.5)

where:

d. 1isthe cylinder (bore) diameter, cm (in.)

s is the piston stroke that equals two times the crankshaft crank (eccentricity length)
when measured center to center, cm (in.)

Total displacement of an engine V, with n cylinders equals the product nV,.
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The equivalent power of diesel fuel is divided into useful power (33%) that reaches the
flywheel and lost power through radiation (7%), engine cooling (30%), and exhaust (30%).
The mechanical power developed through fuel combustion in the cylinders is called the
indicated power P; and is given by the following equation:

Pi — Pimevenc , W (116)
60z

where:
Pime 1s the indicated mean effective pressure developed through fuel combustion, Pa
V, is the total engine displacement, m3
n, is the flywheel shaft speed, rpm
z = 2 (for a four-stroke engine), z = 1 (for a two-stroke engine)

The indicated mean effective pressure is the difference between the peak combustion
pressure (produced during the power stroke) and the peak compression pressure (pro-
duced during the compression stroke). Practically, variation of mean effective pressure is
computer controlled by varying valve opening and closing.

The available power at the engine flywheel (called brake power P,) can be calculated with
the following equation:

2TETIC Mb — nnCMb , W (117)

Pb = (Dch =
60 30

where:
o. is the angular speed of the engine flywheel shaft, s™
M, is the brake torque, Nm

The mechanical efficiency of the engine is the ratio

b 1
n==1- B 11.8
P P a8

where P, is the power loss through friction and heat dissipation.

The engine specific fuel consumption (SFC) is a very important functional parameter that
gives an indication of the average amount of fuel used by the engine to develop a certain
level of power over a defined period of time:

src="4 (11.9)
B,

where 7i15 is the fuel consumption (kg/h).
The engine thermal efficiency is given by the following formula:

P,
fqf

Ne = 3600 (11.10)
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Engine thermal efficiency is the expression of fuel combustion efficiency calculated by
comparing the heat energy potential of the fuel with the amount of usable mechanical
work produced by the engine.

A typical combine harvester uses a single engine for powering the movement of the
vehicle and all machine functions required to perform various technological processes of
crop harvesting. Thus, the load on the engine varies in accord with the loads applied by
various functional units, some of them operating continuously, while others are activated,
operated, and deactivated during routine use of the combine. Usually, a typical combine
operates at two or three forward speeds, and each speed requires a target engine rotation
speed. The speed is set by the operator. Once the combine operator selects a speed, an
electronic control unit (ECU) controls the engine speed, primarily by dynamically adjust-
ing the amount of fuel injected into the engine cylinders. As a load is imposed, the engine
rotation tends to decrease below a first predetermined speed; then the engine control unit
adjusts the quantity of fuel being injected, and thus maintains the engine speed within a
target range.

11.3 Construction of Power Train of Combine Harvesters
11.3.1 Construction of Mechanical Power Train

There are two kinds of power trains for combine harvester propulsion: mechanical and
hydrostatic systems. Combinations of mechanical and hydrostatic components are also
used. Mechanical components of a power train can be mechanically, hydraulically, or elec-
tromagnetically controlled. A simplified schematic of a mechanical propulsion system is
shown in Figure 11.2. From the engine’s flywheel, the power is transmitted through the
clutch, mechanical gearbox, differential box, and spur gear final drives to the driving front
wheels of the machine. The drive power is transmitted from the differential output shafts
to the spur gear final drives using transaxles. A view of the power train designed and
manufactured by ZF Friedrichshafen for a combine harvester is shown in Figure 11.3. In
this figure, one can see the gearbox with the service brakes, transaxles, and final transmis-
sions; the clutch is not shown.

Q0

F+——

Brake Driving

T wheel

Drive
gearbox

Differential box

Engine Clutch

A——  Final drive
[
O——O

FIGURE 11.2
Mechanical propulsion system of a combine harvester.
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FIGURE 11.3

Mechanical transmission assembly. (Courtesy of ZF Friedrichshafen AG, Friedrichshafen, Germany.)

The clutch provides a friction-dependent torque that is transmitted from the engine
shaft from the moment the pressure of the driven disc on the driving disc (main body of
the flywheel) exceeds a particular value. Once the clutch is left engaged, the torque is not
friction dependent anymore; transmitted torque is synchronized with the driving torque
developed by the engine. The cross section through a master clutch designed by the author
is shown in Figure 11.4. The mechanical power from the engine flywheel is split into two
paths: one for combine propulsion through the driven shaft and the other for combine pro-
pulsion through a trapezoidal belt pulley for driving the combine processing units. The
clutch serves for combine propulsion by disengaging and engaging smoothly the power
train for the gearbox. The pressure plate always pushes the friction disc with linings onto
the flywheel. When the combine operator pushes the clutch pedal for disengaging the
clutch for shifting the speed, the disengaging lever pushes back the pressure plate by over-
coming the force of the compression springs. When engaging the clutch, the operator has

Compression spring Engine
. flywheel
Reset spring

Trust bearing

Friction
L~ ring
Driven
shaft
| Coil
spring
Disengaging @
lever o
L l?rlgtlon
Pressure lining
plate

FIGURE 11.4
Cross section through a master clutch.
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to progressively release the clutch pedal until there is enough contact friction among the
linings on the disc, pressure plate, and flywheel surfaces.

Generally, the linings are not lubricated; they are made of cerametallic materials whose
friction coefficient varies from 0.25 to 0.5 (Browning, 1978). Additional fluid coupling aids
in a smoother transmission of the power through the clutch, increasing the comfort level
and decreasing the power train vibrations. The disadvantage is the loss of energy due to
occurring slip (lower friction coefficient) and required fluid cooling.

The range of forward speeds of a combine harvester is 025 km/h (0-15.5 mph). About
three-fourths of the combine life is related to nominal speeds between 2.5 and 8 km/h
(1.55 and 5 mph). The variation of forward speed can be continuous (when using hydro-
static transmissions) or by stepped-ratio transmissions using a gearbox with three or four
forward speeds and one reverse basic speed. Figures 11.5 and 11.6 show the cross sections
through a stepped-ratio gearbox, which was designed by the author. This gearbox has one
input shaft, two intermediate shafts, and the output shafts from the differential. The park-
ing/emergency brake is mounted on the second intermediate shaft.

Manual gear shifting can be done in three ways: with sliding gears, with a shift collar,
or through a synchronized shift using a shift collar and a blocker with a friction surface.
In all three cases, the gears or collars have a circular notch for the switch fork. The gear-
box, shown in Figures 11.5 and 11.6, uses shift collars to engage every two adjacent gears.

LT LT

FIGURE 11.5
Cross section through a stepped-ratio gearbox with differential (I).
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FIGURE 11.6
Cross section through a stepped-ratio gearbox with differential (II).

Because of the heat generated by the friction surfaces of the collars, gears, and bushings,
the gearbox components are continuously lubricated by oil. The gears, collars, and bush-
ings have holes in the radial direction, so that, due to centrifugal force, the lubricant oil
can reach all surfaces in contact that have a relative motion to one other. The cross section
through a shift collar designed by the author is displayed in Figure 11.7. The teeth have a
semiconical shape to the exterior side to ease the collar engagement with the teeth of the
adjacent gears. The external groove accommodates the fork that is handled by the combine
operator through the speed-shifting mechanism.

Usually, the differential is compacted within the gearbox, and the service brakes are
mounted outside of the gearbox, laterally, on the output shafts from the differential. A top
view of such a gearbox is shown in Figure 11.8. The service brakes retard and fix the com-
bine for on-road driving and for hillside operating; they are activated when the combine
operator pushes the brake pedal to slow down or stop the combine. The most used type of
service brake is the dry disc brake, whose caliper holds the brake paddles on lateral sides
of the disc. Drum brakes are also used as service brakes.
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FIGURE 11.7
Cross section through a shift collar.

FIGURE 11.8

Top view of a gearbox with service brakes and couplings for transaxles. (Courtesy of ZF Friedrichshafen AG,
Friedrichshafen, Germany.)

The output shafts end with couplings for the transaxles, which will transmit the driv-
ing power to the planetary or spur gear final drives (one on each side of the combine).
The cross section through a spur gear final drive designed by the author is shown in
Figure 11.9. The drive fits within the wheel rim that holds the tire. To minimize the
assembly volume, the service brake is mounted on an additional shaft opposite to the
input shaft of the final drive. This solution was adopted for a hillside combine to maxi-
mize the lateral inclination of the combine body with respect to the chassis that always
remains parallel to the terrain.
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FIGURE 11.9
Cross section through a spur gear final drive.

Table 11.1 shows technical data of the combine power trains designed and manufactured
by the German company Zahnradfabrik Friedrichshafen AG. The basic specifications for
stepped-ratio transmissions of combine harvesters can be summarized as follows:

1. Forward speeds
a. Bandwidth of nominal speeds according to market level: 0-30 km/h
(1-18.6 mph)
b. Ratio of neighboring speeds: 1.1-12 for main working range: 2.5-10 km/h
(1.55-6.25 mph); higher ratios below 2.5 km/Hh, little higher above 10 km/h
2. Reverse speeds: Bandwidth of one nominal speed: 2-10 km/h (1.25-6.25 mph)
3. Durability

a. Total transmission efficiency (from input shaft to wheels): Minimum 85% at
full load for the main working range (2.5-10 km/h)

b. Transmission life: minimum 6000 h
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TABLE 11.1

Example of Technical Data of Combine Power Train

MD Series (Transmission)/S Series (Wheel Drive)

Technical Data 3 MD-40 S-800 3 MD-40 S-1050

Speed maximum (km/h) 25 25 25 25

Output torque maximum (Nm) 2,500 19,000 2,500 25,000

Ratio range 2.27-20.31 7.45 2.27-20.31 13.214

Gears (transmission gears) 3 front/3 rear 1 3 front/3 2)
rear

Gear shifting Dog clutch Dog clutch

Weight (kg) 190 340 (170%) 190 420 (210%)

Maximum load (kg) 18,000 24,000

Source: Courtesy of ZF Friedrichshafen AG, Friedrichshafen, Germany.

* Per side.

As can be seen from Tables 1.1 and 1.2, most modern combine harvesters are equipped
with hydrostatic transmissions; their construction is described in the next section.

To increase the adherence and traction on the hillside combines or combines working on
paddy fields, they may be equipped with a self-leveling tracking system of wheels working
in tandem (CLAAS, Figure 11.10).

The hydrostatic pump supplies the steering mechanism (Figure 1.45) with oil as well. In
the hillside combine harvester, while the chassis remains parallel to the terrain, all wheels
have to stand in a vertical position (Figure 1.49). This is done by a deformable, parallel-
ogram-type bar mechanism. Figure 11.11 shows an example of this type of mechanism
designed by the author. The steering bars are attached to a semicircular plate that rotates
synchronously with the combine chassis.

11.3.2 Construction of Hydrostatic Power Train

A hydrostatic power train of a combine harvester consists of a hydrostatic pump driven by
the combine engine, which can operate at a constant speed. The oil flow of the pump is con-
trolled by the steering current. The pump is coupled with a hydrostatic motor that delivers
the power to the driving wheels via a mechanical gearbox with differential. A hydrostatic

FIGURE 11.10
Self-leveling tracking system with tandem wheels. (Courtesy of CLAAS, Harsewinkel, Germany.)
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FIGURE 11.11
Steering wheel and bar along with parallelogram-type leveling mechanism in a hillside combine.

power train can also be made in an all-wheel-drive version (Figure 11.12). When the brakes
are activated, the hydrostatic pump works as a power generator.

Inside the hydrostatic pump there is a rotating swash plate whose position determines
whether the machine will move forward, backward, or is stationary. A number of pistons
are connected to the swash plate. Depending on the swash plate angle, the pistons move
back and forth with a stroke that is proportional to the swash plate angle. A pictorial cir-
cuit diagram of a hydrostatic transmission using an axial variable-displacement pump
and a fixed-displacement motor is shown in Figure 11.13. The engine rotates the input shaft
of the hydrostatic pump. The oil flow generated by the pump passes through a multifunc-
tion valve, which controls the fluid pressure; then, the motor converts the oil flow into the
rotation of its output shaft. During this process, the oil is heated; thus, it may be cooled in
a heat exchanger before flowing into the tank.

The multifunction valve also incorporates a charge pressure relief valve for safety opera-
tion and protection of the transmission components. The operator of the combine moves
the control handle to adjust the displacement of the control valve of the pump. A detailed
cross section through a pump with variable displacement is shown in Figure 11.14. The
pump has an axial piston swash plate design that develops a nominal oil pressure of
250 bars. It is built in different sizes and has a displacement range between 18 and 100 cm?
(1.15 and 6.4 in.%). Consequently, the power varies within the range 16-96 kW (21.5-129 hp).

A hydrostatic transmission has two great advantages:

1. The choice of torque and speed of the machine can be reached with high accuracy,
under load, for the full-speed range. In terms of design, for automatic speed con-
trol purposes, an output shaft at one front driving wheel must be available.

2. A hydraulic motor generates up to 10 times more power than an electrical motor
with the same dimensions.

The overall hydrostatic transmission efficiency for full load is very near to the efficiency
of stepped full-load transmissions.
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FIGURE 11.12
All-wheel-drive hydrostatic power train. (Courtesy of Sauer-Danfoss, Neumiinster, Germany.)

11.3.3 Construction of Process Power Drives

The main technological processes performed by a combine harvester are the cutting and
gathering of plants, grain threshing and separating, and grain cleaning and collecting
into the combine tank. Consequently, process drives are required for driving the follow-
ing process units: cutter bar, reel, header auger with retractable fingers (or draper), cen-
tral conveyor, threshing/separating unit, grain pan (or multiple augers), straw walkers,
cleaning unit, grain and tailing augers, and discharge auger. Modern combine harvesters
incorporate a combination of mechanical, hydrostatic, and hydraulic drives. Figure 11.15
shows the distribution of these drives over the entire combine assembly. In summary, the
characteristics of these drives are as follows:

* Power train hydrostatic motors with constant or variable displacement

Hydraulic components with central, modular assembly

Steering system and brakes for combine operator

Fan drives in open or closed loops, with constant and variable displacement
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FIGURE 11.13
(See color insert.) Diagram of a hydrostatic transmission with a variable-displacement pump and a fixed-
displacement motor. (Courtesy of Sauer Danfoss, Neumiinster, Germany.)
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FIGURE 11.14
Hydrostatic pump with variable displacement. (Courtesy of Bosch-Rexroth Group, Lohr am Main, Germany.)

¢ Feeding auger and conveyor rotation that can be easily reversed
* Emergency stop function via the hydrostatic pump without additional valves
¢ Electronic management of the drive and implementation of hydraulics

¢ Control system with a controller area network (CAN) bus that can be networked
as well
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FIGURE 11.16
(See color insert.) Continuous variable transmission for an axial threshing unit. (Courtesy of Case IH, Racine, W1.)

Some of the mechanical drives have already been described in previous chapters. The
mechanical continuous variable transmission for the axial threshing unit of a Case IH
combine harvester is shown in Figure 11.16. It incorporates a planetary gearbox, a clutch,
and a drum brake.

The transmission for driving a tangential threshing unit in a conventional combine can
be composed of V-belt transmissions and a V-belt transmission with a variable sheave
controlled by a hydraulic actuator. An example from a CLAAS combine is shown in
Figure 11.17.

There are no ready receipts for combine power transmissions and process drives. Their
design depends on several variables, such as machine type and complexity, power and
torque for every rotational motion, physical design and location within the combine assem-
bly, and type of process control and requirements—not to mention price considerations.
The next section describes principles, methods, and mathematical equations that will help
readers model the power system of combine harvesters.

FIGURE 11.17
Power transmission for tangential threshing unit of a conventional combine. (Courtesy of CLAAS, Harsewinkel,
Germany.)
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11.4 Modeling of Power Train of Combine Harvesters
11.4.1 Modeling of Mechanical Power Train

The cumulative, effective tractive force F,, acting in the center of driving wheels of a com-
bine equals the minimum between the tractive force F, which is generated by the engine
and reaches the driving wheels, and the maximum friction force F;,,, allowed by friction
between the tires and the terrain, that is,

Fe=min(F, Frma), N (11.11)

The tractive force F, that acts on the driving wheels can be calculated with the following
equation:

F = 3600n, 12, N (11.12)
0

c

where:
n, is the transmission efficiency (minimum 0.85)
P, is the engine brake power, kW
v, is the combine speed, km/h
The maximum friction force that allows the vehicle to be pushed forward can be calcu-
lated as follows:

Ffmax = 9.8066M i1, N (11.13)

where:
M,, is the combine mass on driving wheels, kg
p is the friction coefficient between the tire and the terrain

It is important to note that the combine mass on driving vehicles should be considered
when the grain tank is full with grain whose relative bulk density is high (e.g., beans, sor-
ghum) (see Table 3.5) while the combine moves in the field at full allowable speed. Certain
terrain characteristics, such as terrain profile or disturbances, have to be considered as
well.

Total resistance force R against combine movement results in a summation of the rolling
resistance R, and terrain grade resistance R,. We will neglect the aerodynamic resistance
because the combine harvester speed is not high in comparison with that of a car or truck.
Thus, we can write

R=R,+R,, N (11.14)

The rolling resistant force or rolling drag is the force resisting the motion of the combine
tires on a surface. Rolling resistance, in a broad sense, is the force per vehicle weight unit
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that is required to move the vehicle on level ground, at a constant slow speed (so that the
air resistance is negligible), and also where there are no traction or braking torques applied.

It is mainly caused by nonelastic effects in the tire and by the slippage that occurs
between the wheel and terrain surface, and it is influenced by the vehicle speed. As a
tire rotates under the corresponding fraction of combine weight, it is subject to repeated
cycles of deformation and recovery, and it dissipates the hysteresis energy loss as heat.
Analogous to with sliding friction, rolling resistance is often expressed as a rolling coef-
ficient times the normal force that pushes the tire against the rolling surface.

Rolling resistance depends linearly on the combine mass M, and machine speed v, as
follows (Rakha et al., 2001):

M
R, =9.8066C, (cvc +¢2) -, N 111
(e e2) 000 (15
where:
C, is the road surface coefficient that depends on road surface type and condition

cy, ¢, are the rolling resistance coefficients or rolling friction coefficients

When moving in field conditions, the values of the road surface coefficient vary within
the range 2.5-16, corresponding to conditions varying from smooth but dirt surfaces to
dunes with mud.

The rolling resistance coefficients depend on the tire type, as follows (derived from
Fitch, 1994):

* For bias ply tires: ¢;=0.0438 and c,= 6.1
e For radial tires: ¢; = 0.0328 and ¢, = 4.575

The grade resistance depends on the proportion of the combine mass that opposes the
vehicle movement, and can be calculated with the following equation:

R, =9.8066M. sinca, N (11.16)

where a is the terrain grade (slope).

Equation 11.16 shows that the machine runs faster downhill and slower uphill, depend-
ing on its mass and terrain slope. In field conditions, the combine engine faces a high load
due to harvesting technological processes; therefore, combine mass and terrain slope will
have a great role in machine dynamics.

The maximum acceleration 4, (m/s?) of the combine results from Newton’s second law
as follows:

—5.(t) (11.17)

where x. is the distance traveled by the combine.
Thus, we can write the first law that governs the combine motion:
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Schematic overview of combine hydrostatic propulsion system.
F.—R= M.a, (1118)

For further development of the model, the reader is directed to Application 2.2 and
Section 2.7.

11.4.2 Modeling of Hydrostatic Power Train

The hydrostatic propulsion system of a combine substantially alleviates the task of the
operator while the machine is operating in the field. Furthermore, the use of a cruise con-
trol feature can help maintain a constant speed of the machine, whose motion is subjected
to disturbances caused by the varying slope and total mass of the vehicle as the grain
accumulates in the tank. A schematic overview of the hydrostatic propulsion system of a
combine harvester is shown in Figure 11.18. The power delivered by the engine is transmit-
ted via a drive shaft to the hydrostatic pump, whose oil flow is controlled by an electrical
current. To ensure that oil is always available at a setup pressure, there is a charge pump
connected to the same drive shaft. Inside the main pump, the swash plate incline deter-
mines whether the vehicle moves forward, backward, or remains stationary. The pressur-
ized oil flow passes through a safety valve that adjusts the pressure if it is too high. The oil
flow is used in a closed-loop circuit to drive the motor, which is connected to the mechani-
cal gearbox. Finally, the power is transmitted to the driving wheels via the differential and
final drive. The motor has also a swash plate. The swash plates of the engine and motor
are used to control the desired combine speed by the operator. In the following, I propose
a mathematical model of a hydrostatic power train that was derived from one for forest
vehicles (Carlsson, 2006) and further improved by the author.

Figure 11.19 shows the mathematical model parameters and their association with physi-
cal components of the hydrostatic power train. Mechanical coupling of the engine with the
pump is characterized by the following torque balance equation:

(Ja+7,) e =T; =T, =Ty (11.19)

where:
J; is the moment of inertia of the engine, Nms?
J, is the moment of inertia of the pump, Nms?
®, is the engine crankshaft angular speed, s7!
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FIGURE 11.19
Model parameters and their association with hydrostatic power train components.

T, is the torque developed by the engine, Nm
T, is the resistant torque from the pump to the engine, Nm
T, is the torque developed by friction in the pump, Nm
The angular speed of the pump shaft is the same as that of the engine crankshaft due to
their mechanical connection, usually through a shaft coupling.
The engine torque T, depends on the mechanical efficiency 1,, of the engine as follows:

Td = anb (1120)

where M, is the engine brake torque (Nm).
T, is the resistant torque, which the engine senses from the pump; it is a function of
pump displacement and the difference between charge and return pressure as follows:

T, = (p=p)D, (11.21)
ntp

where:
D, is the pump displacement, m?/rad
p  isthe charge (high) pressure in the hose, Pa
p, is the pressure in the return hose, Pa

Ny, is the torque efficiency of the pump, for example, n,,= 0.91-0.930

The friction torque T, can be reasonably described by a sum of Coulomb friction and
viscous friction as follows:

Ty =Ty + T, + T, (11.22)

where:
T, 1is the torque due to internal mechanical friction in the pump, Nm
,  is the resistant torque due to viscous shearing of the fluid in the pump, Nm
T, isthe constant friction torque (breakaway torque) that is independent of both fluid
pressure and speed, Nm

The torque T, can be calculated with the following equation:

m
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Ty =1y (p—p:)D, (11.23)

where p, is the coefficient of mechanical friction between pump moving parts.
The torque T, value can be determined experimentally. However, it may be calculated
with the following equation:

T, = c,Dyu s, (11.24)

where:
¢, isthe viscous shear coefficient
b is the dynamic viscosity of the fluid, Pa-s

The fluid flow out from the pump is proportional to the pump displacement, shaft rota-
tion, and volumetric efficiency of the pump n,,, as shown in Equation 11.25:

Q, = ©.D,ny, (11.25)

The variation of the volumetric efficiencies of both pump and motor is large, depending
on the displacement and the angular speed.

The equations describing the torque balance for the pump can be respectively adapted
to describe the torque balance for the motor as follows:

(Im + Iw)(om =T, -Tu - Tmf (1126)

where:
J.. is the moment of inertia of the motor, Nms?
is the moment of inertia of mechanical transmission (gearbox to wheels), Nms?

Iw

®,, is the motor angular speed, s™

T, is the motor torque delivered for the traction, Nm

T, is the resistant torque of mechanical transmission (gearbox to wheels), Nm
T,s is the torque developed by friction in the motor, Nm

The torque T,, delivered by the motor for machine propulsion is given by the following
equation:

where:
D,, isthe motor displacement, m3/rad
Ny, 1S the torque efficiency of the motor, for example, n,,, = 0.95 - 0.97

Readers should note the difference between Equations 11.21 and 11.27, which takes into
consideration the torque as a signal output versus input.
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The friction torque T,,; can be reasonably described by a sum of Coulomb friction and
viscous friction as follows:

Tmf = Tmfm + Tvm + Tcm (1128)

where:

is the torque due to internal mechanical friction in the motor, Nm

om  is the resistant torque due to viscous shearing of the fluid in the motor, Nm

T,, is the constant friction torque (breakaway torque of the motor), which is indepen-
dent of both fluid pressure and speed of the motor

mfm

The torque T, can be calculated with the following equation:
Tmfm o (P - Pr)Dm (1129)

where p,, is the coefficient of mechanical friction between pump moving parts.

The torque T, value may be calculated with the following equation:
Tom = CvaMf(’)m (1130)
where:
c, is the viscous shear coefficient

v

e is the dynamic viscosity of the fluid, Pa's

The fluid flow in the motor is proportional to the motor displacement, shaft rotation, and
volumetric efficiency of the motor n,,, as shown in Equation 11.31:

”lD"1
Qu = ‘”n— (11.31)

Note the difference between Equations 11.25 and 11.31; the reason to have n,, in the
denominator is that the flow is the input to the motor, while for the pump, it is the output.

The torque T, from the wheels is not known. It has to be calculated based on design
parameters as well as the type and slope of terrain, as shown in Section 11.4.1. Both torques
T, and T, should be initially treated as disturbances of the system.

The equations of the propulsion system model should be rewritten based on the
definition of the following system of column vectors:

o, D, T
x=|o, |, u=|D, ,d:(de (11.32)
Ap pr Y

and

T
0= (MPHm]dp]mwemp Gnvr,(-)mmenm ) (1]_33)
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where:

Jap =Tat], (11.34)

Jozo =T+ Juw (11.35)

The vector x represents the state vector, u is the input signal vector, and d is the distur-
bance vector, while the elements of vector 6 are unknown.
For identification, a linear system can be written as follows:

(11.36)

A further task is to estimate these parameters through different experiments.

At this point, readers can adapt/apply the above-mentioned model for each specific case.
Further description of linear and nonlinear system identification methods is beyond the
scope of this book.
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12

Dynamic Modeling of Material
Flow in a Combine Harvester

12.1 Introduction to Material Flow Dynamics in a Combine

After being cut from the field, vegetal material processed by a combine harvester evolves
from its initial nonhomogenous, fibrous structure to unbound, multicomponent mixtures,
which segregate and separate in different processing zones of the machine, following in
series or parallel paths, in as many component flows. Cut material is formed of bendable/
fragile straws/stalks with ears, panicles, and so forth. Multicomponent mixtures of vege-
tal material consist of dynamically deformed or fragmented straw pieces, chaff, leaves,
unthreshed ears, and grains of base crop, as well as weed plants and seeds, or even non-
biologic objects (e.g., soil granules). Characteristic of such flows of multicomponent materials
is an uncertainty in the location and time of the particular constituents. Practically, it is
not possible to exactly measure or predict the evolution of such component mixtures due
to individual, unbound components of specific behavior, the complexity of component
interactions, nonhomogeneity, and discontinuities of the mixture flow, as well as physical
or simulation scaling. Besides, these components are not integrated within a fluid with
relative predictable behavior—not to mention that high values of moisture released by
vegetal material due to mechanical compression create additional disturbances by compo-
nent adherence to active or passive elements of combine working units. As a consequence,
a stochastic approach or an ensemble averaging concept may be used.

Vegetal material processed by a combine harvester should be regarded as a dynamic sys-
tem; understanding its structure and behavior is essential for modeling and problem solv-
ing. Modeling of material behavior should only be considered in correlation with design
and functional parameters of each working unit of the machine. Generally, mathematical
modeling of dynamic flows requires taking a sequence of steps, as follows:

* Developing a dynamic hypothesis explaining the cause of a problem
¢ Creating basic causal graphs

* Augmenting each causal graph with necessary, available data

¢ Converting the augmented causal graph to a dynamic flow graph

® Translating the dynamic flow graph into mathematical equations

¢ Developing a simulation program and running it

* Validating the results

¢ Extracting applicable rules to be extrapolated to similar cases

355
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FIGURE 12.1
Schematic of realization of dynamic process flows (grain and MOG).

A casual loop provides insight into the structure of the system. Often, without experi-
mental data, it might be difficult to infer the behavior of a system from its casual loop
representation. As an example, an optimal linear model, which incorporates algebraic
compensation for the internal return loop, makes estimation of the feedrate of grain flow-
ing into a combine harvester possible. However, the estimation of material feedrate over a
certain path is drastically influenced by the dynamics of the machine and by permanent
evolution of the material mixture structure and component fractions of the material mix-
ture, along with variation of their physical characteristics.

A comprehensive modeling of material dynamic flow can be developed by integration of
individual working unit models. A generic Simulink realization of material dynamic flow
(grain and material other than grain [MOG]) into an axial combine harvester is illustrated
in Figure 12.1. By reviewing it, one can understand the multiple flows the material spreads
into during its processing by successive working units of a combine harvester.

Connecting specific models of grain or MOG flows, as outlined in Chapter 5, produces
a nonlinear, high-order characterization of overall combine process and design parameter
influences. A set of material flow variations and nonlinearity of the dynamics of a machine’s
working unit affect the flows of both grain and MOG into the machine. Accumulations of
material in different zones and delays over different paths have to be taken into consider-
ation. The next section will introduce readers to the dynamic dimension of the systemic
perspective, with a focus on the concepts of material stock, flow, and feedback.

12.2 Material Flow Dynamics Modeling

Causal loops are characterized by their ability to express relationships among the com-
ponents of a system, for example, components of vegetal material processed by a combine
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harvester. But causal loops do not quantify the components of the system. Stocks and flows
are concepts that account for such quantities.

A stock is an accumulation of material that has built up in a system over time. It is also
known as a level that is a state variable. The stock value changes continuously over time by
accumulation/reduction of rate integration, even when a rate is changing discontinuously.

A flow, or a rate, is expressed as an amount per time unit, reflecting the change of the
stock (level) value. The value of the flow is not dependent on its previous evolution, but
depends on the levels in the system, along with exogenous influences. The inflow F;, (or the
input flow) is perceived as the rate at which a stock increases over time (the flow is going
to), while the outflow F,,, (or the output flow) is the rate at which a stock decreases (the flow
is going out from). The net flow is the derivative of the total stock S(t) with respect to time:

- = En (t) - Fout (t) (121)
Consequently, the quantity inside a stock is given by the following integral:

5(t)= [ Fus(5)ds (12.2)
0

where F,, is a function of the total flow of the system along the considered path.
If we take into consideration that initially, at t = 0, there is some stock, Equation 12.2
becomes

S(t)= j[En (5)= Fout (s)]ds+5(0) (12.3)

If there is an amount of material in transit and the quantity accumulates in queue, the
outflow is the inflow shifted by a time delay d,. But in combine harvesters, the order of
outflow material does not necessarily depend on the inflow. In such a case, we have to
consider an average delay time d,,. The outflow from a first-order material delay is linearly
proportional to the stock by an average delay time. Mathematically, we can express this
as follows:

giy=S1) (124

In system as complex as a combine harvester, the material in different places cannot be
considered stocks in cascade, for example, material accumulation on the grain pan that is
generated by different inflows. To solve the flow for high-order delays, a system of differ-
ential equations is needed.

A feedback loop is a closed chain of causal connections from a stock, through a set of rules
determined by physical laws or specified actions that are dependent on the level of stock,
getting back through a flow to change the stock. A negative feedback loop is a balancing
structure in a system; it represents a source of stability, that is, resistance to change.
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12.3 Ensemble-Averaged Models of Multicomponent
Vegetal Material Mixtures

Vegetal material processed in a combine harvester is composed of the following:

® Grains regarded as unbound, dry granular particles, weed seeds, or even nonbio-
logic objects, for example, soil granules

* Deformed or fragmented straw pieces, chaff, leaves, ears, and weed plants

This material mixture is not homogeneous because of the differences in shape, size,
density, elasticity, brittleness, and morphology of the components. During different tech-
nological processes, grain segregation changes the spatial nonuniformity of the mixture.
Efforts have been made to explain segregation from the nonequilibrium, dissipative nature
of a vegetal material mixture; however, the mechanisms of segregation have not been fully
understood; rather, they have been explained through a stochastic approach. The author
has a contribution in this field, as described in Chapters 5, 6, and 7.

A vegetal material mixture is characterized by large variability due to the complex-
ity of interfaces among its components, discontinuities in material flow properties, and
physical scaling issues. When realization of a certain phenomenon, for example, grain
segregation, is quantified, predictions in terms of expected value and variance of grain accu-
mulation (stock) are interpreted as an average over all the events, that is, the ensemble of
event realizations. A realization of material flow (grain flow) means the material motion
between two levels. Accordingly, an ensemble of material flow realizations has a prob-
ability measure of realizations in constituent subsets. Ensemble averaging is the summa-
tion of the values of corresponding variables for each realization divided by the number
of observations.

In this section, we do not give a complete overview of this subject; that would exceed a
reasonable book size, as well as the author’s expertise. Readers can find more information
on this topic in the work written by Berry (2003) and indicated bibliography.

12.4 Modeling of Dynamic Grain Flow in a Combine Harvester

During operations, once the functional parameters of combine working units have
been set, the combine moves on the field with a quasi-constant speed v,,; however, the
speed is subject to adjustments based on combine operator training, skill, and working
experience with a given combine. Due to inherent variations of material mass per field
surface unit (m?) and plant cutting height (even when controlled), the input material
flow into the combine varies dynamically, and it is extremely difficult to continuously
and accurately monitor it. A better way of estimating it is by sampling it at a certain
period.

Let us assume that the instantaneous (at time ) grain yield on a given field surface
unit is m, () (kg/m?). If we measure it by sampling at period T,, we get the data sequence
{m, (k)}-

The instantaneous value of grain input feedrate g,;,(k) into a combine harvester can be
estimated when the following two sampled parameters are known:
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Digital compensator G(z)

—»M(t) Sample u(k) Hold L0 G(s) ) Sample ALY

FIGURE 12.2
Schematic representation of digital compensation.

* Actual cutting width, w(k)
e Combine speed, v,,(k)

Thus, we can write
Gein (k) = w (k) 00 (K ) 1, (k) (12.5)

A combine harvester continuously performs its technological processes. To simulate the
entire continuous technological process as a discrete-time system, one needs to determine
the discrete equivalent of the overall combine process (preceded by a hold circuit and fol-
lowed by a sampler) (Figure 12.2). The continuous and discrete equivalence is achieved by
modeling the discrete compensation process.

In other words, the objective is to establish a transfer function G(z!) that corresponds to
an ideal analog G(s) such that the error is sufficiently small. The error depends primarily
on the sampling period T, and the holding method used for each input sample during this
period.

If an overall process mathematical model G(z™') can be developed, then the grain output
feedrate g, ,,, is given by the following equation:

Grour(k) = G(27" )w (k) v,, (k) m,, (k) (12.6)
From Equations 12.5 and 12.6 we can write

Geou(K) = G (27 ) guin(k) (12.7)

The model G(z!) is a discrete equivalent of a transfer function; if one translates the above
equation into a frequency domain, then the following is obtained via numerical integra-
tion using the trapezoid rule (Tustin’s method):

s(1+27) L7 (12.8)

2 T,

Under the trapezoid rule, the equivalent discrete-time system is stable if, and only if, the
continuous-time system is stable.

The most difficult problem is to develop a global mathematical model of combine pro-
cesses expressed as a Z-transform G(s).

Let us consider an axial combine harvester whose axial threshing unit is axially fed with
vegetal material. The combine cuts the plants at a predetermined cutting height. Therefore,
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for a given crop and cutting height setting, the material entering into combine is character-
ized by a grain/MOG ratio .,

= i i (12.9)
mpin qu'n

where m denotes the mass and g denotes the feedrate of grain (s) and MOG (p) entering (in)
the combine.

Grains separated through the concave, grates, and cage fall onto the grain pan, which
transports the grains with a constant speed v,,. Let us assume that the length of the grain
pan equals the length L of the axial unit.

Transportation of vegetal material within the axial threshing unit is done with the
speed v,, (Equation 5.23). The probability density function s,(x) of grain separation on the
grain pan is given by Equation 547, and the cumulative separated grain s,(x) is given by
Equation 5.48. Using Equations 5.102 and 5.103 in combination with Equation 12.9, we can
write the dependence of threshing process parameters f and A on the grain input feedrate
as follows:

b
B= % (12.10)
e ¥
Iflqsl
Wsp
A=K (12.11)

b
B
Vs

The material path in the axial threshing unit is a cylindrical helix with the axial pitch
given by Equation 5.24. Based on the helix parametric equations, the current position x(t)
can be calculated with the following equation:

Pam R
H=""t= t 12.12
*®) 2 abx""! ( )

The speed of the material through the axial unit is higher than the grain speed on the
grain pan. Then, the separated grain flow g, (t) (kg/s) at the end of the grain pan can be
modeled as follows:

Asout (t) = sinSs I:x (t - A'I:i)/ qsin] (1213)

where:
AT, is the mean transportation delay (s) for grain moving from the feeding zone of the
threshing unit to the grain pan
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s(x) is the cumulative separated grain (Equation 5.48) to the grain pan over the length
O<x<L

The process parameters f and A depend on many other parameters, as described by the
author’s model’s equations (5.99 and 5.100). All these equations confirm the nonlinearity
of threshing and separating processes, regardless of the type and design of the thresh-
ing unit.

A similar kind of nonlinearity characterizes the grain separation on the chaffer and bot-
tom sieve of the cleaning unit, as expressed by Equation 7.21. For instance, the equation
that models the grain flow g, separated through the chaffer, thus reaching the bottom
(grain) sieve of the cleaning unit, can be written as follows:

Gchout (t) = GsoutUs |:.X (t - ATdc)r qsout:l (1214)

In the above-mentioned equation, we considered that the entire flow g, of separated
grain from the threshing unit and conveyed by the grain pan will be fed to the cleaning
unit chaffer. In this case, the delay time AT}, is the mean transportation delay (s) for grain
moving from the feeding zone of the chaffer to the bottom sieve of the cleaning unit.
Equation 12.14 must be repeated for grain separation through the bottom sieve; obviously,
the delay time will be different.

The dependence of grain separation through the chaffer on the grain feedrate is graphi-
cally shown by Beck (1999). Readers are advised that the author’s work in the immedi-
ate future will be to develop mathematical models that quantify such dependence of the
process parameters A, and ¢ on the functional and design parameters of the cleaning unit.

The dynamic models of grain flow developed above can be used to develop, in a similar
way, the models for MOG flow into the combine, based the author’s models described in
Chapters 5 through 7.

While this chapter lays out the foundation of dynamically modeling the grain and MOG
flows in a combine harvester, there are a few more required steps to be taken, as described
in Chapter 2: applying Z-transforms, filtering procedures, and inverse dynamics as com-
pensation for the combine system dynamics. An example of such work can be found in the
paper published by Maertens et al. (2001).
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Sensors and Fault Diagnosis Systems
for Combine Harvesters

.|
13.1 Sensors

13.1.1 Introduction

High yields of agricultural crops are possible when the proper level of agricultural
technology is achieved and climate and soil/terrain conditions are favorable for each
crop. Soil conditions refer to the soil structure, texture, moisture, nutrient availability,
and elevation. The agricultural technology level can be assessed by quantity, variety,
working performance, ease of operation, and control of machinery and equipment.
Spatial variability in properties and conditions of soil for agricultural use leads to local
variations in crop yield. Shearer et al. (1997) reported that significant differences in
measured yield exist between adjacent harvest swaths; such differences were attrib-
uted to potential machine/operator variability. Strubb et al. (1996) confirm that the
accuracy of yield estimates depends greatly on the variability of harvesting conditions,
the total field area in one grid, and the range of operating conditions over which a sen-
sor is calibrated.

When a crop is harvested with combine harvesters, its process parameters have to be
continuously adjusted to maximize machine and operator productivity and minimize
loss, while the quality of the grain is very well preserved. The complexity of combine
technological processes limits the ability of the operator to perform multiple tasks, and
to make the best decisions in regard to process parameter settings. Moreover, combine
operators are highly susceptible to fatigue because they have to monitor the crop flow
intake by maintaining the row alignment, and threshing and separating processes, and
oversee grain unloading without interrupting the operation. Thus, a high level of auto-
mation of combine harvester processes may lead to autonomous machines. However, this
requires advances in sensor technology, integration of precision-adjusting mechanisms,
real-time acquiring and processing of data, and implementation algorithms for process
maximization, decision system, and machine control. This implies a mechatronic design
of combine harvesters so that they can adapt to spatially variable crop yields, that is,
performing precision agriculture.

The availability of material, grain, and material-other-than-grain (MOG) flow sensors in
combine harvesters would allow real-time measuring of the grain yield during harvest-
ing, an adaptive speed control of the machine, a dynamic adjustment of combine process
parameters, and safe operation.

363



364 Combine Harvesters: Theory, Modeling, and Design

The sensors for combine harvesters must satisfy a series of critical performance criteria,
as follows:

* Capability of measuring material flows up to 20 kg/s

¢ Less than 3% measurement errors of cumulative mass under dynamically varying
step and ramp flow rates

® Less than 4% measurement errors of average instantaneous flow rates

¢ Measurement accuracy independence of variations in bulk properties of the mate-
rial (grain or MOG)

¢ Low sensitivity to machine vibrations due to machine or working unit motion
¢ Large range of operating conditions
¢ Limited requirements for recalibration and maintenance

¢ Reasonable cost (low but not too low)

According to Thylen and Murphy (1996), the measurement errors were associated with
low yield at the start of harvest, interruptions in crop intake, sudden changes in machine
forward speed, variations in cutting width, and the delay time of material traveling from
the cutter bar to the yield sensor.

Besides sensing a certain measurable parameter, a computational realization of a
physics-based model is required that describes the relationship between the physical
meaning of a parameter and the electrical signal generated by the sensor. This is usu-
ally done with Labview, MATLAB, or proprietary software.

As a general remark, although the combine process and mechanical design have changed
a little in recent years, many advances in sensor and control technology have been incor-
porated into combine harvester functionality, thus improving the overall efficiency, work
quality, and operating conditions.

13.1.2 Classification of Sensors for Combine Harvesters

There are several groups of sensors that can be used to a varying extent in a combine
harvester:

* Sensors for material properties

e Process parameter sensors

Mechanism/device adjustment monitoring sensors

Machine-steering and speed control sensors

Cab ergonomic sensors

System functionality diagnostic sensors
¢ Sensors for multispectral remote sensing data

The sensors that measure and monitor material properties are grain moisture sensors, grain
protein sensors, grain gluten sensors, grain starch sensors, degree of plant maturity sensors,
and proximal soil-sensing sensors. The information on grain moisture variation helps in
the adjustment of threshing, separating, and grain conveying process parameters, and
dynamic correction of bulk density and physical density of harvested grains in regard to
the grain flow.
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The information about protein content of the grain is useful for on-farm sorting of
grains by protein content and for field mapping protein. Creation of in-field protein dis-
tribution maps at harvest enables directing nitrogen-based fertilizers with a variable rate
according to subsequent crop needs. Other applications take into consideration near-
infrared sensors that dynamically analyze the contents of gluten and starch in grain.

The information delivered by the sensors for assessment of plant maturity, for instance,
when harvesting maize for silos, is very useful for deciding on the magnitude of the pres-
sure on the material as silo stock.

Although not related to the harvested crop, the proximal dynamic soil sensors mounted
on a combine harvester deliver information during harvesting about the surfed topsoil
water content, the total nitrogen and carbon content that can be used in selective grain
harvesting technology, and the spatially variable grain quality versus environmental con-
ditions (Wojciechowski and Czechlowski, 2013).

The sensors for process parameters measure plant cutting height, cutting width, material flow
(grain flow, MOG flow), grain loss, cleaning unit airflow, and air speed. Their names unequivo-
cally describe the physical quantity they sense.

The sensors for monitoring mechanisms, device settings, and adjustments are sensors of
general use, such as rotary sensors, proximity sensors, distance sensors, torque gauges, and
hydraulic pressure and pneumatic pressure gauges. A rotary transducer converts the rota-
tion of a shaft into an electrical signal whose magnitude or frequency is proportional
to speed. The proximity sensors are used in setting the clearance or position of differ-
ent setting mechanisms, for example, setting the clearance between the cylinder and
concave. A torque gauge monitors the required torque of a rotating unit (e.g., cylin-
der, rotor); this information is then used to adjust the fuel injection into the combine
engine.

The sensors for machine speed control and steering are rotary sensors. Special sensors are
global positioning system (GPS)-based posture sensors for machine guidance and orientation in
the field. A posture sensing system measures machine displacement, velocity, and bearing
relative to a selected reference frame.

The cab sensors monitor ergonomic and climate parameters, such as temperature, humidity,
noise, and mechanical vibration parameters, to ensure ergonomic working conditions for the
combine operator.

The diagnosis of combine functionality takes into consideration three classes of failures
caused by malfunctioning actuators or sensors, unexpected/sudden process changes, and
sudden changes of the combine process model parameters.

Multispectral remote sensing refers to mapping and monitoring the crop (grain yield),
soil variability, and other conditions that affect plant health, quality of the crop, or weed
spread.

In the following, detailed descriptions of most of the specific sensors used in combine
harvesters are given.

13.1.3 Grain Yield Sensors

Grain yield sensors monitor the quantity of grain that is collected in the combine harvester
by measuring the rate at which clean grain enters the grain tank. Usually, they report the
data at small intervals of time (1-3 s). The grain rate can be measured either directly or
indirectly. Direct measurement means the measurement of the actual mass or volume of
grain. Indirect measurement is based on measuring some parameters whose values can be
functionally correlated to the grain flow.
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Besides the performance criteria mentioned in Section 13.1, researchers suggest addi-
tional features for yield sensors, as follows:

* Not impeding or blocking the grain flow; that is, the sensor should be of a nonin-
trusive type.

¢ Avoiding inaccurate indirect flow measurement, for example, strain gauge mea-
suring or monitoring the torque of the grain conveying auger.

The volumetric flow rate or mass flow rate measured by the sensor must be corrected
for the actual grain moisture. For instance, the mass flow rate of grain is a measure of con-
veyed grain mass considering that the bulk density remains constant.

The mass flow sensors can be classified by two types:

® True mass flow meters that sense the real mass flow of material through the device

o Inferential mass flow meters that multiply the instantaneous granular material con-
centration, that is, density, by the flow velocity

The measurement of true mass flow meters is not influenced by material density; it is the
flow velocity that may influence the accuracy of measurements.

Table 13.1 shows the features of several commercially available yield sensors and their
measurement principles.

13.1.3.1 Impact Force-Based Grain Yield Sensors

The installation (in New Holland combines), design, and dynamics of a grain yield sensor
based on the impact force measuring principle are shown in Figures 13.1 through 13.3, respec-
tively. This sensor performs indirect grain flow measurement. The device is composed of a
jointed bar that has a sensing plate at one end and a counterweight at the other end that neu-
tralizes the rubbing effect of the grain. A transducer senses the force exercised by the grain.
Let us assume that the grain exercises the force F, on the sensing plate. The weight of
the counterweight is G,. The force sensed by the transducer is F,. From the equation of

moment balance, we get

G+ Fc

F, ==

(13.1)

TABLE 13.1

Characteristics of Commercially Available Grain Yield Sensors

Measured Physical Measurement

Manufacturer Quantity Principle Claimed Accuracy, %
New Holland Mass Impact force (impulse) N/A
Ag-Leader Mass Impact force +2
Micro-Trak Grain mass Impact force +1-2

CLAAS Volumetric flow Displacement *1

John Deere Mass Displacement N/A

RDS Technology Volumetric flow Optoelectronics +2

Massey Ferguson ~ Volumetric flow Gamma radiation +1
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FIGURE 13.1
Installation of New Holland yield sensor. (Courtesy of New Holland.)
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FIGURE 13.2
(See color insert.) Design impact force—based grain yield sensor.

FIGURE 13.3
Dynamics of impact force-based yield sensor.
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The grain impact on the plate generates the impulse H,. Consequently, we can write

- d dm dv
E =Hy =E(mg y)ZUny+mg7:

(13.2)

Since the speed of the grain is constant during two consecutive readings, the impact
force is proportional to the grain mass derivative with respect to time and speed. Such
grain yield sensors typically transmit a periodic report of the yield, for instance, at 1, 2, or
3 s intervals, as chosen by the combine operator or based on system presettings. A model
of this type of sensor was proposed by Reinke (2010).

The reading of the sensor is independent of kernel mass and moisture content. There
is no need for calibration of this sensor between different fields and crops. However, the
accuracy of this type of sensor is +1%—2%.

13.1.3.2 Volumetric Grain Flow Sensors

This type of grain flow sensor directly measures the volume of the grain passing
through a paddle. To provide the mass flow, the information from a volumetric flow
sensor must be multiplied by the grain bulk density corrected by real-time measure-
ments of grain moisture content. An example of this type of sensor is the Claydon Yield-
O-Meter, which was developed by J. Claydon, Norfolk, UK. The operation of this sensor
is illustrated in Figure 13.4. The sensor is mounted between the outlet of the clean grain

FIGURE 13.4
Schematic of Claydon Yield-O-Meter operation.
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elevator and the inlet of the grain tank auger. The sensor consists of a paddle wheel and
an optoelectronic sensor that senses the height of the grain in the paddle wheel. When
the grain reaches the installation height of the level sensor, the paddle wheel is rotated
so that the grain content is discharged. The grain volumetric flow is then obtained by
multiplying the volume of the grain in the paddle by the number of paddle wheel revo-
lutions during the time unit (e.g., rpm). As the filling of the space of the paddle wheel
varies in both longitudinal and transversal directions, depending on the machine incli-
nation, the information from the combine leveling sensor is integrated into the calcula-
tion of the grain flow. The manufacturer of the sensor and electronic monitor specifies
that regular calibration of the entire sensing and measuring system is critical for reach-
ing maximum accuracy.

Another volumetric grain flow sensor is the RDS Ceres meter (Figure 13.5). Patented
by CLAAS, this meter can be adapted to any combine harvester. The functioning of this
grain flow sensor is based on an indirect measurement of the height of the bulk grain
lying on each paddle of the clean grain elevator. Thus, the near-infrared light emitter and
detector are mounted as high as possible on opposite walls of the elevator. A computer
converts the time the photosensor does not detect the light into a quantity equal to the
height of the grain lying on the elevator paddle. The density of the bulk grain must be
preentered into the program and real-time corrected based on the grain moisture.

In the following, a mathematical model to be used in connection with this type of
sensor is proposed. We consider that the grain conveyed by the clean grain elevator
flows into a chamber (with the base equal to the paddle constant dimensions). On one
side, the grain mass changes in time by grain height change from one paddle to another.
In other words, the height & of the grain in the chamber varies in time. On the other
side, the grain mass varies because of grain density due to grain moisture variation.

Optical sensor
Light emitter

FIGURE 13.5
Design of Ceres meter.
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Thus, the flow rate at the grain elevator outlet m, is a function of grain height h and
density p, as follows:

My = iy + A d(g‘;h) (13.3)

where:
m,, is the mass of grain entering the combine
A is the area of one paddle on which the grain lies

Thus, variation of grain flow in the combine is translated into variation of the height
of grain lying along the elevator paddles; besides, the grain moisture also varies.
Consequently, we can write

0o = M + Al h +Pc - 134
Mo =1 ( at P 134

Reitz and Kutzbach (1996) carried out research for potential errors of this type of sen-
sor by using two additional light barriers arranged alongside the driving direction of the
combine. When a grain shift occurred due to combine harvesting on slopes, flow was
measured more accurately. The relationship between measured light intensity and grain
flow did not vary linearly; this relationship is also influenced by the crop type and species,
moisture content, and combine inclination to the horizontal.

13.1.3.3 Displacement-Based Grain Mass Sensor

John Deere combine harvesters are equipped with a sensor that measures the mass of the
grain exiting the clean grain elevator. Instead of a force transducer, it uses a spring poten-
tiometer device that is connected to the curved impact plate. The resistance of the potenti-
ometer varies linearly with the grain flowing on the impact plate. The grain impact plate
is placed in the grain flow in a manner similar to that of Massey Fergusson and Case IH
combines.

Yield sensors based on the mass detection principle compensate for variation in grain
density, meaning that they are not susceptible to errors given by the extent of the field
variation in crop-specific weight.

13.1.3.4 Gamma Radiation—-Based Grain Flow Sensor

The gamma radiation-based Massey Ferguson yield sensor is mounted on top of the
clean grain elevator as well (Figure 13.6). The gamma rays from the emitter are inter-
rupted by the grain flow that is being discharged by the clean grain elevator. When the
grain does not flow, the radiation detector receives the maximum number of gamma rays
(approximately 30,000 counts/s). The detector senses the absorbed radiation, which var-
ies exponentially with the density (layer thickness) of the grain flow, as described by the
following equation:

I(p, x)=Ioe (13.5)
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Radiation
detector

FIGURE 13.6
Gamma radiation-based grain flow sensor.

where:
I is the intensity of detected radiation, Bq
I, is the intensity of emitted radiation, Bq
p s the radiation absorption coefficient, m
p is the grain flow density, kg/m?
x is the distance of radiation travel, m

In the above equation, the distance and the absorption coefficient are constant. Consequently,
the difference of gamma radiation intensity I — I, depends on the grain flow density only.

13.1.4 Grain Moisture Sensors

CLAAS, Case IH, John Deere, and other manufacturers install grain moisture sensors on
the clean grain elevator of their combine harvesters. Grain moisture sensors continuously
measure the capacitance variation between two electrodes when a controlled grain flow
passes between them. One electrode is usually a tube, while the second one is installed
in the middle of the tube. Figure 13.7 shows the longitudinal section through the grain
elevator of a CLAAS combine that has a grain moisture sensor. Measurement samples are
taken, for example, every 30 s, helping the operator make decisions on the setting of cer-
tain combine process functional parameters.

A grain moisture sensor also facilitates decisions such as whether to keep harvesting or
whether the grain needs more time to dry or mature.

13.1.5 Plant Height Measurement Sensors

The average crop height is considered an important morphological characteristic due to
the following:

® Directrelationship to the ears or the cob insertion height, thus allowing automated
header height adjustment when harvesting the crop with a combine

¢ Direct relationship to the biomass yield, thus allowing correlation of soil fertiliza-
tion needs for the next season
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FIGURE 13.7
(See color insert.) Grain moisture sensor installation. (Courtesy of CLAAS, Harsewinkel, Germany.)

A real-time height sensor allows an indirect measure of biomass yield by correlation
with individual stem diameters and the plant density per coverage area. A GPS-based
system can georeference the biomass and grain yield for a yield map.

Using a laser scanner, the geometric model of plant height measurement is shown in
Figure 13.8. The scanner is mounted on the header of the combine, which travels with the
speed v,.. The mobile coordinate system XOY has an origin associated with the laser scan-
ner beam light origin. The tangential resolution is R, and the corresponding angle is .
Using the notation in Figure 13.8, the equation that expresses the tangential resolution of
the measurements is

R, = p(cos Y _gin y] ,m (13.6)
cos(y+a)

Cutting
height

FIGURE 13.8
Laser scanner-based geometric model of plant height measurement.
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where:
p is the measurement distance, m
y is the elevation of the scanning direction to the horizontal

The usual value of the angle o = 0.5°.

The measurement problems relate to the fact that the combine has a pitch roll due to the
terrain slopes. Thus, the scanner position may change from downward to upward sloping.
A downward-sloping-positioned laser scanner will cause a larger measured height, while
an upward-sloping-positioned laser scanner will deliver a smaller measured height. For
further details, practitioners may want to read the PhD thesis of Zhang (2011).

A system based on plants and stubble height measurement comparison maintains
the combine header edge aligned at all times with the crop (Figure 13.9). The Laser Pilot
(CLAAS) transmits pulsing beams of light that are reflected by the standing plants and
the stubble. The reflection from the stubble takes more time than that from the standing
crop. Based on the time difference, the system determines the edge of the crop and guides
the combine along it. This offers the great advantage of maximizing the cutting bar work-
ing width, that is, a quasi-constant material feedrate at a constant ground speed of the
machine.

FIGURE 13.9
Laser pilot working mode. (Courtesy of CLAAS, Harsewinkel, Germany.)
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13.1.6 Real-Time Sensors for Grain Content of Protein, Gluten, and Starch

Agricultural producers need to make informed management decisions in terms of soil
fertilization needs (nitrogen) and crop rotation based on soil fertility data. At high spa-
tial resolutions, soil sampling is a very expensive method. Grain yield monitors provide
useful information; however, grain yield data does not comprehensively characterize the
nutrition potential of the soil. An alternative method is proposed by New Holland and
Textron Systems (Meier, 2004): real-time measuring of protein, oil, and moisture content
of the grain using a near-infrared sensor that will be described in this section. When
installed on a combine harvester, the information provided by such sensor can help pro-
ducers claim protein premiums for their crops (Meier, 2004).

The functioning principle and main component parts are shown in Figure 13.10. Such a
sensor consists of a photodiode array with at least 256 pixels that are sensitive to different
wavelength rays ranging from the visible spectrum (400-700 nm) through near infrared
(700-900 nm) to the short-wave infrared radiation spectrum (800-2500 nm). A tungsten/
halogen lamp is the light source. The irradiated grain molecules absorb a fraction of

FIGURE 13.10

Near-infrared sensor for grain content of protein, gluten, and starch. (Adapted from Berzaghi, P. et al., On com-
bine harvester grain tester using near infrared transmission, 2005, http://www.grainit.it/Grainit/RxGrains_
file/nit_ COMBINE_germany.pdf.)
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radiation energy at wavelengths unique to each molecule type. The absorbance of the
light energy is proportional to the concentration of the type of absorbing molecules. The
rest of the energy is reflected back. Thus, the sensor infers that the absorbed energy cor-
responds to the chemical composition of the grain molecules. In practice, the influence
of several factors has to be considered, as follows: grain sample thickness, light refrac-
tion, grain size and shape, temperature fluctuations, grain moisture, and the crystalline/
amorphous fractions of the grain structure.

For sensor calibration, this method requires developing spectroscopic models that
relate the amount and intensity of reflected light to each chemical component fraction
(protein, gluten, starch, etc.) within the grain.

13.1.7 Sensor Integration System in a Combine Harvester

Figure 13.11 shows the interconnection of the sensors in a CLAAS combine harvester
for calculating the grain yield. The information that is collected includes the following
parameters: grain bulk density (preentered), cutter bar width, dynamic radius of the
front wheel (for machine speed setting), machine inclination angle, volumetric grain
flow, and grain moisture. Machine speed can be obtained by ground speed measure-
ment from measuring the wheel rotation or radar mounted on the combine, or by using
the GPS system.

All information is displayed on a terminal in the cab or on a memory card if the yield
mapping equipment is installed and the GPS position is acquired. Grain moisture is moni-
tored at a variable rate, every 10-50 s, depending on the grain feedrate. Every 5 s, the yield

The CEBIS/IMO
or ACT display shows:

Front axle

Throughput, t/h
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o Yield, t/ha -
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FIGURE 13.11
Integration of sensors for grain yield computing. (Courtesy of CLAAS, Harsewinkel, Germany.)
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data and the current grain moisture are correlated with the GPS position to create grain
weigh points onto a map.

Chapter 15 discusses in detail the GPS system, map projection and tracking, and geo-
magnetic direction sensor.

L]
13.2 Fault Diagnosis Systems for Combine Harvesters

13.2.1 General

Although equipped with reliable control systems, modern combine harvesters are contin-
uously operated by human operators who must drive the machine in the field and observe
the process parameters, as well as distinguish different malfunctions or unusual events
in an ever-increasing workload or transport conditions. Operating the machine in various
environmental and uncertain functional conditions becomes a more and more difficult
task, with possible costly outcomes in terms of safe operation of the machine or harvested
crop quality.

High technical complexity and a multitude of process parameters of the combine har-
vester can be efficiently mastered by use of electronics and automation that incorporate
concept and diagnostic solutions. Twenty years ago, the requirement to diagnose the
faults of different combine functions was not on the machine specifications set. Today,
combine function fault diagnosis has improved significantly, but it is still a challenge
because of three comprehensive requirements: development of a powerful diagnostic
system, adopting a user-friendly approach, and integration at a rational cost. Besides,
consistent management and distribution of diagnostic data are mandatory for the com-
bine manufacturer.

Different specific standards developed in the field are as follows:

e ISO 22900-1: Open Diagnostic Data Exchange (ODX) (ASAM MCD-2D)
e [SO 22900-2: Hardware interface (D-PDU API)

e ISO 22900-3: Interface between the runtime system and the test application (ASAM
MCD-3D, D-Server API)

* ISO 14229-1: Unified Diagnostic Services on CAN

These standards represent the foundation for developing and implementing diagnosis
systems at the necessary technological level and ensuring the interchangeability of the
products, components, and data without restraining the competition among manufacturers.

Different diagnostic systems have been developed and implemented, such as DaVinci
and CANdela Studio (Vektor Informatik), IQ-FMEA, and MATLAB/Simulink-based diag-
nostic design strategies. CADdela (CAN diagnostic environment for lean applications) was
established in the development process at Daimler-Crysler, and later it was improved and
implemented in the CLAAS combines (Figure 13.12). The diagnostic component CANdesc
(CAN diagnostic embedded software component) can be automatically derived from the
CANdela data (Frank and Schmidts, 2007).

A “fault” of a combine system is an unexpected or unpredicted deviation of an
observed variable (parameter) outside of a defined or acceptable range of values or state
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FIGURE 13.12
Diagnostic development at CLAAS using the CANdela tool chain. (Courtesy of CLAAS, Harsewinkel, Germany.)

of the considered system, such that the system operation either deteriorates or is demol-
ished. Accordingly, we speak about either an incipient fault or a total failure of diag-
nosed system. A fault diagnosis system is capable of detecting the presence of faults in
the monitored system, determining fault location, and indicating fault severity. Thus, a
fault diagnosis system detects, isolates, and identifies the faults of a monitored system.

Detection of a fault or damage of combine harvester subsystems during working in the
field is very important, especially when working on hillside fields with the tank full of
grain or driving the vehicle on the road or in a field. In a combine harvester, one may deal
with the failures of combine actuators, sensors, or process.

An actuator fault is the malfunctioning of an actuator, device, or subsystem that may
affect the machine dynamics or process. A sensor fault is an abnormal indication in the
observed signal output in the absence of any anomalous value of the monitored parameter.
Sensors are used to either directly measure system states or generate state estimates for the
control law of a system. Thus, the sensor faults may deteriorate state estimates and, conse-
quently, determine an inaccurate control of the monitored system. Sensor faults occur due
to inefficiencies in the manufacturing process, incorrect calibration, wear and tear with
long-term usage, and mishandling.

Process faults are changes of the inner parameters of the combine technological process,
such as an unmodeled change in crop harvesting conditions.

The faults may occur abruptly (involving discontinuities) or gradually (from incipient phase
to a permanent state). The faults may be intermittent or continuous. In terms of consistency,
the faults may be stable (consistent behavior) or heretical (randomly changing behavior).

When the combine is driven on a road, a fault may affect only the machine motion
(dynamics). In such a case, any component of the power train, starting from the engine to
the wheel final drive, may fail. During harvesting, failure of different components of the
processing units or sensors for monitoring process parameters may become additional
faults to those that can affect the machine dynamics.
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13.2.2 Specifications of Fault Diagnosis Systems

Different diagnosis concepts and techniques have been developed and applied in the
automotive industry. Fault diagnosis systems are software-based built-in-test systems that
detect, identify (make a difference), isolate, and indicate (signal) the failure of the prime
subsystems. The consideration and application of fault diagnosis solutions range from the
development process of cars, through applications in the manufacturing process, to qual-
ity assurance in production, and finally to final diagnosis in a service garage. The fault
diagnosis systems have not been given enough attention in agricultural machinery, but
they are of high value at a supervisory control level for combine harvesters. Nowadays,
system fault detection in combine harvesters, analysis of fault root cause, and repair are
mainly performed by service technicians. Consequently, this depends on the service oper-
ator skills, experience, and diligence; moreover, erroneous conclusions and possibly deci-
sions may intervene in a negative way and destroy buyer confidence in a given machine.
Therefore, the development and implementation of fault diagnosis systems are not only
very important, but also a necessity.

Desired specifications of fault diagnosis systems have been formulated by
Venkatasubramanian et al. (2003). We further interpret and explain them as follows:

® Balance between early detection of faults and sensitivity to measurement noise: Quick
detection versus generation of false alarms. While being sensitive to incipient faults,
the diagnosis system should keep false alarms under healthy operational modes.

o Identification and distinction of different types of failures: The implementation and
application of clear rules of failure classification. This is the capability of a diagno-
sis system to distinguish the origin of a fault among other potential fault sources
or to locate a faulty component among different components of a diagnosed sys-
tem. Isolability of a fault also depends on the fault effects on the diagnosed sys-
tem output. Besides, modeling uncertainties and system disturbances affect the
isolability degree of the faults.

® Robustness: The capacity of a diagnosis system to diminish the effects of model
uncertainties, measurement noise, and system disturbances. Robustness essen-
tially augments diagnosis system reliability and effectiveness.

* Novelty identifiability: The capacity of a diagnosis system to not wrongly classify
novel malfunctions in the system as either an a priori known type of malfunction
or a healthy operational mode. While detection of novel faults is relatively easy
to achieve, their isolation is difficult to accomplish due to missing models of their
unknown behavior.

® Multiple fault identifiability: The ability of the diagnosis system to identify and cor-
rectly classify multiple faults that may coexist in the system. This specification is
difficult to achieve due to nonlinearities and coupling/interactions that usually
exist between the states and faults of a diagnosed system.

o Explanation facility: The diagnosis system capability to explain where the fault
originated and how it propagated through the system to the current status.

¢ Classification error estimation: The ability of the system to estimate in the beginning
the expected errors in fault classification and explanation.

o Adaptability: The ability of a diagnosis system to intelligently adapt to system
changes due to disturbances and maintain/improve its performance despite the
hardware degradation in time.
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® Reasonable computational requirements: The diagnosis algorithm and database of
diagnostics classifiers should meet this specification. This has a high impact on
required memory, storage capacity, and power requirement.

e User friendliness: This is required because in agriculture, one operator handles dif-
ferent types or makes of the machines. Thus, the time for adequate training is
limited and obviously costly.

13.2.3 Fault Diagnosis Problem Formulation

A combine system is a dynamic, continuous-time system with multiple inputs and
outputs, which can be described by a nonlinear mathematical model, as shown
below:

x(f) = Ax(t)+Bu(t)+ ©, 1,
(13.7)
y(t) = Cx(t) + Du(f)

where:

x(t) e R" is the state vector of n parameters; it is assumed that all system states are avail-
able for measurements

u(t) e R? is the input vector of 4 parameters

y(t) € R" is the output vector of m parameters

A, B, C, and D are the system matrices with measurable dimensions expressed in appro-
priate units

D, e RM’ is the matrix of d; fault components, where 1 < d,<n

f; € R” is the vector of process fault magnitude, where 1 < d,< #; it may be interpreted
as the channel over which the disturbances (fault consequences) are applied to the
system

To represent a single fault, that is, ;= 1, in the ith subsystem Vi €[1, n], the fault compo-
nent matrix is the ith column of the identity matrix I, e R™".

Using a sampling period T, (Lewis, 1986), Equation 13.7 may be described by the follow-
ing nonlinear discrete-time state-space representation (Li et al., 2001) as follows:

Ts
x(k+1) = Agx(k) + Bou(k) + AdJ.e"A‘CDd,. £, (KT, +1)dt
g (13.8)

y(k) = Cx(k) + Du(k)

where the system matrices are defined as follows:

Ad = eATS (13.9)

B, = | e*™®" (13.10)



380 Combine Harvesters: Theory, Modeling, and Design

and

£ (kT,) = £ (k) (13.11)

Under the full-state measurement assumption, matrices C and D in Equation 13.8 are the
same as in Equation 13.7.
Assuming that f,(t) is constant over the sampling interval T,, this means that

£ (kT.+7)=£;(k), Vte[0,T.] (13.12)

Consequently, the fault model in Equation 13.8 becomes

Ts
A, j D, £, (K)dt (1313)

0

Thus, in the discrete-time domain, we can write the fault model as follows:

Ts

Adje’A‘édidr = AA(L -A7 Y, (13.14)
0

and this depends on the system state represented by matrix A.
For designing a fault diagnosis system, it is very important to identify and understand
the failure mechanisms in sensors and actuators and model their erroneous behavior.

13.2.3.1 Sensor Faults

Five generic types of sensor faults are bias (offset), drift (linear or not), scaling (gain, which is
linear or not), hard fault (freezing, which implies loss or locking of the signal), and accuracy
degradation (mainly due to calibration error). The effects of the above sensor faults on the
measurements they deliver are shown in Figure 13.13.

For sensor fault mathematical representation, let y,(f) be the sensor output and y,(f) the
real value (in the absence of a sensor fault or error) of a monitored parameter. Thus, the
sensor faults can be generally described by the following equation:

ys(t) = as(t) (1+ &) yo(t) + 8(H) + N (13.15)

where:
ay(f) is the scaling (gain) constant
¢, is the attenuation coefficient
8(f) 1is the bias (offset) value
N is the noise

For the above-mentioned sensor faults, the values of model parameters are given in
Table 13.2. While the hard fault is easy to detect through the built-in test provided by
the sensor manufacturer, the other faults are more difficult to detect, especially when the
deviation |y,(t) — y,(t)| is relatively small.
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FIGURE 13.13
Sensor fault effects on their measurements.

TABLE 13.2
Model Parameter Values for Sensor Faults

Accuracy
Parameter Bias Drift Scaling Hard Fault  Depreciation = No Fault
alt) 1 1 1 0 1 1
e, 0 0 #0 0 #0 0
8,(t) #0 #0 (time 0 Constant #0 0

(constant) varying)

13.2.3.2 Actuator Faults

An actuator uses the control signal to accordingly modify its actuation parameter (force,
speed, torque, etc.) to drive the system toward the desired output. Thus, actuators are con-
trol effectors of the monitored system. Within the scope of fault detection application, each
actuator should be considered a single device, which is monitored through the success rate
and speed of achieving the desired output of the system.

Actuator faults usually depend on the actuator type. Four actuator fault modes can be
identified: lock-in-place (freezing, jamming), float, hard-over, and loss of effectiveness. The
effects of the above actuator faults on the actuation signal are shown in Figure 13.14.

For actuator fault mathematical representation, let u,(f) be the actuator output (signal),
u.(t) the control signal, and u; the real actuation level (signal). Thus, the sensor faults can
generally be described by the following equation:

uy(t) = o skuc(t)+(1- o0 )uy (13.16)
where:

o; 1is the fault-type coefficient
k is the actuator effectiveness, 0 < k < 1



382 Combine Harvesters: Theory, Modeling, and Design

u,(2) Lock-in-place 1, () Float
t t
T
lp tp
Hard-over
ua(t) Mq(t) 7
4
Atan u d
\ max /’ Loss of
, s effectiveness
/
¢ v u,(t)
T t

FIGURE 13.14
Actuator fault effects on actuator behavior.

TABLE 13.3
Model Parameter Values for Actuator Faults
Float Loss of
Parameter Lock-in-Place (Oscillatory) Hard-Over Effectiveness  No Fault
of 0 0 0 1 1
k [} ¢ ¢ 0<k<1 1
Uy u(tp) (constant) Periodic Constant 0 0
(saturation)

For the above-mentioned actuator faults, the model parameter values are given in
Table 13.3 after the time ¢, of fault occurrence.

Besides actuators and sensors, every technical system comprises different other compo-
nents, such as power sources, tanks, machine elements (bearings, hardware), lubrication
system, and so forth. Often, it is difficult to mathematically model the faults of such com-
ponents without extensive testing.

Nonetheless, other types of faults in a system may occur due to wear and tear of system
components.

13.2.4 Model-Based Approaches for Fault Diagnosis

Fault diagnosis is a process that consists of system fault detection, isolation, and identification.
This process involves designing and setting up a system, which uses software developed
based on a certain method or algorithm.

Fault detection is the process by which the presence of a fault in the monitored system,
along with the time of fault occurrence, is uncovered. By fault isolation, the type and loca-
tion of the faults are determined. Finally, fault identification (or estimation) aims at determin-
ing the size and time-varying behavior of the faults.

Depending on the form of system information (or process knowledge), the ana-
lytical fault diagnosis approaches can be divided into model-based and computational
intelligence—based approaches. The model-based a priori knowledge uses either quantitative
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historical data of a monitored system or qualitative information on the system, in the
form of if~then rules. In quantitative models, the description of the monitored system or
process has to be formulated in terms of mathematical relationships between the inputs
and outputs of the system. The mathematical model is usually composed of differen-
tial or difference equations, and the outputs can be measured numerically. A group of
computational intelligence-based approaches is based on artificial immune system com-
putational models.

The architecture of model-based algorithms for fault detection in continuous variable
systems combines a residual generator and a residual evaluation strategy that provides
Boolean decisions on whether faults did occur. The schematic of such model-based
architecture is shown in Figure 13.15. The most extensively studied residual generator
was a nonlinear observer-based technique. Residual generation uses a model of the
monitored system in which the control inputs and system outputs, as measured by
the sensors, are used to predict the system behavior parameters, which are compared
with the actual system parameters. A fault is indicated when the value of a residual is
different than zero. The residual evaluation is required to distinguish between differ-
ent signals, while decision logic helps in fault isolation. Most of the model-based fault
isolation techniques belong to one of the following two groups: structured residuals and
directional residuals.

The better the system model, the lower is the level of uncertainty in detecting and
isolating the system faults. Various other sources of uncertainty are represented by
the measurement noise and unmodeled exogenous disturbances that affect the system
behavior.

? Faults % ?
u,(t) y5(8)

Actuators Process Sensors
e =]

~] Process I

Residual
generation

Residual
evaluation

Normal ~ Change
behavior detection

Decision
logic

@ Fault detected

FIGURE 13.15
Architecture of model-based algorithms for fault detection.
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13.2.5 Immune System-Based Computational Models/Algorithms for Fault Diagnosis

Design complexity and time-variant process nonlinearity of a combine harvester interact-
ing with different biological materials make diagnosis techniques through quantitative
modeling quite difficult, despite our best attempts to organize and generate knowledge
throughout this book. Thus, important knowledge from experienced operators and engi-
neers in the field can be further used in developing causal qualitative-based models for
combine fault detection.

Important modeling approaches (not only for diagnosis system development) are based
on the principles and actions of biological immune systems. The role of the biological
immune system is to protect the biological being against pathogens and viruses. A biologi-
cal immune system acts in two main ways: launch the primary response to the invading
pathogen and launch the secondary immune response by remembering past encounters
and responding faster the second time an infection occurs.

The immune system uses largely short- and long-term memory, recognizes patterns,
identifies and classifies unexpected events, divides and controls the tasks in executing
strategies, and continuously adapts to changing conditions the representing biological sys-
tem encounters.

An artificial immune system (AIS) is a computational algorithm that is developed by com-
bining a priori knowledge of an observed system with the adapting principles and defense
mechanisms of biological immune systems to detect, identify, and isolate a broad spec-
trum of known and unforeseen faults of the monitored system. The aim of developing
and implementing an artificial immune system is to apply the immune system functional
rules and flow into the fault diagnosis of machinery or systems of a different nature.
We need to specify that such immune-based computational algorithms are used in other
techniques, for instance, pattern recognition, modeling, design, and control of various
systems, including software for other applications, for example, antivirus software.

Using a finite number of discrete detectors derived from the body DNA, the adaptive
immune system performs a succession of tasks, as follows: pattern recognition, detection,
identification, optimization, and learning. The last task governs the adaptivity and efficiency
of the immune system, which acts based on already available knowledge in the DNA mol-
ecules and continuously acquired knowledge from fighting the body intruders. Biological
immune systems use a complex of cells (lymphocytes) to protect the living body against for-
eign invasions of microbes and viruses. There are two types of lymphocytes: B-cells, pro-
duced in bone marrow by clonal selection, and T-cells, processed in the thymus. The T-cells
are first generated through a pseudorandom genetic rearrangement mechanism, which
ensures high variability of the new cells in terms of biological identifiers; then a selection
process occurs in the thymus by destroying the T-cells whose identifiers match the self.
Only the different T-cells are allowed to leave the thymus and proliferate. While B-type
lymphocytes secrete antibodies or serve as memory cells, the T-type cells interact with other
cells concerning cellular immunity against foreign cells. The antibody diversity comes from
somatic mutations, and the efficiency of antibodies increases due the selection process of
high-affinity antibodies.

Development of artificial immune systems is based on their similarity with biological
adaptive immune systems. In comparison with other computational intelligence—based
algorithms, artificial immune systems offer several distinctive advantages, as follows:

o Vast a priori knowledge already acquired from the studies of DNA molecules in
regard to body immunity.
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® Rapid convergence to an optimal solution, which is achieved by rapid mutation and
recombination of genetic representation of possible solutions to the problem.

e Unigueness and variety: Each artificial immune system responds in a specific way—
hence the variety of them. However, the solution to the problem must be the same
regardless of the algorithm type used for solution convergence.

® Learning about new encounters from the interaction between the population of anti-
bodies and antigens that leads to self-organizing network structures.

Other features of artificial immune systems are specified in computing terms: mem-
ory of past encounters, highly distributed/parallel processing, multilayered, robust, and
self-tolerant.

Timmins (2000) defined an artificial immune system to be “a computational system
based upon metaphors of the natural immune system.” Figure 13.16 shows a diagram of
the immune system-level concept, which was adapted from KrishnaKumar (2003).

Substances created by the immune system that are capable of triggering a specific
immune response are commonly referred to as antigens, which include viruses, bacteria,
fungi, and so forth. The immune recognition is based on the complementarity between the
binding region of the antibody receptor and a portion of the antigen. Each antibody can
recognize a single antigen.

The idea of shape space (Castro and Timmins, 2002) is that the features of a receptor
molecule that are necessary to characterize its binding region with an antigen are called
generalized shape. This can be represented by an attribute string of a certain length L in a
generic L-dimensional space called shape space.

The immune memory is acquired and maintained by (1) clonal expansion and selection
and (2) the immune network. The clonal expansion is the immune system’s capability of
storing high-affinity antibody-producing B-cells for subsequent encounters. The theory of
immune networks states that B-cells costimulate each other via portions of their receptor
molecules in such a way as to mimic antigens. A network of mutually, highly stimulated
B-cells survive, while the weak ones are suppressed from the system. This is a control
function for regulating the overstimulation of B-cells and maintaining a stable memory of
the immune system.
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FIGURE 13.16

A diagram of immune system-level concept.



386 Combine Harvesters: Theory, Modeling, and Design

Analogous with the responsive patterns and actions of biological immune systems to
different threats, the following immune system-based computational models/algorithms
have been developed:

* Bone marrow model

¢ Negative selection algorithm

¢ Clonal selection algorithm

¢ Immune network algorithm

¢ Immunized computational algorithms

¢ Somatic hypermutation model

In the following subsections, we present details of these immune system-based compu-
tational models.

13.2.5.1 Bone Marrow Models

The B-cells in the bone marrow collectively form an immune network; they remain in
the immune system as long they are required. Some of the first work to explore antibody
diversity generation was performed by Stephanie Forrest and her colleagues (Hightower
et al., 1995).

In a bone marrow algorithm, gene libraries are used to create antibodies through
a random concatenation of segments. Thus, a random segment is picked from each
gene library and joined together with those chosen from the others. For instance, one
segment of 16-bit size is chosen from each gene library. Thus, a newly generated mol-
ecule from four gene libraries will be expressed through a 64-bit sequence genome
(Figure 13.17). This is then compared to a set of antigens, and an antigen-matching score
is assigned to each antigen based on how well the antibody matched each one. This
process is repeated many times for many different antibodies (population of individu-
als). Finally, the fitness of each antibody (individual) is calculated as the average of all
antigen-matching scores.

But the gene libraries may not contain genes that can define antibodies for every possible
antigen. Instead, gene fragments from particular regions in the gene library of a parent cell
may be randomly recombined in every new antibody genome, allowing a diverse range
of antibodies.

Gene library 1 Gene library 2 Gene library 3 Gene library 4

|a|a2as|adas|ac|a7|ag]  [B1B2[B3[B4[Bs|B6[B7|BS| |c1]c2|cslcalcs|cslcr]cs|  [Dip2p3|palpsipsjp7ips

= Four 16-bit segments

= 64-bit individual (molecule)

FIGURE 13.17
Random concatenations of elements to express an antibody molecule.
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13.2.5.2 Negative Selection Algorithm

Since B-cells produce antibodies from the gene libraries (randomized template), some-
times they may generate the wrong thing. This means that the immune system has the
potential to attack self-cells by mistake. The immune system has a special mechanism
to prevent this: negative selection takes place in the thymus gland. The B-cells undergo a
maturation process by being exposed to self-proteins in a binding process. If the cell is
activated through the binding process, it is killed; otherwise, it is allowed to enter the
lymphatic system.

The negative selection principle inspired the algorithm developed by Forrest et al.
(1994, 1997) to detect data manipulation by computer viruses. The basic idea is to gen-
erate detectors and use them to classify new (unseen) data as self (not manipulated) or
nonself (manipulated data). The algorithm is split into two parts: censoring and monitoring
(Figure 13.18). In the first part, a set D of detectors is generated from a set S of elements
of length I in shape space. These detectors are then used to continuously monitor the data
stream for any changes by continually matching (based on an affinity function) the detec-
tors in D against the data stream. The affinity function is based on checking for the simi-
larity of  consecutive characters at any point in the detector and self-strings; this is called
the r-contiguous matching rule.

Negative selection algorithms have been criticized for difficulties encountered in defin-
ing self-set and certain scaling problems (Timmins et al., 2008).

13.2.5.3 Clonal Selection Algorithm

When a pathogen invades and multiplies within a human body, the immune system pro-
duces the right kind of B-cells that generate the antibodies to kill that pathogen. Thus, the
clonal selection principle, which applies in such a case, describes the basic property of the
immune system to respond to a pathogenic stimulus by multiplying only the cells capable
of recognizing that pathogen. Clonal selection operates on both B- and T-cells, when the
antibodies produced by them bind with an antigen, becoming activated and differentiated
into plasma or memory cells.

Self-string S
01010 10010
01100 10110

01110 11100
Generate random r-contiguous No | p:=DU{d} Protected No

detector d, > match > 00001 00010 strings S > Match
Yes ﬂ Yes
Detect
nonself Nonself
detected
10000 10001 10010 10100 10101 11111 Monitoring phase
Censoring phase
FIGURE 13.18

Censoring and monitoring parts of a negative selection algorithm.



388 Combine Harvesters: Theory, Modeling, and Design

Therefore, the immune system stores high-affinity antibody-producing cells follow-
ing the first infection, thus enhancing the action speed and effectiveness for subsequent
encounters.

This theory inspired the development of a clonal selection algorithm that differs from
a genetic algorithm in terms of reproduction and evaluation. The sequence of a generic
clonal selection algorithm is as follows:

Input: S—set of patterns to be recognized having n worst elements to be
selected for removal
Output: M—set of memory detectors, which are proficient in classifying
unseen patterns
Begin
Create an initial randomized set A of antibodies
for all patterns in S, DO
Determine the affinity with each antibody from A.
Generate clones of a subset of the antibodies in A with the
highest affinity.
(The quantity of an antibody clone is proportional to its
affinity.)
Mutate attributes of these clones inversely proportional to
their affinity. Add these clones to the set A.
Place a copy of the highest-affinity antibodies into the memory
set, M.
Replace the n lowest affinity antibodies in A with new randomly
generated antibodies.
end
end.

Other published works are based on the alternative theory of how immune systems
function. Instead of algorithms resembling genetic algorithms, such works led to the
development of immune network algorithms, which are described in the next section.

13.2.5.4 Immune Network Algorithm

According to the immune network theory, the immune system consists of a regulated
network of molecules and cells, which recognize each other, self-organize, and develop
memory even in the absence of antigens. The recognition of an antigen by an antibody (cell
receptor) leads to network activation and antibody proliferation, while the recognition of
an idiotope (marker of a cell receptor) leads to network suppression. This is modeled by
eliminating all but one of the self-recognizing cells.

The original theory did not explicitly account for the results of network activation or
suppression; consequently, various immune network algorithms have been developed and
published. Due to the specific purpose of this review, we will just present the description
of an immune network algorithm that uses the clonal selection algorithm, as developed by
Castro and Zuben (2001). The algorithm runs as follows:

Input: P—set of antigenic patterns to be recognized
Output: M—set of memory detectors, which are proficient in classifying
unseen antigenic patterns
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Begin

1. Create an initial randomized set A of antibodies.

2. For all patterns in P, DO (apply the clonal selective algorithm
that will return a set M of memory detectors and their
coordinates for the current antigen).

a. Determine the affinity (degree of matching) among all the
antibodies in M*.

b. Eliminate all but one of the antibodies (individuals) in
M* whose affinity is greater than a given threshold.

c. Concatenate the remaining individuals from the previous
operation with the remaining individuals found for each
antigenic pattern presented.

d. Determine the affinity of all population M individuals and
suppress all but one of the self-recognizing elements.
Repeat this cycle until a predefined stopping criterion is
met, such as minimum pattern recognition or classification
error.
end

end.

A big advantage of artificial immune systems in comparison with traditional fault-
tolerant approaches is the evolutionary property of the immune system. While the first
technique generates static detectors that have to be updated periodically, the artificial
immune systems enable the development of adaptable fault-tolerant systems, in which
fault detectors may evolve over time.

It is expected that this review of immune system-based computational algorithm applica-
tions in fault detection and diagnosis will represent a tangible knowledge base for readers who
are interested in the subject and will stimulate them to carry out further research on this topic.
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14

Cab, Controls, and Human—Machine Interface

14.1 Introduction

The combine harvester is a complex system, and human interaction with it becomes com-
plex to the same extent. While operating the combine, the operator may face numerous
health hazards, including noise, whole-body vibrations, temperature extremes, dust,
bright lights, diesel exhaust, and awkward postures due to placement and operation of the
controls and monitor, as well as psychosocial health risks, such as time pressure, extended
working time, and irregular shift work. During harvesting periods, it is quite common to
operate a combine for 16 h/day. Furthermore, several operators may alternately operate
the combine.

The cab of the combine harvester provides the operator with the operating environ-
ment, seating, and interface with the controls for driving and for the technological pro-
cess of the machine. Designing an effective cab layout with a large visual envelope,
controlled environment conditions, a comfortable seat with suspension, and easily
reached operating controls reduces operator stress and health hazards, and allows the
operator to mainly concentrate on the harvest process and optimize combine working
capacity. In the cab, different accessories and equipment for acquiring crop yield and
moisture data can also be mounted, as well as communication equipment for improving
harvest management.

The design team of the combine harvester cab must have thorough knowledge of the
combine functions, control methods and devices, operator-machine interface, human
factors engineering, safety standards, and integration methods within design, as well as
mechanical and electrical design skills and experience. Design practitioners benefit from
engineering standards, data, and recommendations published by the American Society of
Agricultural and Biological Engineers (ASABE), Society of Automotive Engineers (SAE),
and International Organization for Standardization (ISO); many of them are cited in this
chapter. When standard provisions for a combine cab (e.g., from a certain country) differ
from those stated in general standards, the provisions of the specific standards take prece-
dence over the provisions from general standards.

The views of two combine harvester cabs are shown in Figures 1.9 and 14.1. Their design
ensures wide windscreens, that is, visibility, rational positioning/sliding of the controls
for easy access and intuitive utilization by the operator, an air conditioning system, and
an optional global positioning system (GPS) satellite system. In the following section, we
will discuss in detail the cab design specifications in an attempt to guide the designer
(practitioner) on the right path by following a proven methodology while using the right
resources.
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FIGURE 14.1
(See color insert.) Top view of a cab. (Courtesy of CLAAS, Harsewinkel, Germany.)

14.2 Specifications of Combine Harvester Cab

No matter the combine operation mode, it is desirable for the operator to unobstructively
observe the road and traffic conditions, field crop, and whole header while interacting with
the crop from the cab. Therefore, it is necessary to design a cab that will offer the operator
maximum comfort and flexibility. This will allow the operator to remain mentally alert on
the job for the long time intervals required for crop harvesting within the optimum period
while weather conditions may not always be favorable.

In the following description, forward and rearward directions are related to the normal
direction of combine travel; upward and downward orientations are related to the operat-
ing floor of the cab.

Typically, the cab is located behind and just above the header, and in front of the grain
tank.

As seen in Figure 14.2, a combine cab is an enclosure usually made of a metal frame
(steel, aluminum) that is rigidly mounted on the machine chassis, although a vibration
damping system may instead be considered. Flat or curved tempered-glass windshield
and windows are fitted to the frame using special gaskets for protection against water,
wind, temperature, dust, and noise. The operator enters or exits the cab through a lateral
door using a ladder and handrails.

Located in the center of the cab is the steering wheel; laterally, there are brake pedals,
a clutch pedal, and an acceleration pedal, although the last may be place somewhere else
according to the design team’s decision. The operator’s seat is located behind the steering
wheel. The seat design is constrained by human engineering data, control location and
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FIGURE 14.2
Top view of a cab with sliding control console. (From EPO, Operator seat sliding control console, European
Patent Application EP 0 841 211 A2, Int. CL. B60N 2/38, Zedelgem, Belgium, 1997.)

accessibility, ergonomics data, and budget or pricing restrictions imposed by market study
predictions. The operator must be provided with a process control console that is easy to
operate and maintain, and adjustable for different location and direction needs for a wide
range of individual sizes. A process control monitor (e.g., Figure 1.55) may also be fitted in
the cab. A highly functional monitor can provide the visualization of various functional
and performance parameters of the machine.

During cab design, the following organizing steps may be followed:

¢ Establishment of the purpose of the cab—to what extent the cab should satisfy
certain criteria beyond the basic ones: operator and control sheltering, minimum

comfort for the operator, safety operation and protection against hazards, and so
forth

¢ Identification of hazards, health, and safety concerns for the operator

¢ Identification and compliance with applicable standards, regulations, rules, and
key features

® Design for minimization of the severity of harm or damage, should an incident/
accident occur

Once design specifications have been established, hardware is selected based on engi-
neering calculations, and once the design concept and project management schedule are
in place, the design team may fully proceed with assembly and design details. However,
back and forth iterative steps may be required when interfacing all the components of
the cab.
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14.2.1 Hazards for Combine Operator

The combine operator may be exposed to significant hazards, significant hazardous situ-
ations, and events, as listed in Annex A of ISO 4254-1 (2008). This is a comprehensive list
that cannot be integrated into this text due to space limitations. It is very important for the
cab design team to analyze all potential hazards carefully and develop its own specific list.
Beyond this step, practitioners should consider every possible inadvertent exposure of the
operator to a hazard resulting from the person’s action during normal operation or service
of the combine.

The cab should be designed according to the principles of risk reduction specified in ISO
12100-1 (2003), Clause 5.

14.2.2 Environmental Specifications for Operator Comfort

The comfort zone for a human is defined as the range of environmental conditions in
which the human body can achieve thermal comfort; this is affected by climate, work
rate, and state of acclimatization. The thermal comfort of a human is defined as a mental
condition, which is based on the perception of noticeable changes in temperature (due to
the above-mentioned factors), resulting in a personal expression of satisfaction with the
environment to which the human is exposed.

When considering design of a combine harvester cab, the comfort specifications should
accommodate the 5th percentile female to the 95th percentile male when seated, for envi-
ronmental parameters as specified in Table 14.1. Thermal comfort for a person at rest (case
of combine harvester operator) is best at air temperature T = 22 + 2°C, relative humidity
RH =50 =+ 2%, air speed v, < 0.2 m/s, and mild radiation exchange.

The air temperature, measured with a dry-bulb thermometer, is the average temperature
of the air surrounding the occupant (e.g., air temperature measured in a combine harvester
cab). The temporal average of air temperature is based on 3 min intervals, with tempera-
ture measured in at least 18 equally spaced points in the surrounding area.

Relative humidity (RH) is a measure of the actual moisture that is present in the air rela-
tive to the total moisture the air could hold at the actual air temperature. Relative humid-
ity is expressed as a percentage. High levels of relative humidity affect the evaporative
cooling effects of sweating, leaving the human body prone to overheating. Figure 14.3
shows the comfort zone dependence on the relative humidity and dry-bulb temperature
of the air.

A comfort function, developed by Fanger (1972) and adapted in ISO 7730, is a model
of correlation between the subjective human perception, expressed through the vote of
comfort (PMV) on a scale ranging from -3 (very cold) to 3 (very hot), and the equation of
thermal balance for the human body, as follows:

TABLE 14.1
Limits of Environment Conditions for Humans

Comfort Limits Tolerable Limits
Environment Parameter Lower Limit Upper Limit Lower Limit ~ Upper Limit
Temperature, °C (°F) 19 (66) 24 (75) -1 (30) 39 (102)
Relative humidity, %RH 30 70 10 90
Ventilation, m?/min (ft3/min) 0.3 (10.6) 0.55 (19.4) 0.15(5.3) 1.25 (44)

Air speed, m/s (ft/min) 0.2 (39.4) 0.4 (78.7) 0.1(19.7) 1.00 (197)
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FIGURE 14.3
Air temperature-relative humidity chart and comfort zone.

PMV =(0.303¢ ™ +0.028)[ (M ~W)~H —E. — Cye —E: | (14.1)

where:
PMV is the predictive mean vote of comfort

M is the human metabolic rate, W/m?

W is the effective mechanical power, W/m?

H is the sensitive heat losses

E. isthe heat exchange by evaporation on the skin
s 15 the heat exchange by convection in breathing
is the evaporative heat exchange in breathing

A finer function known as predicted percentage of dissatisfied people (PPD) is defined by the
following equation:

PPD =100 — 95670033531%/1‘/4 ~0.2179PMV*> (14.2)

The curve of Equation 14.2 has the appearance of an inverted Gauss probability density
function.

The standard ISO 7730 indicates the limits of all data required to perform calculations of
the above-described parameters.

ASAE 5525-1.1 describes the requirements, test methods, and safety practices for envi-
ronmental air quality in the agricultural cabs. The air intake filter should provide with a 99%
or greater efficiency the air filtration against 3.0 pm (aerodynamic diameter) particulates.
The acceptance criterion is based on the minimum efficiency measured in the 2.5-5.0 pm
(aerodynamic particulate diameter) size range. The above-mentioned standard provides
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further information on particle concentration measuring and performance assessment,
sealing efficiency against air leakage through all joints on the cab pressurization system,
and other valuable information for cab design.

The auditory comfort depends on the sound pitch range as well as the sound pressure,
measured in decibels (dB). The range of sound frequency a human can hear is 20-20,000 Hz.
The sound pressure level we can sense is between 0 and 130 dB. The above-given ranges
diminish as the body ages or due to a preponderance of certain sound levels during day-
to-day work activities. The human ear is sensitive to sounds whose characteristics are
within the human voice. The perception of loudness is related to the sound pressure level,
duration of sound, and changes in sound frequency. Figure 14.4 shows the dependence of
the human ear on equal-loudness levels expressed in phones on the sound frequency and
pressure level. The human ear is most sensitive to sounds whose frequency is between
2 and 5 kHz. The range of human voice is between 80 and 2.5 kHz. In terms of human
exposure to extended noise levels, the standards vary. Typically, 90 dB is the noise thresh-
old value of human exposure for an 8 h work shift. Per Occupational Safety and Health
Standard 1910.95 of the U.S. Department of Labor, the allowable time T, (h) for exposure to
noise with a weighted sound pressure level L, (dB) can be calculated with the following
equation:

T, = 8/2(Lw=20)/5 (14.3)

In a combine harvester, the noise is generated by multiple sources; the most important
are the engine and power train, cutting bar, threshing unit, straw walkers, cleaning unit,
hydraulic motors, and all conveyors. A six-cylinder engine rated at 2100 rpm generates a
sound with a frequency of 210 Hz (Goering et al., 2003). The noise reaches the operator’s
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FIGURE 14.4
Equal-loudness curve dependence on sound frequency and pressure level.
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ears through the air and cab structure. The cab floor and walls can be treated with sound-
barrier materials. The noise pressure level at the operator’s level, in the cab of modern
combine harvesters, is around 75 dB (e.g,, CLAAS, New Holland), measured per the ISO
5131 standard.

Practically, all state-of-the-art combine harvesters expose the operator through the seat
and cab structure to vibrations that are not healthy. The vibrations are mainly generated
by the engine, cutting bar, threshing unit, straw walkers, and cleaning unit; other types of
vibrations are generated by the road and field profiles while the machine moves on.

Vibrations are oscillatory motions of mechanical systems, as mentioned above.
Mechanical vibrations are characterized by frequency (Hz), amplitude (m [in.]), peak-to-
peak displacement (m [in.]), velocity (m/s [in./s]), power spectral density (G?/Hz), and
phase (degrees). The term G is actually Gg,s, where RMS means root mean square, and its
normalized instantaneous value is

G= (14.4)

“a
8

where:
a is the vibration instantaneous acceleration, m/s? (in/s?)
g is the gravitational acceleration, m/s? (in/s?)

In a combine harvester, the vibration spectrum can be described as a series of sinusoidal
tones superimposed on a background of random vibrations (sine-on-random).

Taking advantage of our extensive experience in physical testing and vibration simula-
tion of different products, we present here a minimum of knowledge practitioners should
know about vibration theory and, for practical reasons, about the conversion between
sinusoidal vibration and random vibration.

The characterizations of sinusoidal vibration and random vibration are based on two
distinctly different sets of mathematical formulae. Sinusoidal vibration is based on a sinu-
soidal wave as a function of time ¢ (Figure 14.5), as given below:

x = A sin of (14.5)

Apeak

Peak-to-peak

FIGURE 14.5
Constants for true sinusoidal wave.
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where:
x is the displacement
A  is the peak amplitude
o is the angular frequency of vibration, rad/s

We need to remember that 2z rad/s = 1 Hz.
The constants for true sinusoidal vibration are as follows:

Agerg = 0.637A (14.6)

ARMS = L14 (147)

V2

The severity of the vibration is characterized by the upper and lower limits of frequency,
sweep duration, and peak acceleration of the sinusoidal wave vibration.

Random vibration is an oscillatory motion whose instantaneous amplitudes occur as a
function of time following a normal (Gauss) distribution curve. In fact, random vibration
is based on a continuous spectrum of different frequencies.

The amplitude of any discrete frequency could be very large or small at any given instant
time. Random vibration can be represented in the frequency domain by a power spectral
density (PSD) function (as adopted by industry), although the term acceleration spectral den-
sity is much more appropriate. Equation 14.7, attributed to John W. Miles (1954), defines the

random vibration as follows:
Gross = ,/§P5Dan (14.8)
where:

Gras s the root mean square acceleration of vibration, G
PSD is the power spectral density, G>/Hz
f. is the natural frequency, that is, the first resonance frequency of the vibrated sys-
tem, Hz
Q s the transmissibility (or amplification) factor

The transmissibility Q is defined as a function of the critical damping ratio ¢, as follows:
Q=— (14.9)

Grys is determined by the square root of the area under the PSD curve; an example of
such a curve is given in Figure 14.6.

Miles” equation (14.7) can be used in both design and testing of a product that is sub-
ject to vibrations. For instance, if the natural resonance frequency of a product has been
determined (using ANSYS or COMSOL), then Miles’ equation can be used to estimate the
loads due to random vibration. In testing, the accelerations of a multiple degree of freedom
system due to random vibrations can be approximated using Miles” equation.
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Random vibration spectrum per MIL-STD-810G. (From U.S. Department of Defense. Department of Defense
test method standard: Environmental engineering considerations and laboratory tests. MIL-STD 810G, Section
514. Washington, DC: U.S. Department of Defense, 2008.)

Often, it is very useful to convert random vibrations to a sinusoidal vibration, and vice versa,
because some standards only list sinusoidal vibration requirements. The following method
relates random and sinusoidal vibration based on the effective damage theory (Wang, 2014).

To convert sine sweep or dwell to random vibration, the power spectral density is

PSD = At/ (nif,) (14.10)

The duration of random vibration t,; can be calculated by dividing the total vibration
cycles N of sinusoid dwell by the dwell frequency:

by = 7 (14.11)

The duration of random vibration t,; can also be expressed as a function of transmissibil-
ity Q and the rate of sweep R as follows:

O (14.12)

To convert the random vibration to sinusoidal vibration, we consider that the static accel-
erations in both types of vibrations are equal. Then, the peak acceleration is

Apeaic = \[TPSDf, (14.13)

The following formula will calculate the number of sinusoidal wave cycles:

N=tif, (14.14)



402 Combine Harvesters: Theory, Modeling, and Design

Then, the sine sweep rate R (octave/s), can be calculated using the following equation:

R=— 2 (14.15)

The method described above is applicable for sinusoidal vibration with a constant peak
acceleration sine sweep.

During work and transportation, a combine operator encounters whole-body vibrations
through the seat, hand—arm vibrations through the steering wheel and levers, and footrest
vibrations through the cab floor.

Inregard to the exposure of workers to the risks arising from vibration, European Council
Directive (EEC) 2002/44/EC defines the whole-body vibration as “the mechanical vibration
that, when transmitted to the whole human body, entails risks to the health and safety of
workers, in particular lower-back morbidity and trauma of spine.” The human body usually
has a natural frequency between 4 and 5 Hz and a low tolerance for amplitudes between 0.5
and 1.5 G. Table 14.2 shows the natural frequencies of the human body parts.

EEC 2002/44/EC stipulates daily vibration exposure limit values for whole-body vibra-
tion and hand-arm vibration. The vibration exposure level is defined as a function of the
vibration magnitude perceived by a person over a period of time ¢, as follows:

1/2

T
Gy = —ja; (t)at (14.16)

where:
a,(t) is the frequency-weighted acceleration over the time period (4,,,), m/s?
T is the measurement period, s

TABLE 14.2
Natural Frequencies of
Human Body Parts
Natural
Frequency,
Body Part Hz
Trunk 3.6
Eyeball 20-25
Chest 4-6
Thorax 3
Spine 3-5
Heart 4-5
Shoulders 2-6
Head 30
Stomach 4-7

Colon 20-25
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TABLE 14.3

Frequency Weighting and Multiplying Factors
Specified by ISO 2631-1

Frequency  Multiplier

Vibration Direction Weighting k
Longitudinal axis (X) W, 14
Transversal axis (Y) W, 1.4
Vertical axis (Z) W 1

If the human is exposed to vibrations of different magnitudes during i periods of time,
the frequency-weighted equivalent acceleration A,, is given by the following equation:

qu —k ZazzuiTi
DT

1/2

(14.17)

where:
T is the length of time period i, s
k is the orthogonal axis multiplier (Table 14.3)

Based on Scarlett et al’s (2005) study, the vibration levels for agricultural machinery
operators vary widely and approach or exceed the exposure limit value. The daily (8 h)
vibration exposure level A(8) (m/s?) may be derived from the following equation:

A(8) = A \/g (14.18)

where:
t isthe daily exposure time, h
A, is the frequency-weighted equivalent acceleration (Equation 14.17)
If the frequency-weighted equivalent acceleration is not known, then the daily vibration
exposure level can be calculated using Equation 14.16, as follows:

T 1/2
A(8) = k[lja; (t)dt} (14.19)
To
0
where Tj, is the reference time (8 h = 28,800 s).
The daily vibration dose value (VDV) (expressed in m/s'7®) a person is exposed to can be
calculated with the following formula:

T 1/4
VDV = kU at (t)dt] (14.20)
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where:
a,(t) is the frequency-weighted acceleration over the time period (a,,,,) at a vibrated, sup-
porting surface, m/s?
T is the duration of exposure to vibration within a 24 h period, s
k is the orthogonal axis multiplier (Table 14.3)

The European Council Directive (EEC, 2002) also provides a derogation that allows
averaging the daily exposure to vibration when occasional exposure levels are greater
than the exposure limit value (ELV). In such occasions, the weekly average vibration expo-
sure is normalized to a reference of 40 h. For more information on this, readers may read
Research Report 321, which was conducted at Silsoe Research Institute by Scarlett et al.
(2005).

14.3 Operator—-Machine Interface and Controls
14.3.1 Introduction

The operator—machine interface is the factual interaction of the human body and brain with
an engineering system (hardware and software subsystems), to control the system for a
desired output, with certain efficiency, during a rational work time over the machine life
expectancy, while the human person’s safety and health are preserved based on ergonom-
ics principles. The human body interacts with the machine by its senses and muscular
power, while the human brain acts by exercising knowledge, experience, and decision-
making command.

Our definition of the operator-machine interface implies not only a correlation between
human engineering data and specific controls of the machine, but also consideration of
safety, comfort, and convenience for the operator, while the machine is used within its
operating parameter range, for maximum output, over its predicted life of use.

The main ergonomics principles refer to the following:

¢ Designing for human capabilities and skills

e Easy/efficient to use (the interface with the machine)

¢ No overstraining of the human body and brain

* Maintaining a safe and healthy environment (in the combine cab)

Therefore, from the perspective of the human operator, it is important to consider the
seat design and the operator’s interaction with pedals, levels, buttons, speakers, and the
software interface (e.g., a screen, speakers) and other instruments, while satisfying ergo-
nomics principles for adjustable working position and envelope, visibility, hearing, and
touch senses.

Human engineering data defines acceptable ranges of different human character-
istics and parameters that represent design considerations for the human-machine
interface and controls. In the cab workspace design, a designer must also consider the
human-environment interactions, as well as physical and cognitive limitations. The
ergonomics design flow of the human-machine interface is based on a series of inter-
action priorities, as follows: the primary visual tasks and their controls, emergency
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controls, control/display relations, functional/sequential grouping, and frequency of
use.

The design reference points and zones refer to the seat reference points, arm rotation
points, eye reference points or zones, visual envelope, mobility, and comfort adjustment
ranges that define the operator working envelope. In terms of physical interactions, the
dynamic measures for the human body refer to the range and strength, grip, grasp, and
exerted forces for pushing and pulling in different directions.

Human physical data, as outlined by SAE ]833 (1989), “Vehicle Surface Recommended
Practice,” can be used as the main anthropometric data of adult humans. Table 14.4 dis-
plays selected physical dimensions of adult humans. Figure 14.7 shows the distribution
of weight of the U.S. male and female populations. Such data is useful for designing the
operator seat, as shown in the following section. The rule of using the 5th and 95th per-
centile values should be applied in a differentiated way; for example, the lower percen-
tile is used to ensure a short human arm can reach a control button behind the steering
wheel.

TABLE 14.4
Selected Physical Dimensions for Human Adults
5th Percentile 50th Percentile 95th Percentile
Body Measurements mm in. mm in. mm in.
Standing height with 1550 61.02 1715 67.52 1880 74.02
shoes
Sitting height 798 31.42 879 34.61 960 37.80
Knee height sitting 495 19.49 555 21.85 614 24.17
Horizontal seat 398 15.67 440 17.32 482 18.98
height
Elbow sitting height 189 7.44 214 8.43 239 9.41
Thigh height sitting 533 20.98 598 23.54 662 26.06
Knee-to-buttock 524 20.63 586 23.07 648 25.51
length
Buttock-to-calf length 409 16.10 457 17.99 505 19.88
Elbow-to-elbow 386 15.20 443 17.44 500 19.69
width
Hip width sitting 325 12.80 360 14.17 395 15.55
Hip pivot to 64 2.52 80 3.15 96 3.78
horizontal seat
height
Hip pivot to floor 816 32.13 916 36.06 1016 40.00
(leg length)
Arm span 1564 61.57 1742 68.58 1920 75.59
Hip pivot width 168 6.61 177 6.97 188 7.40
Shoe width 90 3.54 103 4.06 116 4.57
Foot width 84 3.31 94 3.70 104 4.09
Weight, kg/1b 48 105.8 73 160.93 98 216.05

Source: SAE J833, Human physical dimensions, vehicle surface recommended practice, in SAE
Handbook, Vol. 3, Society of Automotive Engineers, Warrendale, PA, May 1989.

Notes: 5th percentile data is for female population. 95th percentile data is for male population.
African descendants can have 2% longer arms and 4% longer legs than the dimensions
provided. Oriental descendants can have 7% shorter arms and 10% shorter legs than the
dimensions provided.
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FIGURE 14.7
Statistics of the weight of the U.S. male and female populations.

14.3.2 Operator’s Seat and Controls

One of the most important ergonomics aspects is related to the operator’s seat design and
its location with respect to the cab floor, pedals, steering wheel, and all controls. The seat
location depends on the operator working envelope and seat movements: floating up and
down due to its suspension and moving forward and rearward to accommodate all size
ranges of the designated operator. In addition to human anthropometrics, the operator
working envelope also depends on the human body postures and their ranges (Figure 14.8).

The seat movements relate to a central point called the seat index point (SIP). Figure 14.9
shows the SIP of the seat as well as ISO 4253 working zones. The seat should allow at least
150 mm (6 in.) fore and aft adjustment, 75 mm (3 in.) height adjustment, and 150 mm (6 in.)
vertical stroke. The seat lumbar support angle to the vertical should allows 5°-20° rotation
toward the rear direction. A modern seat (e.g., KAB 85-K6 made by KAB Seating; the mea-
surements are shown in Figure 14.10, and the seat is shown in Figure 14.11) has additional
features, such as adjustments of the seat cushion length, seat cushion tilt, and backrest
extension, an adjustable suspension stroke limiter, and a ride indicator for proper suspen-
sion. The armrests are adjustable and foldaway.

An interesting mathematical model of the seat suspension system for vibration control
was developed by Koszewnik and Gosiewski (2013). The passive system of the seat suspen-
sion consists of a cross-mechanism, a hydraulic damper, and a pneumatic spring. Such a
mechanism reduces the vibration transmitted from the vehicle platform to the operator.

The design of the seat and placement of the controls around it should be based on a user-centered
approach (Pheasant, 1996). This generally accepted approach derives from the acknowledgment
that the operator has particular needs within the context of the considered human-machine
interface, but the adaptation of its controls is not always useful or practical for a combine opera-
tor. The user-centered design approach considers equally well both physical (human strength)
and cognitive integration of the human system with the engineered system at hand.

Human strength for operating a combine harvester is needed for steering the machine,
actuating the clutch, braking (actuating the foot pedal), setting the safety brake on or off,
and actuating different levers, as the case may be, while the permanent need to “feel” the
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Neck flexion Neck lateral bending Neck twist
Low is 0—-45° Low is 0-20° Low is 0-20°
High is > 45° High is > 20° High is > 20°

Trunk flexion Trunk lateral bending Trunk twist
Low is 0-30° Low is 0-20° Low is 0-20°
High is > 30° High is > 20° High is > 20°

Shoulder
flexion/abduction
Low is 0-60°
High is > 60°

FIGURE 14.8

Human posture categories and ranges. (From Jorgensen, M.J. et al., Repeatability of a checklist for evaluating
cab design characteristics of heavy mobile equipment, National Institute for Occupational Safety and Health,
Spokane Research Lab, Spokane, WA, 2005.)

steering, clutch, and brake should be fully considered. Frequently used controls should be
placed such that the operator will use them without undue exertion or fatigue.

In regard to the foot pedal actuating, the following specific data should be considered
during combine seat control design:

¢ The full range of the knee angle is 160°-165°. The most comfortable range during
knee flexion adduction is 115°-125°, with a minimum knee angle of 90°.
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Operator seat SIP and ISO 4253 zones (dimensions in mm). (Mannequin from Dooley, W.K,, Ergonomics and the
development of agricultural vehicles, presented at the 2012 Agricultural Equipment Technology Conference,
Louisville, KY, 2012.)

683 — 588 -

FIGURE 14.10
Design and dimensions (mm) of a KAB seat for combine harvesters (Courtesy of KAB Seating, Northhampton, England.)

¢ The ankle angle during foot operations (ankle flexion) should be within the 90°-
115° range.

* The optimum lateral offset of clutch and brake pedals from the body midline
should be 220260 mm (8.65-10.25 in.).

® The minimum pedal travel distance is 30 mm (1.18 in.), and the maximum force
response should be considered 300 N (67.42 1b).
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FIGURE 14.11
KAB 85-K6 seat made by KAB Seating, Northampton, England (dimensions given in Figure 14.10).

As a general rule, the foot reach is defined by a hemisphere of 800 mm (31.5 in.) radius
centered on the centerline at the front edge of the cushion and extending downward. In
regard to the hand controls, hand reach is defined by a sphere of 1000 mm (394 in.) radius
centered on the seat front centerline, 60 mm in front of and 580 mm above the SIP of the
seat. However, the cab may limit the space as defined above and shown in Figure 14.12.
For a hand-operated lever, the minimum operating distance is 100 mm (4 in.), while the
maximum actuation force is 80 N (20 Ib).

The standards referenced below specify a series of other criteria for operator platform,
handrails, step requirements, and so forth.

14.3.3 Cognitive Ergonomics and Human—Machine Interaction Modeling

During driving and operating a combine harvester, the operator continuously perceives,
processes, and decides if and how to react to a wide variety of information presented
in different forms: visual, auditory, and tactile. Consequently, when concurrent decisions
have to be made and multiple tasks need to be performed, the operator’s mental workload



410 Combine Harvesters: Theory, Modeling, and Design

FIGURE 14.12
Arm- and foot-reach definition. (Data from ISO 4254-7, Agricultural machinery—Safety: Part 7: Combine har-
vesters, forage harvesters and cotton harvesters, International Organization for Standardization, Geneva, 2008.)

may approach his or her capability limits. At the mental level, a trained combine operator
interacts with the machine in different ways, which can be generally classified as per-
ception through sensory organs and operation with hands and feet. Between perception
and operation, the operator has to make decisions on if, how, and when to react. The per-
ception denotes the operator’s aesthetic pleasure to interact with the machine, perception
of machine complexity (quantity, variety, and interconnections), perception of machine
quality, and assessment of its reliability. The operation of a machine implies using a set
of operation skills (evaluated through the fitness for task) by processing the perceived
information, identifying controls, and acting by overcoming any difficulty in using them
(control usability), while continuously maintaining a certain level of situational awareness
by monitoring the system output.

According to Bridger (1995), the operator tasks in machine operation involve using short-
term memory processes; this infers a limited storage capacity of the memory and a short
interval of time for retaining the perceived information in regard to five to nine distinct
tasks. Wickens and Hollands (2000) introduced a model of information processing by
humans that illustrates the perception and cognition mechanisms, their relationships with
short- and long-term memories, and the response creation (Figure 14.13).

Dooley (2012) gives the example of monitoring the information displayed on the monitor
screen of a combine harvester; he classifies such information into three categories: fre-
quently viewed (grain loss, engine load), occasionally viewed (rotor speed, fan speed, crop
moisture and yield), and seldom viewed (header elevation, fuel level, coolant temperature).
It is agreed that each operator has his or her own habits in attention distribution, informa-
tion processing time, and reaction time. Individuals establish filters based on their back-
ground, experience, customs, and so forth. Some of the screened factors may be considered
irrelevant (not necessary truth) and thus ignored. The filtering mechanism changes in
certain conditions related to decision-making stress, tiredness, psychological state, and
overload. Consequently, modeling human behavior is nowadays a necessary condition to
eliminate, or at least reduce, machine operating errors.

When solving the assignment (e.g., soybean harvesting), the operator’s behavior char-
acteristics as the combine controller depend on four groups of variables: task variables
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FIGURE 14.13
Model of information processing by humans. (Modified from Wickens, C.D. and J.G. Hollands, Engineering
Psychology and Human Performance, 3rd ed., Prentice Hall, Upper Saddle River, NJ, 2000.)

(Figure 14.14), environment variables, operator-centered variables, and procedural vari-
ables. The task variables include all system inputs and control system elements external
to the operator; these variables directly and explicitly affect the operator assignment. The
operator assignment resides in driving the combine in the field with the crop to be harvested
and controlling the combine working processes so that the machine will work at full capacity,
while the grain loss is minimized and the grain quality is preserved. Thus, the opera-
tor workload is affected by two groups of combine harvester-handling qualities: vehicle
handling (guidance) on a path in the field and working process handling (process stabilization)
qualities. Process stabilization is the most demanding workload for the operator requir-
ing frequent control inputs to maintain a constant combine load and good quality of
grain.

The operator’s dynamics is affected by the following task variables: forcing function,
display, manipulator, and controlled element. The system forcing function is a random or
randomly appearing time function that has stationary or quasi-stationary properties.
Depending on how the display presents the operator with a visual stimulus, the display
may operate as either a compensatory or a pursuit tracking system. A compensatory track-
ing task is one in which the output signal from the controlled machine is fed back and
compared with the input signal, resulting in an error the operator is required to at least

Assignment Task variables

Forcing | Disturbances \ ™\
function
Perceived inputs,
Commands outputs, and ! Co?trol
Displays errors Operator actions | Congrolled |Outputs
4 Manipulator subsystem
Motion feedback
FIGURE 14.14

Task variables affecting the operator-machine system. (Adapted from McRuer, D.T. and HR. Jex, IEEE
Transactions on Human Factors in Electronics 8(3):231-248, 1967.)
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FIGURE 14.15
Possible model of human operator behavior in controlling a combine harvester.

minimize. An example of such a system is the implementation of a grain loss sensor, and
the operator attempts to reduce the error.

The environment variables, external to the operator, include vibration, temperature,
humidity in the cabin, and so forth. The operator-centered variables characterize operator
motivation, stress, workload, training, fatigue, and so forth. The procedural variables are
more difficult to quantify; they relate to instructions, practice, and order of presentation,
as well as experiment design.

Human behavior in the process of system control can be described by relevant ele-
ments of an automatic control system. Different researchers (McRuer and Krendel, 1974;
Cameron et al.,, 2003) proposed alternative mathematical models of human behavior in
a dynamic control system. The behavior of a human operator derives from Figure 14.14
and can be described by a block diagram, as shown in Figure 14.15. The linear block
delivers the model input signals obtained by quantifying the information captured
by human sensory organs. The nonlinear component consists of the saturation model
and information transport delay blocks. The saturation model takes into account the lim-
ited reaching range of human arms and legs (human manipulator characteristics). The
information transport delay is the time for human response to outer stimuli. The last
block is the model of muscle active and passive characteristics for actuating the machine
controls.

The Precision Operator Model represented by Equation 14.21 is an extension of the Crossover
Pilot Model (McRuer and Krendel, 1974). This model is a single-input, single-output (SISO)
model expressed in the Laplace domain as follows:

Y, =K, ?S: e : (14.21)
s (Tns+1)(sz+g”s+l)
('071 (")77

where Y, is the overall output of the operator’s behavior and action, and K, is the operator
gain, that is, operator habits for a given type of machine. The operator gain represents
the operator ability to respond to an error in the magnitude of a controlled variable. T
is the lead time constant, which depends on the operator’s experience. It quantifies the
operator’s ability to predict a control input to avoid the occurrence of a possible situ-
ation or event. This ability results from the highest level of situational awareness that
comes from knowledge and experience of the controlled system state and dynamics. T,
is the lag time constant, which describes the ease with which an operator executes the
required control input. The lag constant depends on the degree of learned stereotypes
and routines applied by the operator in exercising machine control. 7 is the time con-
stant that characterizes the delay of the brain response to the operator’s muscles and
eye perception. This parameter represents the period between the decision to change
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Integration model of human operator-machine control system.

a control input and the act itself. Such a delay depends on the actual state of the neu-
romuscular system, as well as on one’s physical and mental condition. Ty is the neu-
romuscular lag time constant, which represents the operator’s action delay to trigger the
muscle from the moment the signal is sent from the brain. o, is the undamped natural
frequency of the neuromuscular system. {, is the damping ratio of the neuromuscular
system.

The terms

TLS+1
" Tis+1

in Equation 14.21 are collectively described as “human equalization characteristics,” while
the last terms are described as “inherent human limitations” (Cameron, 2002).

The integration model of the human operator-combine harvester control system can
be achieved as illustrated in Figure 14.16. The human operator model can be represented
by Equation 14.21. The combine process model is a complex model that can be built
at least based on the information outlined by this text. It could also be considered the
model of combine vehicle kinematics while steering (see Application 2.2). The loop of
process oscillation damping represents the first negative feedback; its aim is to reduce
the reactive process oscillations, and it can be designed as a linear member with ampli-
fication less than 1.

For more information on this topic, readers are primarily directed to the References
and Bibliography, specifically Szabolcsi (2007), Cameron (2002), and McRuer and
Krendel (1974).
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Guidance and Control of Autonomous
Combine Harvesters

Following a task assigned (i.e., programmed) by a human supervisor, an autonomous combine
harvester should be capable of the following while maintaining permanent communication
with the human supervisor:

* Automatic navigation on the road and in the field

® Self-acting and reacting to its environment (other vehicles, obstacles, road condi-
tions, etc.)

® Self-regulating the harvesting process of a crop

Before becoming autonomous, a combine harvester must have the entire technological
process completely automated and self-controlled for maximizing the working capacity and
preserving the quality of grain, which may be harvested from dispersed areas featuring cer-
tain crop variability. This primary requirement for an autonomous combine harvester can be
achieved by using the mathematical models described in this book, control theory, and other
specific knowledge in conjunction with in-house acquired design experience and quantified
in-field experience.

Then, an autonomous guiding system that controls the vehicle direction, speed, and
acceleration has to be implemented. Consequently, a camera-based system and a global
positioning system (GPS)-based system need to be coupled in an autonomous combine with
vehicle motion control. Thus, the camera system can be used without an a priori map of the
crop field and can also be used for obstacle detection. The GPS system helps in navigating
the vehicle on the road and prevents positioning errors from accumulating indefinitely. In
addition, each system may mutually help compensate for the failure modes of the other
system. Thus, the GPS eliminates the problems of the camera-based system due to poor
lightning and sparse crop conditions, while the camera-based system may compensate GPS
complications due to multipath choices or occluded satellites. There are also cases of using
geomagnetic position sensors for implementing the noncontact location of the vehicle.

The following sections describe the principles, methods, specific algorithms, and equip-
ment useful in autonomous vehicle development and, in particular, for integration within
combine harvesters as complex mechatronic systems.

15.1 Precision Harvesting, Geospatial Dispersion,
and Variability of Crops

The location of a crop field, weather, soil features and heterogeneity, and associated recent
history of crop cultivation on that field have a substantial influence on the growing and
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maturing of actual and subsequent crops. The large geospatial dispersion of cereal crops
and the farm size associated with different ownership make it difficult to manage crop
cultivation in a particular area without collecting, interpreting, and using current and
historical data about the crops grown in that area and surrounding region.

Precision farming is an information and technology-based management system whose
aim is to improve crop production efficiency by adjusting farming operations to specific
conditions within each area of a field, for a certain crop, or crop rotation.

The term precision harvesting derives from the precision farming concept for facilitating
the farming management based on data collection during harvesting of different crops,
whose variability (biomass development, yield, grain quality, genetic and organic matter
content, and distribution) is inherently characterized by spatial and temporal components.
Moreover, further relationships may be derived from association of the above-mentioned
crop variables with the influence of terrain location, its topography, and soil chemical com-
position (nitrogen, magnesium, potassium, etc.). This requires the synchronization of an
on-the-go measurement and data acquisition system mounted on the combine harvester
with a navigation system for the field. Collected data may also be used for representing the
crop growing process and crop harvesting operations through mathematical models that
explain and predict the possible evolution of the considered process. Models of fertilization
and water flow throughout a field, associated with historical yield data acquired during
crop harvesting, may be cued to in-field growth models. For instance, in organic farming,
the model of nitrogen (N,) entering crop rotation via symbiotic leguminous—rhizobium N,
fixation may be correlated with site-specific conditions and spreading of organic manure.

Chapter 13 describes a series of sensors that can sense the variation of different crop
variables and deliver this information to an electronic communication and storage system.

Correlating comprehensive and accurate data in real time during harvesting with the
features of the terrain, as well as with local farming history, became possible and afford-
able by the development and implementation of reliable global navigation satellite systems
(GNSS), such as the U.S. GPS NAVSTAR (Global Positioning System—Navigation System by
Time and Range), Russian GLONASS (Global Navigation Satellite System), and GALILEO
from the European Union. China is also in the process of developing and expanding the
Compass navigation system by 2020. Both GPS and GLONASS work on the same principle.
The next section gives readers an in-depth introduction to GPS.

15.2 Introduction to GPS, Coordinate Systems,
and Latitude and Longitude

GPS provides continuously specially coded satellite signals that can be processed with a
GPS receiver (located on a vehicle of choice on the earth) for computing and displaying,
at any time, the position and velocity of a moving or stationary vehicle. The current sys-
tem, which became fully operational in June 1993, is administered by the U.S. Air Force
for the U.S. Department of Defense. The GPS system is based on three segments: space
segment, control segment, and user segment. The space segment comprises 24 geostationary
satellites (4 satellites on each orbital plane, with 55° and 60° inclination between adjacent
orbital planes) that orbit our planet at the altitude of 20,183 km, once every 12 h (Figure
15.1). Each satellite has its own identification number and sends messages for its identifi-
cation, positioning, timing, and ranging data, as well as its orbit parameters. The control
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FIGURE 15.1
(See color insert.) GPS constellation of 24 satellites (6 orbital planes, each with 4 satellites).

station—a network of earth-based facilities—controls the space segment. The user seg-
ment consists of a receiver that tracks the satellite signals, processes the information based
on an embedded algorithm, and displays the map and user position on the map and its
speed. Information processing consists of time synchronization (by computing the time
offset), satellite data decryption, computation of the pseudorange of each satellite, and
position coordinate computation.

The signals emitted by a minimum of four GPS satellites are required for computing three-
dimensional (3D) positions and the time offset. Each satellite emits a unique signal. The
receiver calculates the distance by recording the time difference between the moment when
the satellite starts its signal and the moment when the signal reaches the receiver. To ensure
very accurate time measurement, the satellite atomic clock has an accuracy of 3 x 10?s. The
GPS NAVSTAR provides autonomous position information with accuracies within +(10-
15) m. For higher accuracy, a differential GPS (DGPS) from a base station calculates the errors
of the runtime and pseudorange measurement by comparing the calculated position with
the real position. Thus, the position accuracy of the mobile receivers can be improved to +(2-
5) cm. DGPS systems require a differential signal from either a free service such as Wide
Area Augmentation System (WAAS) or Coast Guard Beacon, or a commercial service such
as OmniStar or John Deere’s StarFire system. A comparison of such systems, their accuracy,
and advantages is shown in Table 15.1. WAAS provides free GPS differential correction data
for visible satellites. The phase differential real-time kinematic (RTK) systems are the most
precise GPS systems, with centimeter accuracies, but they are also expensive. The accuracy
depends on the receiver design, time spent on measurement, data postprocessing, relative
positions of satellites, technically known as position dilution of precision (PDOP), and clock
time offset. The U.S. Department of Defense controls the selective availability (5/A) feature of
GPS, that is, the intentional degradation (referred to as dithering) of the standard positioning
service (SPS) signals by a time-varying bias to limit accuracy for non-U.S. military and gov-
ernment users; this feature can be reactivated at any time without prior notification.

The coordinate system used by GPS is shown in Figure 15.2. Both latitude and longitude
use the center of the earth as the vertex, but their zero reference is different.
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TABLE 15.1
Comparison of DGPS Systems
Specification WAAS Submeter Decimeter Centimeter, RTK
Price range, US$ 100-500 500-2,500 2,500-7,500 15,000-50,000
Source of WAAS Coast Guard, OmniStar HP, Real-time moving
differential signal Omnistar VBS, StarFire II (requires  systems need a base
StarFire I, local dual-channel station within
differential services receiver) 9.5-16 km
(6-10 miles)
Accuracy, m (in.) 1-3 (39-118) 1-3 (39-118) 0.075-0.3 (3-12) 0.025-0.05 (1-2)
Advantage Low-cost, small Better accuracy Best accuracy Highest accuracy
handheld unit without RTK and repeatability
Use Mapping, yield Mapping, yield Guidance (close to  Precise guidance,
monitor monitor, limited TOW crop) elevation and
guidance survey-grade
mapping

Source: Stephens, S.C. and V.P. Rasmussen, High-end DGPS and RTK systems, Utah geospatial extension
program, USU/NASA space grant, 2010.

Toward conventional Z
international origin (CIO)

Receiver
position

Greenwich
Meridian

FIGURE 15.2
Coordinate system used by GPS.

The principle of object positioning is based on the following observation equations:

pi:\/(xp_xi)2+(3/p_yf)2+(zp_zi)2+AP+31‘ (15.1)
Ap; = c AT, (15.2)

where:
i is the satellite number,i=1, ..., 4
p; is the pseudorange of satellite i (computed distance from four satellites)
Xy Yy Z, are the GPS receiver coordinates
Ap is the offset due to satellite error
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AT is the receiver clock correction time
e; 1isthe additional error

1

c isthe light speed

The GPS time is very precise; thus, we can substitute an atomic clock with a GPS receiver.
There are some factors that may influence the determined position accuracy, as follows:

¢ Receiver design (e.g., number of channels, different tracked systems).

* Due to the way the satellites orbit, there might not be four satellites “visible” at
all times. Consequently, when planning the use of GPS, the satellite availability
should be checked. Moreover, if the number of required channels is greater than
the number of available channels, the measurements are less accurate.

It is good to know some more aspects in regard to GPS codes, their travel, GPS signal
modulation, code phase ranging, and so forth; however, they are beyond the scope of this text.

15.3 Map Projection

The latitude indicates the position of a place on the earth ranging from 0° to 90° north or south
of the equator. Around the poles, the earth’s circumference is approximately 40,0079 km
(24,859.82 miles). That means every degree latitude is the equivalent of 111.133 km (69.05 miles).
The earth map is divided into 60 Universal Transverse Mercator (UTM) zones of latitude,
each 6° wide at the equator. They extend from 84° north to 80° south. The numbering of
these zones begins at 180° longitude and is performed consecutively eastward.
Thelongitude indicates the position of a place on earth ranging from 0° at the Greenwich
meridian (prime meridian or 0° longitude) to +180° eastward and -180° westward. At the
Equator, the earth’s circumference is approximately 40,075.06 km (24,901.55 miles). That
means, at the equator, every degree latitude is the equivalent of 111.32 km (69.17 miles).
A UTM conformal map gives the location of a place on the earth using a two-dimensional
(2D) Cartesian coordinate system, independently of vertical position. It uses a secant trans-
verse Mercator projection in each of the 60 UTM zones. As an example, the UTM zones
of U.S. territory are shown in Figure 15.3. The representation of a region on map allows
determining the distance between every two points using Pythagoras’s theorem because a
UTM map is a grid-based system.
Besides vehicle-operated or autonomous navigation, the UTM maps and GPS technique
can be used to track the spatial variability of soil properties, crop properties, and yield
obtained during harvesting.

15.4 Geomagnetic Direction Sensing

The geomagnetic field, that is, the earth’s magnetic field, is mainly generated in the earth’s con-
ducting fluid outer core through the self-exciting dynamo effect of motion of the iron-rich
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FIGURE 15.3
UTM zones of U.S. territory.

molten material (Figure 15.4). Other magnetic fields produced by magnetized rocks and
electric fields, for example, in the ionosphere and magnetosphere, superimpose on the main
field. The intensity of the earth’s magnetic field is between 31 pT at 0° latitude and 65 pT. For
comparison, the intensity of the strongest continuous magnetic field produced in a labora-
tory (Florida State University, National High Magnetic Field Laboratory) was 45 T.

The magnetic field at any point in space can be represented as a vector with direction
and magnitude. The magnitude B, which is the total intensity of the magnetic field, can be

FIGURE 15.4
Origin of the earth’s magnetic field. (Courtesy of NASA, Washington, D.C.)
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FIGURE 15.5
Geomagnetic field parameters.

represented on three orthogonal components on X, Y, and Z axes, as shown in Figure 15.5.
The angle between the horizontal component H (heading) and true north (i.e., geographic
north) is called the (magnetic) declination (D). The angle between magnitude B and the hori-
zontal plane is called the (magnetic) inclination (I) or magnetic dip. D and I are measured in
degree units, positive cast for D and positive down for I, with respect to Figure 15.5.

The magnetic field of the earth is uniform over a wide area (e.g., several kilometers).
A vehicle (made by ferrous metals) creates a local disturbance in this field, whether mov-
ing or standing still. An anisotropic magnetoresistive (AMR) sensor can detect a change
in the earth’s magnetic field due to a disturbance generated by a vehicle. AMR sensors can
sense direct-current (DC) static fields as well as the strength and direction of the field. An
AMR sensor (Figure 15.6) is made of a nickel-iron (permalloy) thin film deposited on a
silicon wafer, and it is patterned as a resistive strip in a Wheatstone bridge configuration.
Because they are a thin-film technology product, AMR sensors can be easily integrated in
commercial integrated circuit packages.

Metal contact Permalloy
thin film
/ M (NiFe)
Current flow 9 ; ‘

Applied field

FIGURE 15.6
Anisotropic magnetoresistive element. (Courtesy of Honeywell, Plymouth, MN.)
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The AMR sensors represent a very convenient way to measure both linear and angular
displacement, as well as the position of an object subject to the earth’s magnetic field. Thus,
they can be successfully used for vehicle detection, movement direction and speed, and
compass navigation (Caruso and Withanawasam, 2000).

15.5 Computer Vision

U.S. lawmakers have recently passed legislation that allows fully autonomous vehicles to
share public roads. The demonstrations at the DARPA Grand Challenges and by industry
leaders have established that the core technical barrier to achieving autonomous vehicles
is road scene understanding. There is a perception that a wide gap exists between what
is needed by the industry to successfully deploy camera-based autonomous vehicles and
what is currently possible using computer vision techniques. This section attempts to
explain the challenges associated with the computer vision field and outline a summary
of how computer vision is related to an autonomous combine harvester.

Computer vision is the combination of science and technology for developing and
applying computer algorithms for image data processing and analysis, pattern recogni-
tion, photogrammetry, and computer graphics to produce numerical or symbolic infor-
mation, for example, in the form of decisions. The image data can be provided as video
sequences, views from multiple cameras, or multidimensional data. Computer vision is
the construction of an explicit, meaningful description of the properties of a 3D world
from 2D images.

Computer vision deals with automating and integrating a wide range of methods, repre-
sentations, and computing for vision perception. Subdomains of computer vision include
event detection, video tracking, learning, indexing, motion estimation, and image restoration.

According to Marr (1982), there are three levels of description of a visual information pro-
cessing system: physical level (hardware), representations and algorithms, and computa-
tional level. Sensors are used to obtain the images from the 3D environment. A static scene is
in general 3D, while a dynamic scene is four-dimensional, represented by spatial-temporal
information. The input to the system is a camera image from which, through a multilevel
process, a representation of the environment scene that caused the image is obtained. The
conceptual framework, within which image processing and understanding is explained, is
represented in Figure 15.7. There are four consecutive, task-specific processes whose out-
come is materialized into specific intermediate representations of the acquired image. Each
process is possible if certain types and appropriate levels of knowledge are applied. The
first process is the radiometric feature identification and segmentation of a digital raster
image. Through the low-level vision process, mapping of 3D scene elements is performed
to extract the real-world features as immortalized in the processed image.

As the name suggests, object recognition is the process of identification and extraction
of the image objects by applying particular knowledge of object models, regardless of
the angle of camera view. The latest process—high-level vision—results in detection and
interpretation of object/time-transcending connections, such as object configurations, spe-
cial situations, and articulate motion sequences. Image understanding can be achieved by
developing and applying various matching algorithms. That means the results from the
low level of processing are compared with those from the high representation level. Such
interconnections are suggested by the bidirectional arrows shown in Figure 15.7.
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Type of knowledge Representation level Processing level

Processes
Situations

Object configuration
Common sense

Situation models é} High-level vision

Process models
Objects

Trajectories

Object models i} Object recognition

Scene elements

3D surfaces, volumes

L or contours

Projective geometry
é} Low-level vision

Photometry

Physics

Image elements:

edges, regions,

texture, motion folw

E .
Real-world features @ eature extraction

Digital raster image Segmentation

(rough image)

FIGURE 15.7
Hierarchy of knowledge-based processes of image understanding. (Adapted from Neumann, B., Bildverstehen-
ein Uberblick, in E infithrung in die kiinstliche Intelligenz, ed. G. Gorz, 559-588, Addison-Wesley, Bonn, 1993.)

Although very coherent and suggestive, the above-described image understanding
processes may not always be accurately followed.

15.5.1 Image Formation and Acquisition

The image forms on an analog film or digital silicon, when the light from a scene passes
through the lens of a camera. According to the physical law of image formation through
the lens, the relationship between the distance z, to an object and the distance behind the
lens at which a focused image z; is formed can be expressed as follows:

1. 1.1 (15.3)
Zy Zj

where f is the focal length of the lens.
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FIGURE 15.8

(See color insert.) Image processing by an analog-to-digital (A/D) converter sampling the National Television
System Committee (NTSC) signal.

Due to the fact that the index of refraction in glass varies with wavelength, a simple lens
may be subject to chromatic aberration because the light at different wavelengths is focused
at slightly different focal lengths f, and hence a different depth x{. This effect is reduced
by compound lenses.

The lenses also have a vignetting effect (natural or mechanical), which is the effect of
image brightness falling off toward the edge of the image. Natural vignetting occurs due
to foreshortening in the object surface, projected pixel, and lens aperture. Mechanical
vignetting occurs due to internal occlusion of the light rays near the lens periphery.

Animage acquired by a camera may be displayed on a monitor using a signal-digitizing
card according to the process schematic shown in Figure 15.8.

An imaging sensor picks the light using an active sensing area, and then the signal is
passed to a set of amplifiers. There are two main types of such sensors: charge-coupled
device (CCD) and complementary metal oxide on silicon (CMOS). For every set of the scene
points with coordinates (X, Y;, Z,), we get image points (x;, y,). If the scene and image points
are represented by homogenous vectors, and the coordinates of the image point are

X; = f }Z(S
: (15.4)

Y,

Yi= fZ

then the central projection (Figure 15.9) is a linear transformation expressed as follows:

Y
Projection

Scene point
center

(X, Y, Z)

Image point

76 :

FIGURE 15.9
Formation of the projection center on the imaging sensor.
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X,
ul [f 0 0 0 v
vl=[0 f 0 0 ZS (15.5)
w| |0 0 1 0 1”‘

where u, v, w are the homogenous coordinates of the image point
We must note that

u
xi = —
@ (15.6)

Yi=

SHES

An autonomous vehicle (using a computer vision system) could evaluate its distance
from incoming cars at night partly from a model of cars. Thus, knowing the distance
between car headlights (Figure 15.10), the distance to the car can be calculated with the
equation

- _fD (15.7)

The scene coordinates (measured in meters) are scaled to fit onto an image sensor (ulti-
mately measured in pixels). Considering Equations 154, these coordinates (x,;, y,) are
calculated as follows (Figure 15.11):

Xs + stO

Xpi = kexi +x0 = fky Z (15.8)
Y, + Z,
Ypi =kyyi+yo = fky,— 7 = (159)

where k, and k, are scaling factors on the x and y axes of the image.

Image pla%
Projection _
center C
; ﬁ\
'\

Z

FIGURE 15.10
Parameters required to calculate the distance from a car.
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| Image point
Ipi (¥

I

>

Yo Image x
center

X0

FIGURE 15.11
Image pixel coordinates after length transformation.

Using homogeneous coordinates, we can write

X
u’ Oly 0 X0 O v
v[=|0 o, y O ZS (15.10)
w’ 0 0 1 0 15

with x, and y, being the coordinates of the image center, expressed in pixels, and the focal
lengths a, and «, given by the following equations:

(xx=ka

(15.11)
oy = fky
By similitude with Equations 15.6, we can write
u/
Xpi = w’
(15.12)
U/
yl’i = w’

Adding the skew parameter s, the 4 x 3 matrix from Equation 15.10 can be written as a
product of camera calibration matrix K and unitary matrix I as follows:

; 0 o, S x|/l 0 0 O
0 a % O0[=[0 a w[/0 1 0 0|=K[Lj0o;] (513
o] o 0o 1flo o 1 o0

Kis an upper-triangular matrix with five degrees of freedom. When calibrating a camera
based on 3D points, we end up estimating the intrinsic matrix K.
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When acquiring an image, although 3D geometric features of a scene are projected into
2D features, the image is also made up of discrete color or brightness intensity values. For
radiometric modeling of the pixel brightness and scene brightness, we take into account
that

¢ The intensity of a light source falls off with the square of the distance between the
light source and the object being lit because the same light is spread over a larger
area.

¢ Pixel brightness is proportional to the radiance of the corresponding scene patch
that is independent of the viewpoint.

¢ Radiance of the scene patch is proportional to the cosine of the angle between the
normal to the patch and the direction of the illumination source.

Consequently, the pixel brightness is proportional to the cosine of the angle between the
normal to the patch and the direction of the illumination source.

The incident illumination on an object sitting in an outdoor environment implies a more
complex light distribution. It can be represented using an environment map or a so-called
reflection map.

15.5.2 Object Recognition

The recognition of an object in a given image is the most important aspect of visual per-
ception. The main goal of object recognition is retrieving information that is not apparent
in the image. Recognition of common objects is way beyond the capability of the artifi-
cial systems proposed so far because visual object recognition is not a single or simple
mechanism. For visual object recognition, multiple mechanisms are considered, such as
characteristic shape, color pattern and texture, branching patterns, reflection-based mate-
rial, object location relative to other objects, characteristic motion, prior knowledge-based
anticipation (expectation), and reasoning.

The recognition methods can be divided into three classes: alignment methods, invari-
ant property methods, and part decomposition methods. A vision system may combine
methods from all three classes.

The alignment methods use point features (e.g., triangles) to find a sparse set of correspond-
ing locations in different images. Such correspondences can also be used to align different
images (e.g., rounded objects with smooth contours), or to perform object instance and cat-
egory recognition. The best advantage of using key points is that they allow matching even
in the presence of clusters. Two main approaches are used to find feature points and their
correspondences. One approach is to identify features in an image that can be accurately
tracked using a local searching technique, such as least squares sum. The other approach is
to independently detect features in all images at hand and then match features based on their
local appearance.

The invariant property methods are based on color indexing, salient features (points), and
geometric hashing. Woebbeck et al. (1995) was among the first researchers to test vegeta-
tion color indices for differentiating green plants from soil, corn residue, and wheat straw
residue in images. The color indices have been derived from color chromatic coordinates 7,
g, and b as follows: r—g,¢-b, (g — b)/(r — g),and 2g —r - b.

The chromatic coordinates are defined as
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7‘_71{*

"~ R*+G*+B*

g= G* (15.14)
R*+G* + B*

b B
R*+G*+ B*

where the values R* G* and B* are normalized RGB values from the interval (0, 1), obtained
as follows:

Re= R
Rl’ll

G=C (15.15)
G

Re= R
Rﬂ’l

R, G, and B are the actual pixel values obtained from color images, while the values R,,, G,,,,
and B,, take the value 255, which is the maximum tonal value for each primary color red,
green, and blue.

The color indexing technique follows the steps given below:

¢ Build a color histogram M of the model to be identified in an image.
¢ Build a color histogram I of whole image.

® Build M/T; that is, each bin of color i is replaced by the ratio M;/L.

* Replace each pixel of color 7 by its confidence value.

¢ Smooth the confidence image.

¢ Identify the model as peaks in the confidence image.

The geometric hashing uses the affine projection model. This involves using a special
affine matrix transformation.

The invariant property methods are grounded on invariant features, such as color con-
tiguities, shape moment (inertia of shape computed with respect to coordinate axes), and
geometric features: elongation, perimeter length, and so forth. This method does not
require the storage of a set of views. The main disadvantage is that the universal features
are independent of the viewing position but dependent on the object nature.

The part decomposition method is based on an assumptions series, such as each object
can be decomposed into a small set of generic elements, and these elements can be clas-
sified independently from the whole object to be identified in the image. The recognition
process can be divided into the following subprocesses: object description in terms of con-
stituent parts, part location, part classification as different types of generic components,
checking the relationships between the parts, and selection of the objects for which the
structure matches the detected relationship in the best way.
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Computer vision is a distinct discipline whose theory and practice have made remark-
able advances in recent years. The basic definitions given in this subsection should be
viewed only as an invitation addressed to readers for a systematic deepening of knowledge
in this area by consulting designated texts and research papers.

15.6 Machine Path Tracking and Control

The purpose of path tracking by a combine harvester is to follow a predefined path, that
is, a series of waypoints represented by (x, ) coordinates that can be indicated using GPS
through metric path planning. The main problem for an autonomous combine harvester is
avoiding obstacles. Having a predefined path, the vehicle could be programmed to follow
the path, and an algorithm should be used to search for the optimal path. This implies that
if there is a need to avoid an obstacle, the machine will go around it, and have the path
replanned to reach the desired location.

A proper path-tracking technique should allow the control of all subsystems that con-
tribute to the vehicle performance, for example, engine, throttle, transmission, brakes,
steering, tire rolling, and slippage.

In the following, let us solve the control problem of a combine harvester that moves in
the field at a constant velocity v, and the objective is for it to be steered so that it will reach
the destination in minimum time. We assume that there are no obstacles; therefore, the
combine may travel anywhere without being confined to a roadway.

As an example of such a control algorithm, we start with the solution given in
Application 2.2 (Figure 2.2) and the corresponding kinematics model, which are repeated
here for convenience:

X =7, COS Y,

Y =7 sin y,
(15.16)
. 0,
c= -——t s
v L an y

'c

‘i/s=0~)k

Hamilton’s principle states that the actual motion of the vehicle along a path between two
consecutive, generalized coordinates takes place through a stationary action. In regard to
our application, we applied, adapted, and explained the optimal control method described
by Cook (2011) for a vehicle steered in a different way.

Let us form the Hamiltonian H, as shown below:

H=1+A\,0. cos Y.+ A, sin Yy, — Ay, %tan W + Ay, Ok (15.17)

This means that for any small deviation of the path from the current one, keeping the
initial and final configurations fixed, the action variation vanishes to first order in the
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derivation. Thus, to find out where a differentiable function has a stationary point, we
differentiate and solve Equation 15.17 by setting the derivative to zero.
Consequently, the equations for the costates become

a2 9H (15.18)
Toox
That makes
A =G (15.19)
oH
A,y =—=0 (15.20)
Yy ay
That makes
A, =G (15.21)
oH
Ay. =——=0 15.22
Vs aw ( )
or
Ay, =C4 (15.23)
and
Mg == 9 — (s, sin e+ A0, cos ) = At~ (15.24)
Ve awc 2 Y A Y
That means
Ay ()= Cs +Ca [ (1)~ y(0) ]~ Ca [x(t) ~ x(0)] (15.25)

From the geometry given in Figure 2.2, we get

L
t s= 15.26
an V.= (15.26)

which, by solving, yields the instantaneous radius of curvature for the path of the center
of the vehicle’s front axle.

By examining the Hamiltonian (15.17), it can be minimized by choosing a value y, of the
steering angle that satisfies the following condition:
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Vs = Womax sign (Ay, ) (15.27)

whenever

Ay 20

Vs

Thus, the optimal control action determines the vehicle moving on segments of circles
with the radius

R=_ L (15.28)
tan Wsmax

An interesting control option is the singular control, that is, A,,, = 0. Consequently, over
the nonzero interval, we should have A, = 0. Thus, Equation 15.24 becomes

A= Ayx =0 (15.29)
or

Cy-Cx=0 (15.30)

Interpreted geometrically, Equation 15.30 describes the movement of the vehicle on a
linear path with the slope

_G

= 15.31
m c. (15.31)

When the vehicle moves on a straight path, y, = 0. Thus, the optimal control obeys the
law

Vs = Ysmax Sign (}\'\Vs )

Ay, 20

and
Vs =0 (15.32)
Ay, =0

Consequently, the conclusion is that the optimal control is seen to be a series of seg-
ments (clockwise or counterclockwise circle segments, y, = +y, ,,..) or straight line seg-
ments y, = 0.
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EXERCISE

Apply the above-described control method when the vehicle moves on a defined path,
starting from the kinematics model given in Application 2.2 for the vehicle kinematics
shown in Figure 2.3.

15.7 Framework of an Autonomous Combine Harvester

The key elements of an autonomous combine harvester are guidance sensors (GPS receiver),
process sensors, computational methods, navigation planning, and steering controller. In
lieu of conclusions, the framework of such a combine harvester is given in Figure 15.12.

Vehicle guidance

Sensors Computer algorithms
Computer vision Hough transformation
GPS Fuzzy-logic control
Mechanical sensors Genetic algorithms
Geomagnetic sensors Kalman filter

N ¥

Position

Heading
Vehicle state

Navigation planners

Tracking methods Vehicle methods
Position tracking Dead reckoning
Path tracking Kinematic model
Map tracking Dynamic model
Obstacle avoidance Fuse sensors

N '

Steering angle
and angular
velocity

|

Steering controllers
Open-loop control
PID control
Adaptive control
FPID control

FIGURE 15.12
Framework of an autonomous combine harvester.
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This topic was already partially discussed in this chapter; however, the whole subject
requires extensive reading from other sources, such as those quoted in the references list
of this chapter. The author also recommends reading the RAND publication “Autonomous
Vehicle Technology: A Guide for Policymakers” (Anderson et al., 2014).
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Appendix

MATLAB Application: Genetic Algorithm—-Based
Optimization of Threshing Process

% This is the BINMUT.m file
function y = binmut (x)

if x = =0
xloco = 1;
else
xloco = 0;
end

y = xloco;
% This is the cptpet.m file

h = hbar*lp;

lmbdh = 1mbdo* (1lp-h)/(lp-1lmbdO*h) ;

epsh = epsb* (1lb-h)/(lb-epsb*h) ;

gamh = 1-1mbdh;

Imbdhb = lmbdh+gamh*epsh;

gph = gp*lmbdh/lmbdhb;

p = eta*(s0-pi*de”™2/4)/s0;

beta = kbeta*p*sqrt (v*up*sqgrt (gph) /sqgrt (rop) *exp (-gph/gp0-up/upmin) ) ;
lambda = klmbd*sqrt (rop*v*delta/eta/qgph/sqgrt (up)) *exp (gph/gp0+up/upmax-v/
vO0) ;

sectpp = diapp*sqrt(s0/2);

ppp = eta* (l-sectpp/s0);

aapp = ppp*caa*gph*v*delta*up/exp (gph”cab+cac* (v+delta+up)) ;

bbpp = cbd*gph*delta*up/exp (gph”*cbe+cbf* (delta+up)) ;

ss = 100/ (lambda-beta) * (lambda* (1-exp (-beta*L)) -...

beta* (1-exp (-lambda*L))) ;

pts = dsp*v*v/ (R*gph) +asp*up*exp (qph™0.5+csp* (v+delta-up))/. ..
(gph”bsp*v*csp*delta) ;

Ls = 100*lambda/ (lambda-beta) * (exp (-beta*L) -exp (-lambda*L)) ;

us = 5.4456%*exp(0.02763*up) ;

sv = av*up*exp (bv*v+gph”® (-0.5) -dv*up) / (gph*v*us) ;

pp = 100*aapp/bbpp/ (bbpp-aapp) * (bbpp* (1-exp (-aapp*L))-. ..
aapp* (1-exp (-bbpp*L))) ;

perf (1) = pts;
perf (2) = Ls;
perf (3) = sv;
perf (4) = ss;
perf (5) = pp;

437
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if iter = =genstart
if iind = =1

perf = perf’;

end

end

% This is the evltpet.m file
limitperf = 1;

if performance(iind, 1)<0

evalind = unstcoef*ones(1,perfnr);
end

if performance(iind,1)>-1
if performance(iind, 1) <aover

evalind(l) = maxeval;
elseif performance(iind, 1) <bover

Appendix

evalind(l) = polyval ([RAover,Bover, Cover,Dover] ,performance (iind, 1)) ;
elseif performance(iind,1l)<cover

evalind(l) = mineval;

else

evalind(l) = mineval;

limitperf = 0;

end

if performance(iind, 2)<asett
evalind(2) = maxeval;
elseif performance(iind, 2)<bsett

evalind(2) = polyval ([Asett,Bsett,Csett,Dsett],performance(iind,2));
elseif performance(iind,2)<csett

evalind(2) = mineval;

else

evalind(2) = mineval;

limitperf = 0;

end

if performance(iind, 3)<atctr
evalind(3) = maxeval;
elseif performance(iind, 3)<btctr

evalind(3) = polyval ([Atctr,Btctr,Ctctr,Dtctr],performance(iind,3));
elseif performance(iind,3)<ctctr

evalind(3) = mineval;

else

evalind(3) = mineval;

limitperf = 0;

end

if abs(performance(iind, 4))<cgminp
evalind(4) = mineval;

limitperf = 0;

elseif abs(performance(iind, 4))<agminp
evalind(4) = mineval;

elseif abs(performance(iind, 4))<bgminp
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evalind(4) = polyval ([Agminp,Bgminp, Cgminp,Dgminp], abs (performance (i
ind, 4)));

else

evalind(4) = maxeval;

end

if performance(iind, 5)<app

evalind(5) = maxeval;

elseif performance(iind, 5)<bpp
evalind(5) = polyval ( [App, Bpp, Cpp,Dppl ,performance (iind,5)) ;
elseif performance(iind, 5)<cpp
evalind(5) = mineval;

else

evalind(5) = mineval;

limitperf = 0;

end

end

perfvalue = weight*evalind’;

if limitperf = =0

perfvalue = perfvalue/limitdim;
end

perfvaluevect (iind) = perfvalue;

)

% This is the genpet.m file for Axial Threshing Units

clear

path (path, 'd:\matl\genp’)

initpet

fileid = fopen(‘d:\matl\genrez\FUZrez.txt’,6 'w’);
fileid3 = fopen(‘d:\matl\genrez\graf.txt’,K6 'w’);

for iter = genstart:gennr
disp(‘********************************’)

disp(‘********************************’)
disp (*GENERATION ‘)

disp(iter)
disp(‘********************************’)
disp(‘********************************’)

fprintf (fileid, ' \nGENERATION :%i\n’,iter);
fprintf (fileid’ IR EEEE SRR ESEEEEEEEEEEEEEEEEE] \n’ ) ;

)

% Convert to decimal float gains

for i1l = 1l:popsize
for 12 = l:gainsnr
if i2 = =1
% First variable hbar
kstar = 0;
bitnrl = bitnr(i2)-1;
indprt = 0;
for isum = 1:i2
indprt = indprt+bitnr (isum) ;

end
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for istar = 0:bitnrl
kstar = kstar+parent (il,indprt-istar)*2%istar;
end
parentfloat (il,1i2) = hlow+kstar*(hhigh—hlow)/(2Abitnr(i2)—1);
elseif 12 = =2
% Second variable gp
kstar = 0;
bitnrl = bitnr(i2)-1;
indprt = 0;
for isum = 1:i2
indprt = indprt+bitnr (isum) ;
end
for istar = 0:bitnrl
kstar = kstar+parent (il,indprt-istar)*2”%istar;
end
parentfloat (il,i2) = gplow+kstar* (gphigh-gplow)/(2”bitnr(i2)-1);
elseif i2 = =3
% Second bis variable up
kstar = 0;
bitnrl = bitnr(i2)-1;
indprt = 0;
for isum = 1:i2
indprt = indprt+bitnr (isum) ;
end
for istar = 0:bitnrl
kstar = kstar+parent (il,indprt-istar)*2”istar;
end
parentfloat (il,i2) = uplow+kstar* (uphigh-uplow)/(2”bitnr(i2)-1);
elseif 12 = =4
% Third variable v
kstar = 0;
bitnrl = bitnr(i2)-1;
indprt = 0;
for isum = 1:i2
indprt = indprt+bitnr (isum) ;
end
for istar = 0:bitnrl
kstar = kstar+parent (il,indprt-istar)*2”%istar;
end
parentfloat (il,i2) = vlow+kstar*...
(vhigh-vlow) / (2%bitnr(i2) -1) ;
elseif i2 = =5
% Third bis variable vO
kstar = 0;
bitnrl = bitnr(i2)-1;
indprt = 0;
for isum = 1:i2
indprt = indprt+bitnr (isum) ;
end
for istar = 0:bitnrl
kstar = kstar+parent (il,indprt-istar)*2”istar;
end

parentfloat (il,i2) = vlow+kstar*...
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(vhigh-vlow) / (2%bitnr(i2) -1) ;

elseif i2 = =6
% Fourth variable delta
kstar = 0;
bitnrl = bitnr(i2)-1;
indprt = 0;
for isum = 1:i2
indprt = indprt+bitnr (isum) ;
end
for istar = 0:bitnrl
kstar = kstar+parent (il,indprt-istar)*2”%istar;
end
parentfloat (il,1i2) = dellow+kstar* (delhigh-dellow)/
(2%bitnr (i2) -1) ;
elseif i2 = =7
% Fifth variable L
kstar = 0;
bitnrl = bitnr(i2)-1;
indprt = 0;
for isum = 1:i2
indprt = indprt+bitnr (isum) ;
end
for istar = 0:bitnrl
kstar = kstar+parent (il,indprt-istar)*2%istar;
end
parentfloat (il,1i2) = Llow+kstar*(Lhigh—Llow)/(2Abitnr(i2)—1);
elseif i2 = =8
% Sixth variable s0
kstar = 0;
bitnrl = bitnr(i2)-1;
indprt = 0;
for isum = 1:i2
indprt = indprt+bitnr (isum) ;
end
for istar = 0:bitnrl
kstar = kstar+parent (il,indprt-istar)*2%istar;
end
parentfloat (i1,i2) = sOlow+kstar* (sOhigh-s0low)/(2"bitnr(i2)-1);
elseif i2 = =9
% Seventh variable eta
kstar = 0;
bitnrl = bitnr(i2)-1;
indprt = 0;
for isum = 1:i2
indprt = indprt+bitnr (isum) ;
end
for istar = 0:bitnrl
kstar = kstar+parent (il,indprt-istar)*2”%istar;
end
parentfloat (il,1i2) = etalow+kstar* (etahigh-etalow)/
(2%bitnr (i2) -1) ;
else

% Eighth wvariable R
kstar = 0;
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bitnrl = bitnr(i2)-1;
indprt = 0;
for isum = 1:i2
indprt = indprt+bitnr (isum) ;
end
for istar = 0:bitnrl
kstar = kstar+parent (il,indprt-istar)*2%istar;
end
parentfloat (il,12) = Rlow+kstar*(Rhigh—Rlow)/(2Abitnr(i2)—1);
end
end
end

for iind = 1l:popsize

disp(* )
disp(‘********************************’)
disp(‘Individual ‘)

disp(iind)
disp(‘********************************’)

if parentfloat(iind,1)<0.05/1p

parentfloat (iind,1) = 0.05/1p;
end

if parentfloat (iind,1)>1-0.25/1p
parentfloat (iind,1) = 1-0.25/1p;
end

if parentfloat (iind, 6)<ls
parentfloat (iind,6) = 1s;

end

if parentfloat(iind, 8)<1.1*1s"2
parentfloat (iind,8) = 1.1*1s"2;
end

$parentfloat (iind, 6) = 30;

vax = 2*parentfloat(iind,4)/pi/tan(gama) ;

h = parentfloat(iind, 1) *1p;

lmbdh = 1mbdo* (1lp-h)/(lp-1lmbdo*h) ;

sect = parentfloat(iind,2)/ (lmbdh*vax*rotr) ;

$parentfloat (iind, 10) = sect/ (2*pi*delti/1000)-delti/2000;
%$1f parentfloat(iind,10)<lp/3.14

% parentfloat(iind,10) = 1lp/3.14;

Fend

hbar = parentfloat(iind,1);
gp = parentfloat (iind, 2) ;
up = parentfloat (iind, 3) ;
v = parentfloat (iind,4);
v0 = parentfloat(iind,5) ;
delta = parentfloat(iind,6) ;
L = parentfloat(iind, 7);
s0 = parentfloat(iind, 8) ;
eta = parentfloat (iind, 9);
R = parentfloat(iind, 10);
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cptpet
for i3 = 1l:size(perf)
performance (iind, i3) = perf (i3);
end

evltpet
for i3 = 1l:size(perf)
evalvect (iind, i3) = evalind(i3) ;
end

if 0

disp (' hbar gp up v vO0’)

disp (parentfloat (iind,1:5))

disp (' delta L s0 eta R’)

disp (parentfloat (iind, 6:10))

disp (‘Performance Indeces:’)

disp(' pts Lssv ss pp’)

disp (performance (iind, :))

disp (‘Performance Evaluation Vector’)

disp(evalind)

disp ('Performance Coefficient’)

disp (perfvalue)

spause

end

end

orderpet

genaverage = sum(pvvord) /popsize;

$genaverage3 = (pvvord(1l)+pvvord(2)+pvvord(3))/3;

fprintf (£ileid, ' \nBest individual *** Performance coefficient

:%$f\n’ ,pvvord (1)) ;

fprintf (fileid, ' Performance vector : \n’);
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fprintf (fileid, '%6.2£%6.2£%6.2£%6.2£%6.2f\n’ ,performance (ordervect (1), :)) ;

fprintf (fileid, ' Performance index : \n’);

fprintf (fileid, '%6.2£%6.2£%6.2£%6.2£%6.2f\n’,evalvect (ordervect (1),:));
fprintf (fileid, ' \nhbar =%6.3f gp =%6.3f up =%6.3f v =%6.3f v0 =%6.3f\n’,p

arentfloat (ordervect (1) ,1:5)) ;

fprintf (fileid, '\ndelta =%6.3f L =%6.3f s0 =%6.3f eta =%6.3f R =%6.3f\n’,

parentfloat (ordervect (1) ,6:10)) ;

fprintf (fileid, ' \nGeneration average :%5.3f\n’,genaverage) ;
fprintf (fileid3,'%$31%5.3£%6.3f\n’,iter,genaverage,pvvord(l)) ;

grf (iter,1l) = iter;
grf (iter,2) = genaverage;
grf (iter,3) = pvvord(l);

nxtpet

parent = child;

end

fclose(‘all’)

save d:\matl\genrez\in prnt parent
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)

% This is init.

clear

lp = 0.8; %
lmbd0 = 0.6; %
rop = 30; %
epsb = 0.03; %%
de = 4.2; %
delti = 50; % [
ls = 7.25; %

1b = 0.3;

kbeta = 1.15; %
klmbd = 0.25; %
% Coef for MOG
diapp = 4.22;
caa = 0.009224;
cab = 0.6177;
cac = 0.04;
cbd = 0.1;

cbe = 0.5627;
cbf = 0.028;
dsp = 0.001251;
asp = 1.29;

bsp = 0.41;

csp = 0.021;

av = 0.0374;

bv = 0.3246;

cv = 0.2;

dv = 0.1263;

gama = 70*pi/18
rotr = 35; % [k

agp0 = 4.5;

)

% Genetic Algor

popsize = 100;
gennr = 100; %
bitnr = [7 8 8
representation
gainsnr = 10; %
hlow = 0.05; %
hhigh = 0.5; %
gplow = 2

m file for threshing units design

plant length [m]
coef
[kg/m3]

[mm] Equivalent diameter of grain

mm] Concave clearance at entrance
[mm] Max. diameter of grain

separation

[rad]

0; %

g/m3]

ithm parameters

% population size

number of generations (= number of iterations)
8 8 79 10 7 6]; % number of bits for binary

number of variables to be determined

lower limit
upper limit

% lower limit

gphigh = 7; % upper limit

Appendix
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uplow = 15; % lower limit
uphigh = 50; % upper limit
vliow = 25; % lower limit
vhigh = 35; upper limit
dellow = 5; lower limit
delhigh = 25; % upper limit
Llow = 1.2; lower limit
Lhigh = 2; % upper limit
sOlow = 200; % lower limit
sOhigh = 900; upper limit
etalow = 0.1; lower limit
etahigh = 0.6; % upper limit
Rlow = 0.2; % lower limit
Rhigh = 0.4; % upper limit

o° o

o\°

)
<
)

<

)

perfnr = 5; % number of performance parameters
limitdim = 4

probcross = 0.50;
probmut = 0.03;
performance = zeros (popsize,perfnr);

Initial population

)
<
)

<

disp(‘Iteration starting at generation number 1 ? YES = 1,
gen_start flag = input(‘gen start flag = ');
if gen_start_flag = =1

genstart = 1;

for i = 1l:popsize

for j = 1l:sum(bitnr)

if rand<0.5

parent (i, j) = 0;

else

parent (i, j) = 1;

end

end

end

else

genstart = input (‘'Starting Generation Number = ') ;
gennr = input (‘Ending Generation Number = ‘) ;
load d:\matl\genrez\in prnt

end

)

% Evaluation function parameters

mineval = 0;
maxeval = 1

o o

weight = [2/10 2/10 2/10 2/10 2/10]1; %

aover = 6; % overshoot = pts
bover = 10;
cover = 12;

NO

0’)

minimum value of the detailed evaluation functions
maximum value of the detailed evaluation functions

445
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asett
bsett
csett

settling time

atctr time constant
btctr
ctctr
Fatctl
Fbtctl

Fctetl

o
]

.10; time consta
.25;

.05;

o
]

agminp
bgminp

cgminp

97.2;
99.4;
95;

gain margin

18;
23;
28;

app overshoot
bpp

cpp

Aover,Bover, Cover, Dover]
Asett,Bsett,Csett,Dsett]
Atctr,Btctr,Ctctr,Dtectr]
[Atctl,Btctl,Ctctl,Dtctl]

[
[
[

%
[

val) ;
[App, Bpp, Cpp, Dpp]

polinom3

end
This is the nxtpet.m file

o o

best parent (ordervect (1), :

totfit sum (perfvaluevect) ;

for inextl 1:popsize
probsel (inextl)
end

for inextl 1:popsize
cumprob (inext1) 0;

for inext2 1:inextl
cumprob (inextl) cumprob (in
end

end

for inextl
aleator rand;
icnext 0;

for inext3
if icnext

1l:popsize

1:popsize
=0

Agminp, Bgminp, Cgminp, Dgminp]

Appendix

Ls

sv (Wpar right)

nt left

Wpar

at input ss

pp

polinom3 (aover,bover,mineval, maxeval) ;
polinom3 (asett,bsett, mineval, maxeval) ;
polinom3 (atctr,btctr, mineval, maxeval) ;
polinom3 (atctl,btctl, maxeval, mineval) ;
polinom3 (agminp, bgminp, maxeval, mine

(app, bpp, mineval, maxeval) ;

)i

perfvaluevect (inextl) /totfit;

extl) +probsel (inext2) ;

if aleator<cumprob (inext3)

parentselect (inextl, :)

icnext
end

1;

parent (inext3, :
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end
end
end

parentselect (1,:) = best;

sumbit = sum(bitnr) ;

child = zeros (popsize,sumbit) ;
crosscount = 0;

crossnumber = 0;

for icrossl = 1l:popsize

aleacross = rand;

if aleacrosss>probcross

child(icrossl,:) = parentselect (icrossl, :);

elseif crosscount = =0

crossindl = parentselect (icrossl, :);

crossindexl = icrossl;

crosscount = 1;

else

aleacrossl = rand;

border = 1/ (sumbit-1);

poscross = fix(aleacrossl/border) ;

for icross2 = 1l:poscross

child (crossindexl, icross2) = parentselect (crossindexl, icross2) ;
child(icrossl, icross2) = parentselect (icrossl, icross2) ;

end

poscrossl = poscross+l;

for icross3 = poscrossl:sumbit

child(crossindexl, icross3) = parentselect (icrossl,icross3) ;
child(icrossl, icross3) = parentselect (crossindexl, icross3) ;
end

crosscount = 0;

crossnumber = crossnumber+l;

end

end

if crosscount = =1

child (crossindexl, :) = parentselect (crossindexl, :) ;
end

crossnumber

mutnumber = 0;

for imutl = l:popsize
for imut2 = l:sumbit
aleamut = rand;

if aleamut<probmut
child (imutl, imut2) = binmut (child(imutl,imut2)) ;
mutnumber = mutnumber+1;
end

end

end

mutnumber

child(1,:) = best;
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)

% This is the orderpet.m file
pvvinter = perfvaluevect;

for iordl = l:popsize
pvvord(iordl) = pvvinter(l);
iord2max = 0;

for iord2 = l:popsize

if pvvord(iordl)<pvvinter (iord2)
pvvord(iordl) = pvvinter (iord2) ;
iord2max = iord2;

end

end

if iord2max = =0

pvvinter (1) = -2;

ordervect (iordl) = 1;

else

pvvinter (iord2max) = -2;
ordervect (iordl) = iord2max;
end

end

$This is the polinom3.m file

function [A,B,C,D] = polinom3(a,b,min,max)
delta = [a®™3 a®"2 a 1

b*3 b*2 b 1

3*a®2 2%*a 1 0

3*b*2 2*b 1 0];

unu = [max min 0 0]';

deltaA = [unu delta(:,2:4)];

deltaB = [delta(:,1) unu delta(:,3:4)];
deltaC = [delta(:,1:2) unu delta(:,4)];
deltaD = [delta(:,1:3) unu];

detdelt = det(delta);

A = det (deltal) /det (delta
B = det (deltaB) /det (delta
C = det (deltaC) /det (delta
D = det (deltaD)/det (delta

7
7

7

7



FIGURE 1.7
(b) Cutaway of a modern conventional combine 3D model. (Courtesy of CLAAS.)

FIGURE 1.10
Longitudinal section view of a conventional combine harvester. (Courtesy of Same Deutz-Fahr.)

FIGURE 1.22
Section view of Case IH Axial-Flow AFX combine harvester. (Courtesy of Case IH.)



FIGURE 1.25
Cutaway of a Lexion CLAAS combine with a hybrid threshing-separating system. (Courtesy of CLAAS.)
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FIGURE 1.37
Schematic of a sunflower head working process. (Courtesy of CLAAS.)
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FIGURE 2.17
Global and local optima of a two-dimensional function.
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FIGURE 2.28
Transient responses of the second-order underdamped system for different damping ratio values.
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FIGURE 4.1
(b) Lateral view of a grain header in the field. (Courtesy of CLAAS, Harsewinkel, Germany.)

FIGURE 4.24
Functional components of a corn header row section.



FIGURE 5.1
[lustration of threshing and separating processes. (Courtesy of CLAAS, Harsewinkel, Germany.)

FIGURE 5.4
Material flow in the AXIAL-FLOW threshing unit. (Courtesy of Case IH, Racine, W1.)
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FIGURE 5.9
Schematics of material kinematics in an axial threshing unit.
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Graphs of process indices of a different axial threshing unit.
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MOG processing in a tangential unit (feedrate 6.2 kg/s, cylinder speed 29.6 m/s).
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FIGURE 6.7
Straw walker process indices.
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FIGURE 6.8

Agreement of model-predicted data with experimental data published by Beck (1999). (Data from Beck, F,
Simulation der Trennprozesse im Mahdrescher [Simulation of separation processes in combine harvesters], PhD
dissertation, Hohenheim University, Forschritt-Berichte VDI, Reihe 14(92), 1999, figure 63.)
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FIGURE 6.9

Indices of grain separation process on straw walkers (experimental data published by Beck, 1999). (Data from
Beck, F, Simulation der Trennprozesse im Mahdrescher [Simulation of separation processes in combine har-
vesters], PhD dissertation, Hohenheim University, Forschritt-Berichte VDI, Reihe 14(92), 1999, figure 63.)
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Transformation of grain distribution u(z, x) within the MOG layer, over the sieve length, to the grain separation
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FIGURE 7.25
Transformation of grain distribution u(z, x) within the MOG layer to the grain separation frequency distribution
11,(x) under the sieve.

FIGURE 7.26
Transformation of grain distribution u(z, x) to the distribution u(g, ).
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FIGURE 7.27
Predicted grain distribution within MOG layer over the sieve length.
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FIGURE 7.28
Prediction of grain separation over the sieve (vs. Figure 7.22).
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FIGURE 8.2
Influence of the auger inclination angle on the particle flow pattern. (From Owen and Cleary, 2009a and b.)
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FIGURE 9.2
Schematic of the chopping process. (Courtesy of CLAAS, Harsewinkel, Germany.)
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FIGURE 11.13
Diagram of a hydrostatic transmission with a variable-displacement pump and a fixed-displacement motor.
(Courtesy of Sauer Danfoss, Neumiinster, Germany.)
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FIGURE 11.16
Continuous variable transmission for an axial threshing unit. (Courtesy of Case IH, Racine, WI.)
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FIGURE 13.2
Design impact force—based grain yield sensor.

FIGURE 13.7
Grain moisture sensor installation. (Courtesy of CLAAS, Harsewinkel, Germany.)



FIGURE 14.1
Top view of a cab. (Courtesy of CLAAS Harsewinkel, Germany.)

FIGURE 15.1
GPS constellation of 24 satellites (6 orbital planes, each with 4 satellites).
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FIGURE 15.8
Image processing by an analog-to-digital (A/D) converter sampling the National Television System Committee
(NTSC) signal.
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