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Abstract

White asparagus harvesting is a typical highly repetitive and labor-intensive work which is
carried out mainly by hand at present. The farmers of white asparagus suffer from high
labor cost and lack of enough workers with the continuously expanding cultivation area.
To partly release the hard work of the labors, this thesis is devoted to developing an
autonomous robot which is capable of driving automatically following the target

cultivation bed with high precision in the white asparagus field.

The mechanical design of the autonomous field robot is developed cost-effectively under
consideration of the cultivation specialty and the application requirements. It has two drive
wheels at the front and two casters at the rear to provide balance. The differential drive
method is selected for the sake of the control flexibility and simplicity. Benefitting from
the erected cultivation mounds of white asparagus over ground the ultrasonic sensors are

adopted to determine the in-row position of the robot.

The movement of the field robot is not only affected by varied internal and external
disturbances, but also strictly constrained by the limited working environment. Especially,
the feasible area of the orientation angle is critical to be observed. The robot is expected to
drive along a target row with a preset precision through a suitable guidance system. To
achieve a row following operation with a high precision in rows, a hierarchical system,
consisting of two independent speed loops of the drive motors against internal disturbance
at the low level and a cascade structure at the high level to get rid of the external
disturbance, is firstly proposed using conventional PID method based on the kinematics of
the differential drive robot. To eliminate any following deviation as soon as possible and to
achieve the optimal efficiency, the time-optimal control strategy is further investigated in
the row following system. However, limited by the application of the optimal control
solver from a third party, it is impossible to be implemented on the selected micro-
controller. Fortunately, by referring the results of the time-optimal simulation studies we
find a mapping between the time-optimal operating conditions and the orientation angle
and lateral displacement. The time-optimal operation conditions can be expressed as a
time-varying limitation on the orientation angle according to the actual lateral offset of the
cascade system proposed previously. Through supplementing a time-varying limitation

according to the actual lateral offset on the reference orientation angle, the previous
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proposed hierarchical system based on PID method can perform the same function as the
time-optimal controller, which allows an effortless implementation on a micro-controller.
The row following effectiveness of the time-optimal control and the improved cascade
system are thoroughly compared in the simulation studies. The results show the identical
row following performance. In the practical applications, the suggested improved
hierarchical algorithms are implemented on a micro-controller, and the processing data are
saved and illustrated though USB communication on a laptop. Experiments are further
carried out in laboratory as well as outdoors in the field to evaluate the proposed row
guidance regime. The results show the satisfactory performance with high precision of

+0.03m in the field.

This field robot is capable of lifting and putting back the film automatically, autonomous
drive along the target cultivation bed with high precision against varied disturbances,
automatically turning to the next row according to the given geometrical relations. It can
be used as a developing platform for the harvesting equipment to be a full automatic
harvesting machine for the future research work. Also it can be directly applied as an
assistant harvesting robot for white asparagus. Naturally, the automatic row following
strategy with a hierarchical structure is suitable for any path-following systems especially
for the systems with strict orientation constraints. Finally, the autonomous field robot for
white asparagus harvesting is only economical minimal realization due to the financial
issue. It could be improved by integration with other modern sensors like GNSS, machine-
vision systems through a combination of them to acquire the absolute position of the

cultivation beds as a useful supplement to the automatic navigation system.
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Die vorlegende Arbeit behandelt den Entwurf und das spurgefiihrte selbstfahrende
Regelungssysteme eines Elektronutzfahrzeugs, um die miihsame, arbeitsintensive und
korperlich anstrengende Spargelernte moglichst zu erleichtern. Bei der Entwicklung der
Maschine sind der sparsame Umgang mit der zur Verfiigung stehenden Energie und die
umweltfreundliche Technik die Hauptziele. Bei den Antrieben der Maschine werden zwei
Elektromotoren eingesetzt, die separat auf zwei Vorderrdder aufgebaut werden. Zwei
Ultraschallsensoren, die jeweils vorne und hinten an der gleichen Seite eingebaut werden,

werden zur Messung der Seitenabstinde benutzt.

Der Roboter arbeitet unter dem Einfluss vielfaltigen Stérungen im Feld. Auflerdem ist
seine Bewegung durch die besonderen Arbeitsumgebungen streng eingeschrinkt.
SchlieBlich wird ein Kaskadensystem, der aus einem inneren Orientierungswinkelregel-
kreis und einem #uBeren Querverschiebungsregelkreis besteht, verwendet. Durch die
weitere Untersuchung der zeitoptimalen Bahnplanung wird die Anndhrungszeit gegen
Storungen deutlich verkiirzt. Da die praktische Losung des komplizierten zeitoptimalen
Problems mittels Mikrocontroller zu zeitaufwindig ist, wird eine praktische Strategie auf
Basis eines PID Reglers entworfen. Die Versuche werden weiter sowohl unter
Laborbedingungen auf einem Modelldamm als auch unter realen Bedingungen auf einem
Spargelfeld durchgefiihrt, um die vorgeschlagene Spurfiihrung zu beurteilen. Die
Ergebnisse zeigen eine sehr zufriedenstellende Leistung und Effizienz mit hoher Prézision

sowohl im Labor als auch auf dem Feld.
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1 Introduction

With the growing population and climate change, the agricultural productivity growth is
too slow to meet the increased demand for food [10]. In the near future, advanced
agricultural technologies, combined with intelligent, small-scale technologies, can
contribute parched land bloom and alleviate the serious food crisis [51]. The incorporation
of these technologies into agricultural production not only benefits productivity and
environmental conditions, but also improves the working conditions of farmers, laborers,
and vehicle operators. The work on the farm like sowing, planting, spraying, harvesting
etc. is always labor-intensive, repetitive and monotonous due to the growing life cycle of
the crops. This situation is encountered especially when the weather and moisture level are
optimal and the price is favorable. The mental and physical fatigue is incurred and is
increased through intensive and repetitive work or by the stress of steering accurately

within tight rows and lanes without causing any damage to the crops.

Aiming at relieving the operator from continuously steering adjustments while operating or
maintaining the field equipment, automated guidance systems have been developed and
applied for most agricultural vehicles like tractors, combines, sprayers, etc. in many
countries. Field robots are the application of robotics and automation in agriculture to relief
the manual heavy tasks of labors. Unlike industrial robots that have been widely used and
commercially available, field robots are still far from well-developed. Agricultural vehicles
are typically operated in fields arranged into crop rows [68], [2], [21], orchard lanes [8],
[42] or greenhouse corridors [48], [80], [25], [63], which are typically unstructured
environment. Nowadays, with the increasing concern for environmental protection the use
of inorganic chemicals that impact on soil health, food safety and water pollution are
expected to be minimized. Therefore, automatic weeding robots are the preferable
substitute for chemical herbicide to get rid of weeds. Another active research area of the
field robots is automatic harvesting robot for different kinds of vegetables and fruits. Due
to the varied cultivation features of different categories of vegetables and fruits, the
requirements for the configuration, drive system and harvesting equipment are quite

different.
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1.1 Background and motivation

White asparagus is one of the most favorite vegetables in Germany as well as in Europe
and known as “the royal vegetable”. In 2010, approximately 92,400,000kg (92,400 tons) of
asparagus was harvested on 188,000,000m® (18,800 hectares) in Germany [61]. The
cultivation area is approximated continuously to expand. White asparagus is cultivated in
parallel trapezoidal mounds, which are heaped knee-highly with a height of about 0.5m,
around the plants to prevent photosynthesis. Each mound is covered with a plastic film to
keep humidity of the soil and to protect the crops from cold (see Fig. 1.1). To harvest the
white asparagus stalks, the harvesters move firstly the film aside, cut stalks off with a
special knife with a depth of 0.25m under the soil one by one, push the soil back and
replace the film on the mound at the end. When the harvesters cut asparagus, care must be
taken not to damage the shorter developing neighbor spears under the ground. The
asparagus stalks need to be cut shortly after their spears emerge from the mound.
Otherwise the tips will turn into light purple color with the sunlight, which decreases the
product quality and results in significantly lower selling price. The harvesting season for
white asparagus typically begins from early or mid-April and ends on June 24 every year.
During these ten weeks, white asparagus tends to grow fast under ideal temperature and
moisture. It is necessary harvested twice a day, once early hours in the morning and the

other late hours in the afternoon, to minimize the vapor loss.

Fig. 1.1: Cultivation field and harvesting work of white asparagus.

White asparagus harvesting is a highly repetitive and labor-intensive task which is
typically done by hand at present. With the cultivation area expanding, it becomes

increasingly difficult to employ adequate workers during the harvesting season due to the
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high task demand and the narrow harvesting time-frame. Approximately half of the selling
price is contributed to the labor costs, which is reported to occupy about 25% of the
cultivation investment [55]. Therefore, it is essential and urgent to explore an alternative
solution for white asparagus harvesting to release workers from the laborious manual task
and to lower the production cost. Researchers, engineers and entrepreneurs have been
attempting to mechanize the harvesting process of white asparagus, and significant

progress has been achieved.

1.2 Machinery for white asparagus harvesting

The existing machines for white asparagus harvesting according to the performing
function, operating method, driving style or harvesting method can roughly be categorized
into assistant harvesting or harvesting, manned or unmanned, diesel or electrical, selective

or full-harvesting machine.

Assistant harvesting machine

e ———

Fig. 1.2: AspergeSpin Al (from website of Engels Machines).

The assistant harvesting machine aids workers with film lift, replacement and the container
carriage for the harvested spears. One of the most popular used assistant machines is
AspergeSpin (shown in Fig. 1.2), which is developed by ENGELS MACHINES
Innovatietechniek Company, Holland [87]. It has a frame of 3x2x1.6m (//w/h). The film is
lifted up in front, led over a channel and replaced behind the machine. After the workers
have harvested all the spears under the frame, the machine is pushed forward for another
distance. The assistant machines have generally two fixed wheels at the front and two
casters at the rear. There are no additional sensors to sense the location of the machine. The

row guidance is mechanically realized through contact by two leading wheels, which are



4 1 Introduction

equipped on two arms in the front of the machine on the both sides of the target cultivation
bed. AspergeSpin is designed to provide workers with harvesting assistance for one row or
two rows. A commercial harvesting machine driven by diesel motor for five rows was

reported [55], which also provides a cover for the workers against sun and rain.

Full harvester/non-selective

To greatly reduce the physical workload, full harvesting machine was also explored. The
earliest literature available about mechanical harvesting of white asparagus, to our best
knowledge, was presented in 1965 in America [37]. The full harvesting machine tears up
the cultivation bed totally and cuts all the spears non-selectively with a certain depth under
the ground. The machine is mounted on a high clearance tractor, cuts all spears at a depth
of 0.25m with a band-saw type unit. A series of rolls successively lift the cut clay with
spears so that a conveyor with meshes elevates the spears, which are manually sorted. The
most soil falls down through the mesh openings. Thereafter, the cultivation bed is reshaped
with the blade followed behind tractor. In June 2008, the French company Firma Kirpy
presented a non-selective harvesting machine Type RGA for white asparagus [79], as is
shown in Fig. 1.3. The design concept of the harvester Type RGA is similar to [37]. Type
RGA is dragged by a tractor. The cultivation bed is cut through completely. The cutoff
asparagus shoots together with soil are transferred over a sieve band in sequence. Workers
on the tractor need to collect and sort the spears from the conveying band, and then put
them into containers. The asparagus mound is reformed by the shaper installed behind the

machine.

y o, e

Fig. 1.3: Non-selective harvester Type RGA by Firma Kirpy for white asparagus (from website of ai-
solution agrarmaschinen,).
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Obviously, the non-selective harvesting machine greatly improved the productivity and
relieves the worker’s manual task. However, it reduces the output of the products because
the qualified shoots, as well as the developing ones under surface are harvested non-
selectively at a time. We would like to note that the full harvesters are generally large in
size. The film over cultivation bed must be removed before harvesting and replaced by

hand thereafter.

Semi-automatic harvester/selective

In 2008, the German company ASM DIMANTEC invented a semi-automatic machine
named Spargel-Panther [57]. Spargel-Panther is a tractor driven machine designed to
harvest asparagus for three cultivation beds at a time. With the help of a laser beam, the
driver locates the position of each asparagus tip by operating a joystick. The consequent
harvesting procedure is performed automatically in series, which is composed of
coordinating the position of the harvesting equipment, thrusting knife into earth with a
certain depth, cutting off the target spear together with soil and taking it out with a gripper.
The selected cutoff spear with soil is put on a slop band with meshes. The soil falls down
automatically through mesh openings while the spear slides into container at the end of the
slop band. ASM DIMANTEC harvesting machine gathers only white asparagus spears that

emerge from bed surface without reforming the cultivation bed.

Fig. 1.4: Selective harvesting machine — Panther (from website of top agraronline).

Full-automatic harvester/selective

The Dutch company Brabantse Wal presented the first prototype of a full-automatic
asparagus harvester in the world in 2008 [44] as is shown in Fig. 1.5. This full-automatic
harvesting machine for white asparagus is driven automatically with electrical drive

systems. The row guidance drive is realized using to guiding wheels in the front. The
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identification of white asparagus spears and the harvesting process are performed
automatically. The machine drives along one cultivation bed at work. If any spear to be
harvested is detected, the machine stops and coordinates the harvesting apparatus to the
desired location. According to the probe test, the thrust of the machine reported was less
than 10 seconds per spear. Although Brabantse Wal has made pioneer endeavors, the
detailed research and development information stays unavailable due to commercial

reasons.

Fig. 1.5: Prototype of full-automatic asparagus harvester (from website of Fresh Plaza).

In the academic community only Chatzimichali et al. [13] recently have outlined a
conceptual design of an advanced prototype robot for white asparagus harvesting. In their
work, the structure of the prototype robot consisting of a caterpillar drive system,
asparagus identification and harvesting system has been detailed. The realization of the

proposed design is still ongoing.

In 2012 University of Bremen presented the development of an automatic asparagus
harvester (shown in Fig. 1.6) [1]. This harvester was presented to identify the asparagus
spears with the aid of an intelligent image data processing. The asparagus spears would be
cut by mechanical positioning elements driven by electronic drive systems. It drives
forward along the target cultivation bed through two leading wheels. It was expected to
harvest six asparagus spears per minute. As the best of our knowledge, the available
reports about the development of this machine were focus on the harvesting digger. It was
described that the implementation of some technical solutions in terms of robustness and

for safety aspects to be improved.
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Although researchers and engineers from commercial companies have made considerable
efforts, the issue to automatically harvest white asparagus selectively is not yet completely
solved. There are no full automatic machines for white asparagus harvesting on the market.
To automate the process of the white asparagus harvesting is really a tough work due to the
special cultivation features and needs extensive research. Two primary assignments need to

be solved: autonomous row guidance and automatic device to perform harvesting work.

1.3 Aim and objectives

The task of this thesis aims at design, implementation and evaluation an autonomous
vehicle for white asparagus harvesting with a safe, efficient and economic row guidance

following operation. The objectives of this work in this thesis are composed of:

e C(Calculation and components selection including drive motor, driver, sensors, etc.
for a cost-effective machinery under the consideration of costs of production for the
future;

e Development of a control concept for a collision-free ridge following based on the
kinematics of the field robot;

e Employing time-optimal control algorithms to find the time-optimal operating
conditions;

e Establishment computational cost-efficient solution feasible for the realization on a

micro-processor;
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e Experimental verification of the proposed guidance system in laboratory as well as
in field;
e Development of an experimental application design that is able to navigate the field

robot freely.

1.4 Synopsis and organization
The remainder of this dissertation is outlined as follows:

Chapter 2 gives a broad literature review of current state of agricultural vehicles. The
development of the applied sensors, autonomous drive systems and the steering control

methods are overviewed.

Chapter 3 is focus on the principle and mechanical design of the field robot platform for
white asparagus harvesting. The formulated requirements were investigated by SEYDAER
AGROTECHNIK GmbH, Seyda, Germany. The field robot is determined in a differential-
drive system with two active wheels at the front. The selection and installation of the

sensors and components are detailed.

In Chapter 4 the system specification, including kinematics, robot movement description
by ultrasonic sensors, is discussed. The working constraints on the robot’s movement are
illustrated. It signifies that both lateral offset and the orientation angle of the field robot

subject to strictly constraints imposed by the working environment.

In Chapter 5, a cascade control system, composed of an outer lateral offset loop and an
inner heading angle loop at the high level and two individual speed control loops of drive
motors, is suggested for the row guidance control. The parameters of the controllers are
determined based on the conventional PID algorithms. The desired value of the heading
angle is constantly constrained to ensure a collision-free following. The efficiency of the

developed cascade control system is evaluated in simulation studies.

Chapter 6 is devoted to investigating time-optimal row guidance control. The time-optimal
control problem is formulated with constraints imposed by the working environments. The
problem is numerically solved with help of time-optimal control software developed in
MATLAB/Simulink. By analyzing the obtained numerical results, it is found that the

operational operating conditions for minimum time control is to keep the rear side
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distances at its boundary with non-zero lateral offset. Subsequently, a practical substitute is
discovered to perform the time-optimal control functions by mapping the operating
conditions onto orientation angle. It also allows for a simplified realization on a
microprocessor for later use. It is verified by simulations that the practical substitute

system fulfilled the time-optimal controller very well.

Chapter 7 constructs the illustration of the functional groups of the prototype driving
system. The machine has a complete ability to drive in the field, such as automatic row
following control, turning operation at the headland and function management. The
proposed row following strategy in Chapter 6 is implemented on the micro-controller and

evaluated in the fields. The experimental results and discussion are given.

Finally, conclusions and perspectives are given in Chapter 8.
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2 State of the art

The farmer’s growing awareness of advanced technology in electronics and information
prompt to automate the machinery for agricultural applications since the manufacturing
industry benefits a lot from well-engineered automated robots. In the past decades,
automated agricultural machineries have been subjected to extensive studies due to labor
shortage, food product quality and safety, as well as the environmental impact. A number
of literatures presented systems that were developed to automate agricultural tasks. These

machines vary in levels of automatic operation and task functions.

There are two directions for deploying vehicles for agricultural autonomous drive. One is
retrofitting or redesigning existing vehicles with modern technology. Most of them are
tractors driven by diesel engines which are developed for combines harvesting, fertilizer
transporter machines to perform pesticides spraying mission, such as the harvesting tractor
presented with the V2V system presented by Case IH[32], driverless tractor Machine Sync
by John Deere [36], driverless grain cart with planting function by Kinze and the driverless
model GuideConnect presented by German company Fendt [31]. These tractors are
generally large in size and work in broad areas of land. The other is designing new vehicles
unrestricted by ergonomics. The application area ranges from machines for weeding
control [67, 2, 73, 47, 4, 62] to harvesters for radicchio [25], cucumbers [80], green
asparagus [12], cherry [72], watermelon [78], tomato [49], mushroom [60] and so on. The
development of the modern autonomous field robot depends entirely on the progress in
sensors, which enables the vehicles aware of “where am I” and “where should 1 go” [9].
On the whole, sensors play a dominant role for the autonomous robots to identify the
surrounding environment in the field and help the machines to make decisions on the

performing of the consequent behavior.

2.1 Sensors

Since the automated manipulation of the agricultural machines entirely depends on the
sensor information. The environmental sensing is the primary assignment, as well as a
solid base for the reliable manipulation. The sensors used in agricultural vehicles are

related to autonomous navigation and object identification for harvesting equipment. The
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sensing devices most often used include mechanical feelers/tactile sensor, vision systems,

Global Navigation Satellite Systems (GNSS), laser sensor, and ultrasonic rangefinders, etc.

Mechanical feelers/tactical sensors

Mechanical feelers and tactical sensors work by employing wherever interactions between
a contact surface and the environment, such as the tactile row guidance system PSR TAC
and PSR MEC for the corn harvester presented by Reichhardt GmbH. The signals of touch,
force or pressure produced by any interactions are measured and sent to a processor. Since
tactical sensors work by employing the contact information, it is difficult to work when the

object is missing.

Machine vision

Machine vision is known to be classified as 2 dimensions (2D) and 3 dimensions (3D). 2D
vision systems use cameras to scan area or lines for two characters being length and width.
Images of 2D vision systems can be used to obtain the characteristics of an object such as
edge, surface appearance and presence and relative location of the object in a two
dimensional plain. 3D vision systems apply a specialized high speed camera and a
projected laser line to provide three characters being length, width and depth. 3D vision
systems are typically applied to get the object information in volume, flatness or shape and

density.

The widely used machine vision technology thanks largely to the development of micro-
processor which allows for a fast image processing. By analyzing the visual data acquired
from camera or video systems, the objects of interest are filtered accordingly to the
characters like monochrome, color, shape or brightness. Accordingly to the working
principle of the machine vision, it has been widely used on the industrial robots to avoid
obstacles. With the cost declination in recent years, machine vision systems are also
adopted in agricultural applications, such as harvesting by making out and locating the
object [42][49][60], weeding control by differentiating weeds from crops [2][67][5], the
automated guidance control through identifying the crops of interest to construct crop
ridges [3][7][21]. In machine vision based application, the real-time image processing is
sometimes a challenge for micro-processing devices to execute complex image processing
image algorithms. Besides, the effectiveness of the vision system is directly affected by

lighting conditions and background interference. The performance of machine vision
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system depends significantly on the signal-to-noise of the sampled images which varies

considerably under different weather or illumination.

GNSS

GNSS is a satellite system that is used to pinpoint the geographic location of any receiver
in the world. It provides the absolute location and information in all weather conditions.
The most often used GNSS systems [35] are the United States’ Global Positioning System
(GPS), the Russian Federation’s Global Orbiting Navigation Satellite Systems
(GLONASS), Europe’s Galileo and China’s Beidou Navigation Satellite System (BDS).
GNSS has become vital to many applications that range from military applications and
route planning to the autonomous farming. With the development of the wireless
communication and network systems, more precise planning in GNSS applications can be
acquired. For example, the differential position corrections can be sent by the third
generation (3G) wireless mobile networks integrated with GNSS for Real-Time Kinematic
(RTK) network to the GNSS users [29]. GNSS-based applications in precision farming are
being used for farm planning, field mapping, soil sampling, row guidance, crop scouting,
etc. GNSS is widely available in the agricultural community and becomes the standard
equipment on the modern agricultural vehicles due to the relatively inexpensive price. For
precision farming the RTK GPS with a precision within 5 centimeters is preferable. The
most frequently mentioned disadvantage of GNSS navigation is the up-front cost. A fully
automatic navigation system that steers a tractor or vehicle with operator engagement only
at field ends could range from $6,000 to $50,000 [29]. The satellite-based positioning

system does not take account for unexpected obstacles.

Optical sensors

The most often used optical sensors are the optical encoder and laser sensors. The optical
encoder is an electro-mechanical device that produces electrical signals to identify the
angular position or the motion of a shaft. Optical encoders are widely adopted in electrical
motors and whee