Robotics and Control Group. Dissertations. No. 9

Towards Semi-Automation of Forestry
Cranes
Automated Trajectory Planning and Active Vibration
Damping

Szabolcs Fodor

Department of Applied Physics and Electronics
Umeå University, SE–901 87 Umeå, Sweden
Umeå 2017

Cover illustration: Sketch drawing of an eight-wheeled forwarder performing a
loading scenario with its knuckleboom crane. Courtesy of Róbert L. Kiss, industrial design enginner.

Robotics and Control Group. Dissertations. No. 9
Towards Semi-Automation of Forestry Cranes
Automated Trajectory Planning and Active Vibration Damping

Szabolcs Fodor
szabolcs.fodor@umu.se
Department of Applied Physics and Electronics
Umeå University
SE–901 87 Umeå
Sweden

ISBN 978-91-7601-776-0

ISSN 1654-5419:9

Copyright © 2017 Szabolcs Fodor
Printed by UmU Print Service, Umeå University, Umeå, Sweden 2017

“Writing is easy: All you do is sit staring at a blank sheet of paper until drops of
blood form on your forehead.”
Gene Fowler

To my family, friends, and the memory of my grandparents.

Abstract
Forests represent one of the biggest terrestrial ecosystems of Earth, that can produce important raw renewable materials such as wood with the help of sun, air,
and water. To efficiently extract these raw materials, the tree harvesting process
is highly mechanized in developed countries, meaning that advanced forestry
machines are continuously used to fell, to process and to transport the logs and
biomass obtained from the forests. However, working with these machines is demanding both mentally and physically, which are known factors to negatively affect operator productivity. Mental fatigue is mostly due to the manual operation
of the on-board knuckleboom crane, which requires advanced cognitive work
with two joystick levers, while the most serious physical strains arise from cabin
vibrations. These vibrations are generated from knuckleboom crane vibrations as
a result of aggressive manual operation.
To enhance operator workload, well-being, and to increase productivity of the
logging process, semi-automation functions are suggested, which are supervised
automatic executions of specific work elements. Some of the related issues are
addressed in the current thesis. Therefore, the content is divided into: (1) the
design and development of a semi-automation function focused only on the base
joint actuator (slewing actuator) of a knuckleboom crane and (2) active vibration
damping solutions to treat crane structure vibrations induced by the main lift
cylinder (inner boom actuator). The considered reference machine is a downsized knuckleboom crane of a forwarder machine, which is used to pick up log
assortments from a harvesting site.
The proposed semi-automation function presented in the first part could be beneficial for operators to use during log loading/unloading scenarios. It consists
from a closed-loop position control architecture, to which smooth reference slewing trajectories are provided by a trajectory planner that is automated via operator commands. The used trajectory generation algorithms are taken from conventional robotics and adapted to semi-automation context with proposed modifications that can be customizable by operators.
Further, the proposed active vibration damping solutions are aimed to reduce
vibrations of the knuckleboom crane excited by the inner boom actuator due to
aggressive manual commands. First, a popular input shaping control technique
combined with a practical switching logic was investigated to deal with the excited payload oscillations. This technique proved to be useful with a fixed crane
pose, however it did not provide much robustness in terms of different link configurations. To tackle this problem an H2 -optimal controller is developed, which
is active in the pressure feedback-loop and its solely purpose is to damp the same
payload oscillations. During the design process, operator commands are treated
and explained from input disturbance viewpoint.
All of the hypothesis throughout this thesis were verified with extensive experimental studies using the reference machine.

v

Sammanfattning
Skogen är ett av jordens största ekosystem som kan producera viktiga förnybara råmaterial med hjälp av sol, luft och vatten. För att effektivt extrahera dessa
råvaror är skogsavverkningsprocessen mycket mekaniserad i utvecklade länder,
vilket innebär att avancerade skogsmaskiner används för att fälla, bearbeta och
transportera stockar och biomassa från skogarna. Att arbeta med dessa maskiner
är dock både mentalt och fysiskt ansträngande, något som påverkar operatörens
produktivitet negativt. Mental trötthet beror främst på den kontinuerliga manuella styrningen av den maskinmonterade bomkranen, vilken kräver avancerad
koordinering av två styrspakar, medan de allvarligaste fysiska belastningarna härrör från kabinvibrationer. Dessa vibrationer genereras av kranvibrationer som ett
resultat av hastiga manuellt kontrollerade rörelser.
För att förbättra operatörens arbetsbelastning och välbefinnande, samt öka produktiviteten i avverkningsprocessen, föreslås delautomatiserade funktioner, vilket innebär övervakade automatiska utföranden av specifika arbetselement. Några av de relaterade frågorna behandlas i denna avhandling. Därför är innehållet
uppdelat i: (1) design och utveckling av en delautomatiseringsfunktion fokuserad endast på vridningen av skogskranens basled (svängaktuator), och (2) aktiva
vibrationsdämpande lösningar för att behandla vibrationer i kranstrukturen inducerad av huvudlyftcylindern (inre bommens aktuator). Den referensenmaskin
som behandlas är en mindre bomkran av skotarmodell, vilken används för att
hämta timmer från fällningsplatsen.
Den föreslagna halvautomatiseringsfunktionen som presenteras i den första delen kan vara fördelaktig för operatörer att använda under lastning/lossning av
timmer. Den består av ett slutet system för positionsreglering, till vilket mjuka
referenssvängningsbanor tillhandahålls av en banplanerare som är automatiserad via operatörskommandon. För att skapa rörelsebanorna har algoritmer från
konventionell robotik anpassats till en delautomatiseringskontext med modifieringsförslag som kan anpassas av operatören.
Vidare syftar de föreslagna aktiva vibrationsdämpande lösningarna till att minska kranvibrationer exciterade av den inre bommens aktuator på grund av aggressiv manuell styrning. Först undersöktes reglerteknisk lösning där s.k. input
shaping kombinerades med en praktisk switch-logik för att hantera den oscillerande lasten. Denna teknik visade sig vara användbar med en fast kranställning,
men gav inte mycket robusthet gällande förändringar i kranposition. För att hantera detta problem utvecklades en H2 -optimal regulator, som är aktiv i tryckåterkopplingsslingan och vars enda uppgift är att dämpa svängningarna i kranlasten.
Under designprocessen behandlas och förklaras operatörskommandon ur inmatningsstörningssynpunkt.
Samtliga hypoteser i hela denna avhandling har verifierats med omfattande experimentella studier med referensmaskinen.
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Part I

Background and motivation

1

Introduction

This chapter gives a brief introduction about the importance of forestry, mechanized forest technologies, as well as an overview of aims, objectives, and finally
the outline of the current thesis.

1.1

Forestry

Forests cover roughly 30% of the world’s land surface, and are not only vital parts
of our everyday survival, but are also important buffers to prevent multiple natural disasters such as soil erosion, floods, rainfalls, and most importantly mitigate
climate change. Further, forests also provide the main supply of wood, which is
the product of solar energy, and in the same time it is renewable, reusable and
recyclable raw resource (WWF Global (2017)).
In countries like Sweden, where 58% of the total land surface is dominated by
forests, forestry emerged as a key factor for the national economy. Even though
Sweden possesses under one percent of the world’s commercial forests, it still
holds the third place in the global market with 10% of combined sawn timber,
pulp and paper exports (Royal Swedish Academy of Agriculture and Forestry
(2015)). This is partly due to the first Forestry Act that was adopted in 1903, and
has been updated several times in order to balance economic, ecological and social interests (Lindahl et al. (2017)). According to this Act, forest owners were
constrained to replant after harvesting, creating this way an efficient procedure
that resulted in almost 75% more forest growth per year then what is felled. Basically, in place of every felled tree, three new ones are planted.
All the involved parties benefited from this procedure, and lately the forestry
sector has grown into one of the most efficient and productive businesses in the
3
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world, roughly worth about 90 billion euros (Sveaskog (2017)). This particular
growth is the result of advanced future planning (several decades ahead) and
careful management of forest resources. For this reason, the Sustainable Forest Management (SFM) was created and successfully applied throughout Sweden
(Holmen (2011)). Basically, SFM is a lengthy management process that influences
the life cycle of a particular forest area starting from the planting of seedlings till
the final felling of grown trees. A simplified version of one SFM cycle is summarized in Algorithm 1, below.
Algorithm 1 : Sustainable forest cycle
INPUTS: A large amount of young trees that are called seedlings and will be
noted by S(t), t representing the age in years;
OUTPUTS: W [m3 ] amount of roundwood in form of specific length logs;
for t = 1, . . . 80 years do
(C1)
if t > 0 and t < 3 then
Planting: plant the seedlings S(t) to designated areas either
manually or with the help of planting machines;
(C2)
if t ≈ 10 then
Cleaning: clean the planted areas with a clearing saw of anything that might jeopardize or influence the growth of the
young stand S(t);
(C3)
if t ≈ 20 then
Tending: select the most viable and specific type of S(t) trees
that have the best quality and same age to maximize the production, while discard the rest with a chainsaw, clearing saw,
manual saw;
(C4)
if t ≈ 30 then
First thinning: use dedicated thinning harvesters to cut less viable trees and thinning forwarders to gather them, while keeping specific S(t) trees that can maximize the production;
(C5)
if t ≈ 50 then
Second thinning: use dedicated larger thinning harvesters and
forwarders to repeat the previous procedure;
(C6)
if t ≈ 80 then
Final felling: use dedicated final felling harvesters to cut down
the remaining S(t) trees, while use dedicated forwarders to
gather the logs W ;
end for
By adopting the steps ((C1) to (C6)) described in Algorithm 1, the growth of
trees are uniformly controlled, meaning that in the final felling (step (C6)) all of
the trees from a selected areas have a similar age. During the same process, trees
are turned into specific length logs with roughly the same diameters due to the
mentioned age constraints. Having logs W with similar diameter increases the
amount of sawn timber extraction per particular area (Pyy et al. (2017)). The ben-
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efits provided by the SFM not only maximizes the production in terms of roundwood or sawn timber, but in the same time restricts overexploitation, preserves
biodiversity, arranges inventory routines every ten years to estimate the potential
cutting rates, and lastly, monitors and intervenes in case of various disturbances
(e.g., fires, parasites, storms) that might affect the natural forest ecosystem (Holmen (2011)).
Another factor that impacts the production rate is human workforce along with
the required tools that are used to successfully implement these particular steps.
For instance, the first step (C1), which is the planting process, is highly dependent on human labor, and is claimed in (Ersson, 2014, p. 15) that during 2012
from 374 million planted seedlings in Sweden, more than 99% were planted manually. Steps (C2) cleaning and (C3) tending are of great significance for the forest
value, and requires less human labor then the planting process, however humans
are required to use particular tools such as clearing saws, special brush saws or
chainsaws to perform the intended tasks which are also time consuming (Short
and Radford (2008)).

Number of humans

Number of used tools or machines

(C1) (C2) (C3) (C4) (C5) (C6)
t [years]

Figure 1.1: Human-machine labor involvement in Sustainable Forest Management
The thinning operations (steps (C4) and (C5)), and the final felling procedure
(step (C6)) require the usage of special heavy machineries to perform the tasks
in hand by limited number of human operators (Sveaskog (2015)). Finally, the
number of humans with respect to used tools/machines throughout one SFM
cycle described in Algorithm 1 is depicted in Figure 1.1, from where it is visible
that the first steps of SFM are heavily dependent on number humans using less
advanced tools (e.g., planting tube, clearing saw, chain saw), while later steps
require fewer humans using few advanced heavy machineries (e.g., harvesters,
forwarders, feller bunchers, grapple skidders). With such machineries used for
thinning and final felling operations, well trained operators are able to cover a
large area within a reasonably small amount of time that would be otherwise
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impossible with manual labor, therefore mechanization in forestry constitutes a
big part of increasing the production rate in the later steps of the SFM model.

1.2
1.2.1

Mechanized forest technologies
Beginnings

The first chainsaw was invented in 1830 by a German physician Bernnard Heine,
and it was intended to be used as a bone saw in surgical operations (Hawk (2016)).
This invention influenced the development of larger chainsaws intended for forest operations and almost a century later in 1920 Andreas Stihl patented ’Cutoff
Chain Saw for Electric Power’ which was the birth of motorized chainsaw technology (Silversides (1984)). Later, in 1927 Emil Lerp invented the first motorized
chainsaw that weighed around 57 kg and was operated by two people (Dolomar
(2017)). Similarly, in 1929 Andreas Sthil patented a hand-held tree-felling machine
that was driven by a petrol engine and weighted around 50 kg (Drower (2006)).
A major breakthrough came in 1950 when the first one man chainsaw was developed and since then the chainsaws became lighter, and more advanced. For
instance, in 1959 they weighed about 12 kg, in comparison with today’s chainsaws weight being between 4-9 kg depending on their type and purpose (Thöny
(2007)). The lighter and more maneuverable chainsaws were so advantageous
that in Easter Canada by 1960 they completely replaced the bucksaws and axes,
which were still dominantly used by more than 80% of all the forest harvests in
1952 (Silversides (1997)). Similar progression trends have been observed among
more developed European countries as well.
This replacement of tools contributed to a major increase in productivity, but it
did not guaranteed neither improved the safety for workers. On one hand, the
chainsaw with its unprotected running chain at high speeds was a potential dangerous tool that caused serious accidents, which were sometimes vital for workers. During 1967, in Sweden, from 11, 000 reported accidents 38 were fatal, and
70% were caused by chainsaw work. On the other hand, felling trees in the forest with a chainsaw was also a dangerous procedure that required proper tools,
training and most importantly experience. For example, a falling tree involves
unpredictable forces that can cause fatal accidents and was considered the most
common explanation ("Death caused by falling tree") by the international fatal
accident statistics in forestry (Axelsson (1998)). To prevent increasing the number of accidents, the Swedish forestry adopted special training programs where
they trained workers to perform safe and improved motor-manual work with a
chainsaw. One of the most important things that workers learn during training
sessions, is how to influence and estimate the direction of fall of a tree. This
was crucial from safety viewpoint, but also to ensure the required space for the
felled trees to guarantee minimum damage, and to minimize the transportation
distance of the logs. To improve further the safety aspects of motor-manual work
additional safety gears (e.g., safety boots, pants, helmet) were provided for the
workers (Uusitalo and Pearson (2010)).
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By the mid of 1950’s one-man chainsaw tree harvesting had changed the forestry
landscape in terms of productivity, but it still comprised of large number of workers using chainsaws to fell, delimb, and cut the trees into specific lengths, which
were later dragged by horsepower to the roadside. Next to the dangers that a
forest environment represented, these specific jobs were also seasonal, low paid,
and physically demanding, therefore, workers opted for safer and more secure
employment. In the same time, it was expensive for the mills or contractors to
accommodate the workers in cases when the harvesting areas were located deep
in the forest. As the mills demand for raw wood supply increased by the early
1960’s, the shortage of workers created huge problems and even forced some
mills to temporarily close (Clow and MacDonald (1996)).

1.2.2

Increased mechanization

To handle the demanded of raw wood, a combination of agricultural machines
such as tractors for hauling of trees, and trucks for transportation were introduced to speed up the tree harvesting process in 1940-50’s. A problem with
these machines was that they required relatively high quality roads in the forests,
which implied an unacceptable amount of forest destruction to build.
A countermeasure for tractors, and horses used for hauling purposes was the
introduction of mechanized skidders in the mid of 1960’s. These machines resembled to tractors (see Figure 1.3), had four-wheel drive with articulated steering,
were equipped with a grapple or cable for hauling the trees, and were able to
handle various rough terrains and almost any type of weather conditions. Moreover, the skidders completely changed the harvesting process, and workers were
no longer involved in all stages of the harvesting. For instance, each skidder
required five workers: two ’fellers’ to fell and to delimb the trees, one operator
to load the trees and to haul it to the road, and two ’buckers’ to cut the trees to
desired lengths and load them to trucks (Higgins (2007)). Further, the success
of the skidders also paved the way for future development of the next generation forestry machines in the following decades, that resulted in an increased
mechanization of the forest industry. During this period several machines were
designed and designated for particular steps of the harvesting process. A compilation of these machines with the correct nomenclature used in Canada and
Scandinavian countries can be found in (Kellogg et al. (1993)) and the most important of them will be introduced in the following paragraphs.
During these decades, the workers (fellers, buckers) were replaced by operators
whom did the same job with particular forestry machines guaranteeing a safer
environment. For harvesting purposes they used feller-bunchers (see Figure 1.2)
and different type of harvesters (see Figure 1.4). The feller-buncher was designed
to grasp and fell whole trees. Similarly, the double-grip harvester used a knuckleboom crane equipped with a processing unit or harvester head that grasped
and cut the trees that were later placed into another processing unit located on
the carrier of the machine that had the role of delimbing from branches the same
trees, and then bucking them to specific lengths. A more advanced version of this
harvester was the single-grip harvester that had a single processing unit mounted
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on its knuckleboom crane that did the grasping, cutting, bucking and delimbing
steps. To haul or transport trees or logs to the nearest roadside, operators used either skidders or forwarders (see Figure 1.5). While skidders hauled trees with the
help of grapples or cables, the forwarders with a grapple attached to their knuckleboom cranes loaded the harvested logs onto their cargo space and transported
large quantities once they were filled.

Figure 1.2: Feller-buncher.

Figure 1.3: Grapple skidder.

Figure 1.4: Single-grip harvester.

Figure 1.5: Forwarder.

1.2.3

Logging methods, systems, and machines

By the 1990’s in countries like Canada, Finland, and Sweden most of the forestry
operations were completely mechanized (Axelsson (1998); Nordfjell et al. (2010))
and the focus was shifted towards better usage of the already developed forestry
machines to increase productivity. For this reason, different logging methods
have been invented with the difference of in what condition is the wood harvested
and delivered to the roadside where further transportation or processing takes
place.
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Logging methods

Mainly, there are three different methods that are successfully used, and their
application is also dependent on the geographical location of the particular harvesting site, condition of the forest terrain, etc.
(LM-1) Usually, in whole-tree-logging (WT) method the trees are felled and
transported from the felling site to the nearest processing area where
the delimbing, measuring and bucking takes place.
(LM-2) In, tree-length (TL) method the trees are felled and delimbed from
branches at the felling site, while the bucking takes place at the processing site.
(LM-3) Lastly, in cut-to-length (CTL) method the trees are processed (felled,
delimbed, measured, bucked) at the felling site, while the log assortments are transported to the road side.
Logging systems

Further, within each particular logging method, different systems emerged, that
are based on the degree of mechanization and on the combination of machines,
equipments, workers, and animals that are involved throughout the process. Some
of the logging systems are:
(LS-1) Motor-manual CTL harvesting system: the trees are felled and bucked
motor-manually with traditional chainsaws. The transportation can
vary from animals till agricultural tractors.
(LS-2) Cable harvesting system: trees are felled motor-manually and sometimes delimbed and then yarded to the roadside with the help of an
assembled cableway on the respective hillside. This type of system is
commonly used in mountainous areas.
(LS-3) Conventional mechanized WT harvesting system: feller-buncher is
used to fell the trees which are latter hauled to the roadside by one or
multiple skidders.
(LS-4) Excavator-based harvesting system: trees are felled by an excavatorharvester (excavator equipped with a harvester head), while the hauling of logs differ.
(LS-5) Motor-manual and cable skidding system: trees are felled motor-manually
and then hauled by skidders using cables that are wrapped around
the felled trees.
(LS-6) Motor-manual sawtimber harvesting, and animal or bulldozer skidding system: trees are felled, delimbed, bucked motor-manually and
the logs are hauled either with skidders or with the help of animals.
(LS-7) Lastly, the most commonly used in Nordic countries, the Nordic mechanized CTL logging system: trees are felled and processed by a har-
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vester, while a forwarder is used to gather and transport the logs to
the nearest roadside.
Extensive description about the logging methods and systems are found in (Uusitalo and Pearson, 2010, Chapter 4). Nowadays, in Sweden and Finland almost
100% of the forest harvesting operations is preformed by CTL logging system
(Gellerstedt and Dahlin (1999)). On one hand, this system is advantageous to be
used due to the flat terrain of the countries, on the other hand, the respective
machines (harvesters, forwarders) used in the CTL logging system are known
to cause less environmental damage (e.g., soil damage, residual stand damage)
(Hartsough et al. (1997); Limbeck-Lilienau (2003)). The harvesters and forwarders
come in different shapes and sizes intended to do particular operations such as
thinning and final felling (see steps (C4), (C5), and (C6) in Algorithm 1, on
page 4). To perform the intended tasks, most of the time, a harvester is used
together with one or multiple forwarders.
Harvesting

Basically, the operator of a harvester positions the machine within its knuckleboom crane reach of the selected tree to be felled. The tree is grabbed at the
lowest possible position by the harvester head’s feed rollers, cut by an automatic
chainsaw, delimbed with delimbing knives, and finally, cross-cut (bucked) the delimbed part with the same automatic chainsaw into logs of specified lengths. A
computer aided bucking system is used to value-maximize the log lengths (Olsen
et al. (1991)). Further, operators are also in charge of separating the logs into different assortments (i.e., thicker logs are placed in different assortments then thinner logs) (Nurminen et al. (2006)). With the described process, between 100 and
200 tree cuts are performed hourly according to (Eriksson and Lindroos (2014);
Häggström (2015)). Processing one tree, roughly takes around one minute. During this time the operator makes 12 decisions and uses in average 24 functions
(Burman and Löfgren (2012)).
Harvesting operations will not be detailed further, since it is not the focus of the
current work, however, further details and prolific discussions about their usage,
efficiency, and improvements can be found in (Akay et al. (2004); Kärhä et al.
(2005); Brander et al. (2004); Erikssohn and Oscarsson (2005); Palmroth (2011);
Rodriguez (1980)).

1.2.4

Forwarding

After harvesting, the operator of a forwarder takes over to be in charge of two
tasks: to collect the pre-sorted log assortments from the harvesting area with a
knuckleboom crane equipped with a grapple for grasping, and to further transport the logs to the roadside. Therefore, terrain driving is an important part of
forwarding, while during harvesting, the harvester is required to cover only short
distances to reach the selected trees. Advanced forwarding scenarios with very
detailed operator tasks, and subtask are found in (Manner, 2015, p. 31) and (Westerberg, 2014, p. 8), however, for the sake of simplicity, we describe the forwarding
scenario emphasizing only on the main operator tasks using Algorithm 2.
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Algorithm 2 : Forwarding
INPUTS: A forwarder: a six- or eight-wheeled vehicle with articulated-steering,
cargo space, grapple-equipped, hydraulically actuated knuckleboom crane, and
different pre-sorted log assortments;
OUTPUTS: Different log piles, or assortments at the roadside;
while there are log assortments left at the harvesting area do
if the cargo space is not full then
(F1)
Short driving: drive the forwarder till particular log assortments;
(F2)
Crane manipulation: Load the logs to the cargo space;
else
(F3)
Long driving: Drive the forwarder to the roadside;
(F4)
Crane manipulation: Unload the logs from the cargo
space;
end if
end while
Parallel to driving (tasks (F1), (F3)) and crane manipulation (tasks (F2), (F4)),
operators need to plan and to make certain decisions that impact the forwarding process efficiency. For instance, they need to evaluate ground conditions, to
identify and to separate various log assortments, to decide on the order of loading/unloading different log assortments, to plan the route throughout the whole
harvesting area, to avoid obstacles during crane manipulation etc.
outer boom

q3

f3
telescope

τ3

f4

f2
inner boom

f4
q4

A[4×4] F[4×1] = τ[4×1]
q2
τ5

rotator

q5

τ2
q1

τ1
τ5

grapple

f1
slewing

Actuator space

Joint space

Figure 1.6: Left: Specified knuckleboom crane actuators with related forces
in actuator space. Right: Joint space variables with specified angles and
torques. A4×4 is the diagonal Jacobian matrix which gives the relationship between cylinder forces F4×1 = [f1 , f2 , f3 , f4 ]T and joint torques τ4×1 =
[τ1 , τ2 , τ3 , τ4 ]T . τ4×1 = A4×4 · F4×1
The knuckleboom cranes of the forwarders are hydraulic manipulators designed
to lift heavy payloads. Four variables (three angels of rotation and a linear displacement) are used to describe the position of the grapple, while a rotator with
unlimited degree of rotation determines its orientation (see Figure 1.6 and Fig-
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ure 1.8 (b) ). Furthermore, the first degree-of-freedom (slewing) is in charge of
providing horizontal motions of the grapple and whole crane at low speeds, while
the rest of the DOF’s (inner boom, outer boom, and telescope) are in charge of lifting, lowering and extending the grapple position in the vertical plane (Manner,
2015, p. 12).
Out/up

Open
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Telescope

Down

Grapple

Outer boom

Inner boom
In

In/down
Left

Close

Right

Up
Right

Left

Slewing

Rotator
Operator

Figure 1.7: State assignment of the interpreter with two lever type joysticks
(top view) based on ISO 15078:1998. The black circles indicate the buttons.
Mostly, the joint actuators comprise from hydraulic cylinders that are constructively mounted on the crane mechanical structure to achieve the best force-torque
ratio in a joint (see joint variables q2 and q3 in Figure 1.6). Operation commands
for each of the joint actuators are evenly distributed between the states of an interpreter in the form of two lever type joysticks (see Figure 1.7 and Figure 1.8
(a)). By changing the joysticks states, reference valve current signals are sent to

(a)

(b)

Figure 1.8: (a) operator chair with two lever type joysticks, and (b) industrystandard downsized forwarder crane prototype available at Umeå University
the respective directional control valves to regulate the flow rate to particular
cylinder chambers creating a pressure difference, that is transformed to motion
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of a link. Each link motion is associated with two joystick states, and can be independently controlled. Further, while driving is a straightforward task, which
comes naturally, crane manipulation is far more complex, and requires training
with various simulation tools, but most importantly several years of experience to
do it efficiently (Brander et al. (2004)). During training, operators learn to master
systematic combinations of all the interpreter states (12 in total) that are required
to manipulate the crane to perform forwarding operations (loading/unloading).
It has been reported that operators spend more than 80% of their cabin time with
crane manipulation (Dvorak et al. (2008)), that is, performing cognitive inverse
kinematics in task-space by giving joint-space commands to the respective joint
actuators. This, combined with an 8 to 10 hour work shift and hazardous conditions of the harvesting site is known to cause, stress, mental fatigue, and physical
strain among operators (Inoue (1996)).

1.3

Reasons for automation

Forestry machines evolved throughout the last decades in terms of their capabilities (Nordfjell et al. (2010)) (e.g., higher lifting torque, fuel efficient, larger
payloads), however, no major development had emerged in their basic concept
and functionalities1 , even though some areas could still be improved with the
help of automation.
Like in any other industrial branch the main reason to introduce automation is
to increase production, and in the same time to reduce the related costs. With today’s technology, the current forestry machines can guarantee large enough production capacity to make the operators bottlenecks in the logging process (Hellström et al. (2009)). To improve this aspect, certain level of automation must be
introduced.
Next to economic benefits provided by automation, other areas can be also improved. For example, it has been shown in (Ortiz Morales et al. (2014)) that
by automating particular crane motions, not only the speed of the logging process is increased, but in the same time operators are relieved from complex,
and monotonous functions, which are known to cause stress and mental fatigue.
Further, with semi-automation functions, the costs related with operator training time can be minimized (FPInnovations (2015)). Even though, operators are
trained for long periods there is still a noticeable productivity gap between novice
and experienced operators (Löfgren (2009)), which can be as much as 20 − 40%,
and can be reduced with implemented semi-automation functions (Burman and
Löfgren (2012)).
Vibration propagated to the cabin is another relevant topic that negatively im1 It does not mean that new concepts have not been proposed. For instance, Besten (the Beast), an
unmanned harvester remotely controlled from a nearby forwarder was proposed by (Bergkvist et al.
(2006)). The harvester presented by (Kettunen (1996)) was designed to cause minimum soil damage,
and operate in steep terrains due to its walking functionalities and ant like shape. However, none of
them are in production.
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pacts the performance of operators at the end of their work shift (Synwoldt and
Gellerstedt (2003)). Moreover, it can lead to various health problems such as motion sickness, digestive and reproductive disorders, low back pain, etc (Punnett
and Wegman (2004); Burström et al. (2015)). Cabin vibrations can originate from
several work elements such as driving in uneven terrain, and crane manipulation.
The latter is influenced by operators and it depends on experience. According to
(Haggstrom et al. (2016)), vibrations originated from crane manipulation tends
to decrease as operators become more experienced. Introduction of automation
to tackle the same issue can be the answer to reduce vibrations originated from
crane manipulation (La Hera et al. (2008)).
Probably, in the future forestry machines will be completely autonomous (Hellström et al. (2009)), however between complete autonomy and current designs,
there is still room for improvements in certain areas. In particular, the current
level of the outdoor sensing technology2 is insufficient for complete automation,
while combining autonomous motions with manual operations beneficially requires development of novel human-machine interfaces.

1.4

Aims and objectives

The aims of this research were defined based on two main factors that could
potentially improve operator productivity and ergonomics as mentioned in Section 1.3. Specifically, the aims and related objectives are separated into two main
parts throughout the thesis:
(A-I): Partial automation of slewing motions for log loading/unloading cycles.
• Studying and understanding the dynamics of the slewing actuator, which is the base actuator of the forwarder crane.
• Identification of the actuator nonlinearities (e.g.,valve dead-band,
friction).
• Conventional position controller design (PI) with valve dead-band
compensation.
• Automated trajectory generation using polynomials.
• Combination of trajectory proprieties to bound the velocity and
acceleration of the polynomial trajectories.
• Extensive systematic experimental studies, to find the best parameters of the trajectories within a predefined set, that provides
the smallest grapple oscillations.
• Combination of operator-controlled with automated slewing motions considering the log loading/unloading scenarios.
2 For instance, potentially affordable cameras considered by forestry machine manufacturers are
not able to cope with the rough weather conditions (fog, rain, cold, etc) of the forest environment.
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• On-line implementation of adopted and modified Linear Trajectory with Parabolic Blends (LTPB) algorithm with operator controlled stop command.
(A-II): Active vibration damping solutions to damp crane structure oscillations.
• Studying and understanding the dynamics of the inner boom actuator, which is the primary lift cylinder of the forwarder crane,
and in the same time its actuation is the main cause of crane
structure oscillations.
• Crane structure oscillation attenuation with Zero Vibration (ZV)
input shaping control techniques for predefined motion stages.
• Extensive systematic experimental studies to verify repeatability
and robustness of the ZV input shaping control technique, and
to get a better understanding about the system natural frequency
and damping ratio variations.
• Attempts to identify on-line the natural frequency using just the
measured pressure signals with Algebraic Identification Method
(AIM) in order to design an adaptive input shaper.
• Interpretation and mathematical derivation of operator commands
from input disturbance viewpoint.
• H2 -optimal control design for crane structure oscillation attenuation.
• Experimental robustness verification of the H2 controller by varying various parameters (e.g., reference current amplitude, changing the crane pose, additional payloads).

1.5

Thesis outline

The thesis is divided into two main parts. Part I contains an introductory material
related to forest technologies and a compact summary of the thesis work. The
outline of the rest of Part I is detailed below.
Chapter 2 summarizes the solutions and contributions concerning the design of
semi-automation functions for the slewing actuator of a forwarder crane, employing adaptable and automated trajectory planning. The results presented in this
chapter are based on previously published research papers: Paper (A), Paper (B)
and Paper (C).
Chapter 3 presents the active vibration solutions applyied to the inner boom
actuator of the same forwarder crane with a special focus on examples. The presented results are based on Paper (D), Paper (E) as well as additional unpublished
material.
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Chapter 4 provides a brief summary of the scientific research papers.
Chapter 5 presents the concluding remarks of the thesis.
Part II of the thesis contains the research contributions in form of edited versions
of four published scientific papers and one additional submitted manuscript.

2

Semi-automation via automated
trajectory planning
This chapter gives a brief overview about the studies presented in Paper (A), Paper (B) and Paper (C), that are concentrated on semi-automation functions for
the base actuator (slewing actuator) of an industry-standard forestry crane. This
particular actuator is in charge of providing angular motions of the whole crane
structure in the horizontal plane during log loading/unloading scenarios. More
specifically, to improve the capabilities and to compensate operator limitations a
closed-loop position control scenario is implemented by taking advantage of the
available sensor information from an encoder. The focus is mainly put on automated reference trajectory generation that is employed from an operator-centered
perspective.
It is important to note that automation does not need to be particularly operatorcentered. For instance, in the car manufacturing industry where the environment
is known in advance, and the tasks are well defined, many operations are completely automated. This means, that high-level control automation operates in
the background without direct knowledge of human operators. In comparison
with the above mentioned example, operator-centered automation is a scenario
whose purpose is to enhance human operator effectiveness on the tasks in hand
(Mitchell (1996)). In other words, operators are always kept in the decision and
control loop (Sheridan (1995)). The later case is in particularly useful to apply
for forestry machines such as forwarder cranes, because, on one hand, todays
technology still requires operators performing advanced cognitive work to manipulate the crane, and on the other hand, they need to be kept in the control
loop of the machine due to the unknown and rough forest environments. Therefore, operator-centered automation can be explained with reference to Figure 2.1,
where the operator is in charge of initiating every automation sequence1 , and in
1 For instance, an automation sequence can be a particular task that is automated, but in the same
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the same time is responsible for stopping or taking over after. This can be also
described as a semi-automation function or forest-machine function as defined
in (Synwoldt and Gellerstedt (2003)). Further, it is of great importance to design
and to apply the correct semi-automation functions for the appropriate tasks, so
that both, operator and machine capabilities are exploited at best. For example, it
is useless to design semi-automation functions for tasks that operators find stimulating, and it is considered a disadvantage if operators rely to much on particular
semi-automation functions and therefore, fail to intervene when necessary (Parasuraman and Riley (1997)).
Semi-automation

Operator

Automation
Sequence

START

Operator

STOP

Figure 2.1: Operator-centered semi-automation
Within conventional crane control, operators rely on their visual information to
manually and appropriately coordinate the motions of individual actuators to
perform a crane motion in 3D space. However, in order to design semi-automation
functions, sensors that provide the system with additional internal states for feedback, or sensors that allow the same system to react accordingly to environmental
changes, must be introduced (Westerberg, 2014, p. 16). For instance, if each joint
of the forwarder crane is equipped with a joint position sensor (e.g., an encoder),
precise sensor information of the individual joint states are available for feedback,
that enables the design of high-level position controllers for increasing precision.
Moreover, by having the individual joint states and the designed joint controllers,
the forwarder crane, can be interpreted as a hydraulically actuated robotic manipulator, which enables even further design possibilities taken from conventional
control of robots, but with the operator still kept in the control loop.
In recent years, multiple studies reported the crane manipulation problem from
conventional robot control perspective. For instance, in (Löfgren (2009); Heinze
(2008)) the boom tip control was proposed, which allowed operators to manually
control the boom tip of the knuckleboom crane in 3D space with a single joystick2 . Similarly, in (Hansson and Servin (2010)) shared and traded control was
investigated, which consists from mixing operator given reference boom tip velocities with references generated by a computer control system. In (Mettin et al.
(2009); Ortiz Morales et al. (2014)) off-line path planning for the boom tip was
time it can be achieved with manual operation as well.
2 Boom tip control, can be related with task space control which is standard in conventional
robotics.

19
inspected using virtual holonomic constraints method after analyzing commonly
performed operator motions. As a result of such studies, an industrial product
has also been launched by John Deere under the name of Intelligent Boom Control (IBC) (ElmiaWood (2013)). With IBC operators are able to control the boom
tip in 3D space with two joysticks and at the same time they can switch it off
and resume the operation with conventional crane control. From the mentioned
studies and industrial product, several conclusions can be drawn: automatic motions are always better and more efficient, experienced operators in most of the
cases outperform the proposed solutions, inexperienced operators performance
is largely increased with the proposed solutions.
With reference to the structure shown in Figure 2.1, we consider the task to design a semi-automation function focusing only on the base joint actuator of a
forwarder crane, instead of considering the whole manipulator. By doing so, complex kinematic and dynamic modelings related with the crane as a manipulator
are avoided3 , which increases the possibility for easier scalable industrial implementations. The main reason for considering the slewing actuator, is its importance in log loading/unloading scenarios, when relatively slow slewing motions
are executed (in the horizontal plane), while the rest of the joints (in the vertical plane) are coordinated systematically to set up a crane pose that can reach a
particular log assortment (Manner (2015)).

Figure 2.2: Recorded slewing position q1 within a timespan of 104.99[s] during normal operation of a forwarder crane in the forest.
From a slewing actuator perspective this means execution of repetitive motions
between two particular points, related with the position of the log assortments
and the position of the forwarder’s cargo space. Such repetitive slewing motions
recorded from a forwarder crane during normal operation are visualized in Figure 2.2 for a timespan of approximately 1.75 minutes. The gray shaded areas
emphasis the operator controlled motions between two specific positions, and
also certain time intervals that can be automated with a semi-automation function shown in Figure 2.1. To understand better the importance and issues of the
slewing actuator a simplified model is provided next.
3 For instance, the computation of inverse kinematics for a redundant manipulator such as the
crane is avoided.
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Simplified modeling of the slewing actuator
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Figure 2.3: Simplified hydraulic diagram connected with the slewing actuator4 .
The slewing actuator is a double-acting rack-and-pinion type actuator, which converts hydraulic pressure and flow into mechanical torque and angular velocity.
To get a high torque ratio two racks5 are used on both sides of the pinion6 . The
opposite sides of each geared rack are equipped with pistons built into separate
hydraulic cylinders, which are visible in the right side of Figure 2.3. A shaft is mechanically attached to the pinion, and acts as the first link of a forwarder crane.
Since, it is the base joint actuator a geometric mapping between actuator space
and joint space is not necessary, therefore the equation of motion can be simply
written as:
q̈1 J = (pA − pB ) · A · r −τF − τL
|
{z
}

(2.1)

τ1

where J is the moment of inertia of the crane structure around the axis of rotation,
τF is the friction torque, τL is the load torque, τ1 is the slewing torque, and the
angular position q1 is measured by an optical encoder. Further, pA , pB are the
measured pressure differentials in the diagonally connected cylinders (i.e., the
upper chamber of cylinder 1 is connected with the lower chamber of cylinder 3),
A = AA = AB are the cap end areas of the pistons, while r is the radius of the
pinion (see Figure 2.3 for details). The diagonally connected cylinder chambers
5 A rack is a linear bar with a cogged or toothed bar that is used together with a cogged pinion. In
the right side of Figure 2.3 it is expressed as a line closely attached to a circle.
6 A pinion is expressed as a circle in the right side of Figure 2.3. In reality it is a pinion with a
certain number of teeth, and is used together with a linear rack.
6 In reality the hydraulic circuit is more complex containing pressure relieve valves, check valves,
etc. For the sake of clarity of the hydraulic circuit, several components (e.g., check valves, pressure
relive valves, etc) are ignored, moreover, the directional control valve in fact is a solenoid-controlled
pilot-operated directional control valve.
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are connected to port A and B of the directional control valve on one side and
ports P and T to the hydraulic pump and tank on the other side.
The directional control valve regulates the volumetric flow rates QA and QB to
the diagonally connected cylinder chambers. It has three defined states S1, S2
and S3 and is an open centered configuration meaning that in neutral state S2
the output of the pump (port P ) is connected with the tank (port T ), but also the
pressure pA , which is the sum of pressures in the diagonal cylinder chambers,
is kept constant since there is no flow QA to the same cylinder chambers. The
valve states are switched by an electronic controller, which includes an embedded
current controller for the valve solenoids. When the upper solenoid is energized
by the given reference current i1 , the valve state S1 is pushed down in place of
the neutral state S2, which increases the distributed7 pressure pA by enabling the
flow QA from the pump, and in the same time reducing the distributed pressure
pB by releasing the hydraulic fluid from the chambers of cylinder 2 and 4. Due to
the pA pressure increase and pB pressure decrease, simultaneously, the piston of
cylinder 1 is pushed downward while the piston in cylinder 3 is pushed upward,
which results in an out-of-plane counterclockwise angular motion of the whole
crane structure. Similarly, when the valve is switched to state S3 an out-of-plane
clockwise motion is actuated.
Remark 2.1. Note that in the slewing actuator equation of motion given in (2.1), only
the partial dynamics of the overall system is described, parts concerning pressure-flow
equations, control valve dynamics, and pressure dynamics in the cylinder chambers are
ignored. Usually, it is a complex task requiring multiple system parameters (e.g., oil proprieties, geometry of multiple hoses, cylinder and control valve, etc) to find a detailed
model for such an actuator, and it is not the scope of the current thesis to discuss this,
however several nonlinear models and their linearized version ar available in (Merritt
(1967); Jelali and Kroll (2003); Cristofori and Vacca (2015)).

Further, an important factor that is highly influencing the dynamics of this particular actuator, and can be considered as an external disturbance, is the freelyhanging grapple along with its rotator that is mechanically attached to the tip
of the telescope. During abrupt joysticks commands (e.g., sudden start and stop
commands for the slewing actuator), the grapple mechanism oscillates, which
is further propagated trough the whole crane structure. These oscillations are
dangerous for the environment, operator well being, and increase actuator wear.
To avoid these oscillations, operators tend to use smoother joystick commands at
low slewing velocities.
Remark 2.2. From construction point of view, a mechanical brake or swing damper is
mounted between the tip of the telescope and the attachment point of the rotator, and
uses friction-based disc braking technology to damp grapple mechanism oscillations8 in
the plane where the slewing actuator operates. Swing dampers can come in two different
designs: single and dual. A single swing damper damps the oscillations in one direction
only (as the case of our crane), while a dual swing damper can tackle the damping in two
7 The pressure p is distributed between the upper chamber of cylinder 1 and lower chamber of
A
cylinder 3.
8 Grapple mechanism oscillation: in fact it is the oscillation of the rotator and attached grapple.
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different directions (Indexator AB (2017)).

Figure 2.4: Slewing actuator response to the manually (with a joystick) generated current i1 and the slewing torque τ1 .
There are two main reasons why the grapple mechanism was not modeled. First,
the presence of nonlinearity created by the swing damper friction, and second,
the lack of sensors available on the same mechanism. For instance, a model
was derived in (Kalmari et al. (2013)) as a pendulum consisting from two rigid
links and a point mass. However, the mechanisms presented in the studies was
equipped with additional IMU sensors and had no swing damper.
We have observed, that the same oscillations are also visible on the pressure based
torque signal τ1 as Figure 2.4 shows, where a manually generated reference signal
i1 was applied to the electronic controller of the directional control valve. Basically, from 3.9[s] to approximately 8[s] the slewing torque τ1 oscillates due to the
swinging motion9 of the grapple mechanism. In the following, we will use this
observation as an important problem to treat in the proposed semi-automation
function. The next step in the semi-automation function design is the development of a high-level controller that is discussed in Section 2.2 below.

2.2

Controller design

To design a semi-automation function that provides automated slewing motions,
a closed-loop control architecture as shown in Figure 2.5 is proposed. This control architecture also corresponds to the semi-automation function structure defined in Figure 2.1, where the operator is in charge of starting the automation
sequence and taking over after. More in detail, and translated to Figure 2.5, this
9 Probably, without the swing damper this motion could have been appropriately modeled by a
response of a linear second order underdamped system.
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means that operators must interact with a trajectory planner instead of manually commanding the reference signal i1 . The trajectory planner will be further
discussed in Section 2.3 on page 28. The current Section only deals with the
closed-loop control architecture of the slewing actuator.
ON/OFF

Operator

DBI
Trajectory
planner

qr

-

Position
controller

DB

i1

QA
Slewing
actuator

Directional
control valve

q1

QB

Section 2.3

Section 2.2

Figure 2.5: Closed-loop position control architecture used for semiautomation.
With reference to the hydraulic circuit shown in Figure 2.3, it is clear that the
directional control valve plays an important role in actuating the slewing cylinders. In fact the directional control valve is regulated with an electronic low-level
current controller that receives the reference signals from joystick commands. To
introduce a high-level control architecture (e.g., position controller), additional
sensor information (e.g., from an encoder) is needed for feedback. In our case the
slewing actuator is equipped with an incremental optical encoder measuring the
angular position, thus a position controller is employed. With the included position controller, the closed-loop diagram shown in Figure 2.5 becomes a cascade
control architecture. Note that the inner-loop is expressed with the dashed rectangle and it is considered as a part10 of the directional control valve. Moreover,
to reduce internal leakages, the directional control valve contains a dead-band11
due to the spool overlap, which is deteriorating the precision of the position controller. This dead-band is symbolized with DB in Figure 2.5 and it is considered
as an input nonlinearity function, which is compensated with its inverse noted
as DBI. The modeling, identification and compensation of the DBI is described
in Example 2.3 below.
Example 2.3: DBI modeling, identification and compensation
The nonlinearities of the hydraulic actuator under study can be approximately
modeled as: a dead-band and a standard friction torque12 . Dead-band is a nonlinearity of a valve that can be defined as a period of operation when there is
no flow or pressure output for a particular range of command (Sun Hydraulics
Coorporation (2010)). In other words, valve dead-band can be the result of spool
overlap, and it is intentionally a valve design feature to minimize internal leakages. Further, the dead-band DB is present in the directional control valve and
10 Further details about the control architecture are provided in Paper (A).
11 The presence of dead-band (DB) can be seen in Figure 2.4, where we observe no generated torque

(between 0[s] and ≈ 1.2[s]) till the current exceeds a certain level.
12 Since in the internal mechanics of the actuator includes interacting gears, backlash might be also
present, however due to the low precision requirements of the actuator it is ignored in our studies.
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the friction phenomena τF is present in the mechanics of the actuator. It is important to compensate DB in case of a hydraulic system; because this will partially
compensate the present friction τF . Recalling the equation of motion given in
(2.1), it can be seen that whenever the acceleration and load are negligible the
friction is simply τF = (pA − pB ) · A · r. Nonetheless, this information cannot be
used for compensation13 in a position control architecture since there is no available modeling relation between the friction torque τF and the directional control
valve current i1 .
Theoretically, DB can be compensated if its inverse DBI (see Figure 2.5) is a
known function (Tao and Kokotović (1996)). Thus, including DBI after the position controller it guaranties the cancellation of DB. To be able to identify DBI,
direct access to the actuator inputs/outputs is needed. These inputs/outputs are
not always available to measure. For instance, in case of a directional control
valve direct access to the valve outputs (i.e., flow rates QA , QB ) is not available
for measuring (see Section 3.3 in Paper (A) for further explanations about the
dead-band). However, due to the proportionality between volumetric flow rate
and velocity14 , it is reasonable to assume an inverse of an input nonlinearity function such as DBI that compensates the nonlinearity DB between the measured
control valve current i1 and estimated slewing velocity q̇1 . The non-symmetric
inverse nonlinearity DBI (see Figure 2.6), can be approximately modeled as:
(
l+ · sign(i1 ) + δ+ · f (i1 ) if, i1 > 0
(2.2)
DBI '
l− · sign(i1 ) + δ− · f (i1 ) if, i1 < 0
where the unknown parameters to be identified are: l− , l+ , δ− and δ+ .
i1 [A]
δ+
l+

f (i1 )
l−
δ−

Figure 2.6: Model of the inverse
nonlinearity DBI.

Figure 2.7: Measured versus identified inverse nonlinearity DBI.

13 This is in contrast with electrical drives where there exists a proportionality between current i
and torque τ. Simply, τ = K i, where K is the torque constant of the motor. However, it can be used
in force control architectures as in (Niksefat and Sepehri (2001)).
14 For example, consider a river with a constant cross-sectional area A, and flowing water with an
average velocity v̄. The higher the velocity of the water, the higher is the flow rate Q of the river.
Therefore, we can state that the volumetric flow Q is proportional with the product of the crosssectional area and water velocity v̄, thus Q = v̄A.
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Remark 2.4. Notice that, the DBI model shown in Figure 2.6 and described in (2.2) differs from the identification results shown in Figure 2.7. Basically, in the model, the viscous
dependent term is a function of current f (i1 ) while in the identification results is a function of velocity q̇1 . Both of these considerations give similar results, and can be explained
as follows: the valve current i1 regulates the volumetric flow rates that are directly proportional with the slewing velocity q̇1 , therefore we can assume that f (i1 ) ≈ q̇1 . It is more
advantageous from implementation viewpoint to use f (i1 ) for the viscous dependent term
since no velocity measurements are needed.

In continuation, the data for the identification procedure was obtained by measuring i1 (input), q1 , and estimating off-line q̇1 (output). The reference current i1
was selected as15 :
(
Ik t ∈ [(k − 1)T , kT )
(2.3)
i1 (t) =
0 otherwise
where the amplitude Ik was incrementally increased from ±0.4[A] till ±0.56[A]
with a step of ±0.01[A]. The period T was selected taking into account the slewing actuator limits. Further, DBI was obtained (see Figure 2.7) by capturing the
average data points from constant steady-sate regimes after the transients of i1
and q̇1 . By introducing a switching function S(q̇1 ):
(
1 if, q̇1 ≥ 0
(2.4)
S(q̇1 ) =
0 otherwise
with S(−q̇1 ) = 1 − S(q̇1 ), DBI is written in a linear regressors form:
DBI

=

Θ T · Φ(q̇1 , i1 )

Θ

=

(l− , δ− , l+ , δ+ )T

Φ(q̇1 , i1 )

=

(S(−q̇1 ), S(−q̇1 )i1 , S(q̇1 ), S(q̇1 )i1 )

(2.5)
T

and by applying least squares algorithm for the obtained linear regressors form
on the captured data points, the unknown parameter vector Θ is identified (see
(2.6)).
Θ = (0.4499, 0.7249, 0.4456, 0.6303)T

(2.6)

The parameters obtained from the identification, and used in the DBI model
described in (2.2) are shown in Figure 2.7 with respect to the measured DBI.
Remark 2.5. From the same identification procedure a velocity dependent friction map
can be also obtained by capturing the average data points from constant steady-state
regimes of the off-line estimated slewing velocity q̇1 and the calculated friction torque
τF = (pA − pB ) · A · r. Such a friction map is further detailed in Subsection 5.2 of Paper (A).

Further, a conventional P I position controller was chosen for no particular reason, and experimentally tuned taking into account the trade-off between tracking
performance and not exciting significant grapple mechanism oscillations monitored on the slewing torque τ1 . The experimental tuning procedure is summarized in Algorithm 3 on page 27. To validate the DBI model and to emphasize its
15 This signal is nothing more then a square signal with increasing amplitude.
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importance, four experiments were conducted with the following configurations:
(E1) P I without DBI compensation, (E2) P I with DBI compensation, (E3) P I
with DBI compensation and a 10% added to the identified values of DBI parameters, and finally (E4) P I with DBI compensation and a 10% subtracted from the
identified values of DBI parameters. From the recorded data, the tracking error Ê
was calculated with (2.7), and normalized accordingly with (2.11). Similarly, the
frequency domain RMS value of the slewing torque transient Ω̂∗ was calculated
with (2.36), and normalized with (2.37), which is used just for the sake of better
visualization. The experiments with respect to tracking error Ê and RMS measure
of slewing torque transient Ω̂∗ are summarized in Figure 2.8. Obviously, (E1) and
(E4)16 are not acceptable due to both, large tracking errors and oscillations. In
the same time both, (E2) and (E3)17 guarantee reduced tracking errors and oscillations with respect to the previous cases, however, (E2) is preferred since it
assures the lowest level of oscillations with a decent tracking error. Numerical
data of the same experiments is presented in Subsection 5.4 of Paper (A).

Figure 2.8: Repeated experiments with different controller configurations,
analyzed with respect normalized tracking error Ê, and normalized transient
RMS value Ω̂∗ .
Remark 2.6. The effect of valve dead-band nonlinearity can be also eliminated with particular high-gain controllers. As a result, the control signals become aggressive and lead
to saturation, increased wear, and reduced life expectancy of the actuator, therefore the
suggested compensation of the valve dead-band is more desirable.

In closing, a conventional P I position controller that was experimentally tuned
taking into account a trade-off between tracking accuracy and magnitude of grapple mechanism oscillations is proposed as a high-level controller for the semiautomation function.
16 Since the DBI parameter values are reduced by 10%, we have undercompensation, therefore the
increased tracking error and oscillations.
17 With 10% added to the DBI parameter values, we have overcompensation, thus the result of reduced tracking error but increased oscillations. Details about different effects of undercompensation
and overcompensation can be found in (Putra et al. (2007)).
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Algorithm 3 : Experimental tuning of the PI position controller
INPUTS: number of closed-loop experiments k with the same number of controller parameter variations;
OUTPUT: controller C with an acceptable trade-off between tracking accuracy
and level of grapple mechanism oscillations;
for n = 1, . . . k do
(Step 1) Record the tracking error En and the transient of the slewing
tr
:
torque τ[1,n]
v
u
u
u
t[f ,n]
u
u
Z
t
1
2
En = ke(t)k2 =
q[r,n] (t) − q1 (t)
(2.7)
t[f ,n]
0

(

τ[1,n] (t) if, t[f ,n] ≤ t ≤ te
(2.8)
0
otherwise
where t[f ,n] is the duration of a particular reference trajectory
q[r,n] , while te is an estimation of the settling time;
Calculate the root means square (RMS) in frequency domain of
tr
τ[1,n]
with:
v
u
tN
o2
n
1 X
tr
Ω∗n =
(2.9)
Fi τ[1,n]
N
tr
τ[1,n]

(Step 2)

=

i=1

(Step 3)

end for
(Step 4)

where F represents the fast Fourier transform and N its number
of coefficients denoted by F1 , . . . , Fn ;
Normalize Ω∗n and En such as:
Ω∗n − min Ω∗n
n
Ω̂∗n =
(2.10)
max Ω∗n − min Ω∗n
n
n
En − min En
n
Ên =
(2.11)
max En − min En
n

n

Minimize the following cost function
to get theo controller:
n
C = arg min (1 − α)Ω̂∗k + α Êk
(2.12)
k

where α ∈ [0, 1] is a priority factor between tracking error and
oscillation magnitude. With some trials and empirical evaluation we have chosen α = 0.7;
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Trajectory planner

The most important step in the proposed semi-automation scenario is the trajectory planner, which provides reference position trajectories for the adopted
closed-loop position control structure as specified in Figure 2.5. From operators
perspective, it is convenient to use the semi-automation function without any
knowledge about the closed-loop architecture, therefore they are restricted to interact only with the trajectory planner. By influencing the states (e.g. start and
stop with a push of a button or joystick lever tilt) of the trajectory planner, they
indirectly command the automation sequence as shown in Figure 2.1.
Before going forward with an in depth analysis of the trajectory planner, we give
the following terminology for sake of clarity.

2.3.1

Terminology

Definition 2.7 (Path planning). A path is a curve or a plan described by a geometric representation to move from point A to point B in 2D or 3D space. Further,
path planning is the task to find a collision-free path between a certain number
of static and/or dynamic obstacles.
Definition 2.8 (Trajectory planning). A trajectory is a description of a particular motion along a specified path. It contains the time evolution of velocities,
accelerations and jerks along a path. Usually, trajectory planning is the task to
find the trajectories for a predefined path, which fulfills certain costs (e.g., minimum execution time) and restrictions (e.g., maximal velocities).
Definition 2.9 (Motion planning). Motion planning contains both, path planning and trajectory planning.
Definition 2.10 (Off-line planning). Off-line planned paths or trajectories and
their related parameters are specified before execution, and cannot be changed
during execution. Also, off-line planners require a priori information about the
environment (e.g., to avoid collisions with obstacles).
Definition 2.11 (On-line planning). On-line planned paths or trajectories and
their related parameters can be changed during execution by external actors (e.g.,
operators, sensors). On-line planners do not need a priori information about the
environment.
Definition 2.12 (Point to point trajectory (PTP)). Point to point trajectories
are trajectories that describe a motion between initial point A and final point B
(Spong et al. (2006)).
Remark 2.13. The notion of off-line trajectory planning is clear in the literature, however
on-line and real-time trajectory planning is often used in different contexts see e.g., (Kröger
(2010); Shiller (2015)).
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2.3.2

Basics of trajectory planning

Path

For a particular task in hand, e.g., move the crane’s end-effector as fast as possible
from point A to point B in task space, a path must be generated. This path (circle,
spline, line, etc) generation or planning is purely a geometric matter that is later
interpolated to consists from discrete steps or via points, which are transformed
from task space to joint space by the inverse kinematics function. Details about
path planning techniques can be found in several good textbooks such as (Kurfess
(2004); Spong et al. (2006); Sciavicco and Siciliano (2012); Siciliano and Khatib
(2016)), therefore it will not be discussed further.
Trajectory

As soon as time dependence of the robotic manipulator or a crane movement
is introduced by a particular timing law, a geometric path is transformed to a
trajectory. Velocities, accelerations and jerks along the path can be computed via
differentiation. The relationship between a path and trajectory in task space and
joint space are detailed in Example 2.14 considering an ideal robotic manipulator.

Example 2.14: Trajectory in task space and joint space.
To understand deeper the concept of trajectory related to path, let us introduce
an ideal three degree-of-freedom (DOF) non-restricted, non-redundant, and free
from singularities18 robotic manipulator with the following joint space variables
q = [q1 , q2 , q3 ]T in an obstacle free environment. With a nonlinear function19
f called in robotics forward kinematics, it is possible to transform the 3D joint
space positions (i.e., actuator positions) q to a corresponding end-effector position p = [px , py , pz ]T in 3D space (task space), thus:
p = f (q)

(2.13)
−1

Under the idealistic assumptions, there is the inverse function f (inverse kinematics) that transforms a task space position to a joint space positions20 , therefore
we can write:
q = f −1 (p)

(2.14)

Similarly, by taking the derivative of (2.13) a relationship describing task space
velocities ṗ is found:
ṗ = J q̇
where J =

∂f
∂q

(2.15)

is the Jacobian matrix, and joint space velocities q̇ can be found

18 In reality such manipulator does not exist.
19 That is based on the robot geometry parameters, such as link lengths, offsets, angles that can be
derived using the Denavit-Hartneberg convention (Sciavicco and Siciliano (2012)).
20 In reality, such an inverese transformation may not exist for some (unreachable) points of the task
space while for the others there are often more than one solution in the (non-restricted) joint space
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from:
q̇ = J † ṗ

(2.16)

where J † is the inverese or, in a more realistic case, pseudo-inverse21 of the Jacobian matrix.
Further, let us introduce a geometric path in task space:


h
i
P ∗ = p∗ (θ) = px (θ), py (θ), pz (θ) : θ ∈ [θA , θB ]
dependent on a parameter θ (e.g., a linear path between point PA = p∗ (θA ) and
B
A
PB = p∗ (θB ) can be defined by p∗ (θ) = θθ−θ
PA + θθ−θ
PB ). The task in hand is
A −θB
B −θA
that p (position of the robot’s end-effector) should follow the generated reference
path P∗ . To be able to perform such a motion in task space, a series of coordinated
joint motions are required, thus the reference path P∗ must be transformed to a
trajectory defining time evolution of the reference joint space states q∗ and q̇∗ acting as reference signals for the individual joint controllers. This can be obtained
by defining the duration of motion T0 > 0 and a smooth profile function θ∗ (t)
with θ∗ (0) = θA and θ∗ (T0 ) = θB and recalling the inverse kinematics function
given in (2.14):
q∗ (t) = f −1 (p∗ (θ∗ (t)))

(2.17)

and its derivative:
q̇∗ (t) = J †

dp∗
θ̇ (t)
dθ ∗

(2.18)

Therefore, the reference joint space states (q∗ , q̇∗ ) are defined by the reference
position θ and velocity θ̇ along the path P∗ .

However, in reality robotic manipulators have limitations, such as maximum allowed velocity and accelerations that a joint actuator can produce. These limitations are called constraints and need to be taken into consideration in path or
trajectory planning algorithms22 . For instance, in hydraulically actuated cranes
such as our forwarder crane, velocity constrains are related with the maximum
possible flow rate through the hydraulic system while acceleration constrains are
related with the maxim forces and torques that the hydraulic actuators can produce.
Finally, we can say that finding a trajectory requires an optimization procedure
that takes into account the dynamic capabilities of the joint actuators with respect to velocity and acceleration constraints. For this purpose, let us denote
a trajectory with T and write the optimization problem as follows (Bittencourt,
21 Details about the pseudo-inverse Jacobian can be found in (Sciavicco and Siciliano, 2012, p. 105).
22 An approach that takes into consideration actuator limitations is called path-constrained trajectory planning and was introduced by (Bobrow et al. (1985)).
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2014, p. 20):
Tr

= arg min

Objective (T )

subject to

Path constraints (T )
Mechanical limits (T )
Manipulator dynamics (T )

T

where Tr is the solution of the optimization problem and in the same time the
reference trajectory that is used for the motion control. In continuation, the objective function can be defined as minimal energy that is consumed or minimalcycle time. The constraints assure that the trajectory goes trough the path respecting the dynamics and the mechanical limits (e.g., positions, velocity ranges) of a
particular manipulator23 .
Trajectory planning in joint space, more specifically for single DOF systems is
simpler since the coordination of several joint motions is not needed. This particular case is also adopted for our semi-automation function, thus, in the followings two PTP trajectory generation algorithms24 and their modifications that
have been used will be briefly discussed. Note that the particular trajectory generation algorithms have been chosen because of their simplicity, straightforward
implementability, and also their low requirements of computation power.
Operator interaction with the trajectory planner

Basically, the operator must interact with the trajectory planner to initiate the
semi-automation function as Figure 2.1 shows, with either a push of a button or
a tilt of the respective joystick lever. From the trajectory planner viewpoint this
particular command means the start of a time law25 , which can be simply implemented by triggering an integrator as Figure 2.9 shows. Integrating a constant
Operator
Trajectory planner
1

1
s

t

Trajectory generation

qr (t)

algorithm

parameters

Figure 2.9: Operator interaction with the trajectory planner.
generates a linearly increasing signal t, which corresponds to a specific time law
needed for the trajectory generation algorithm next to a set of initial parameters
(e.g., duration of the trajectory, initial and final positions, maximum velocities,
23 In reality, the time and performance of task execution is highly dependent on the used models
and actuator limits.
24 These algorithms are widely used throughout the field of robotics.
25 This is needed since both algorithms (summarized in Subsections 2.3.3 and 2.3.4) are dependent
on a particular time law t.
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maximum accelerations, etc). After every automation sequence the time law and
the appropriate parameters must be reset by operators. It will be shown in the
followings that some of these parameters can be fixed and changed by operators,
but first let us introduce the trajectory generation algorithms.

2.3.3

Polynomial trajectory

In the most simple scenario a trajectory can be defined by specifying the initial
and final time instants26 ts and tf , and the boundary conditions on position qr ,
velocity q̇r and acceleration q̈r on the previously specified time instants. With
these specifications, the trajectory can be chosen as a polynomial:
qr (t) =

n
X

i
h
t ∈ ts , tf

ai t i

(2.19)

i=0

where a = [a0 , a1 , . . . an ] is a vector with n + 1 unknown parameters, t is the time
law and n is the degree of the polynomial. The vector with the unknown variables
can be determined using a matrix form with the assumption that the boundary
conditions denoted with B are satisfied at initial ts and final tf time instance:

−1
M · a = B −→ a = M † · B = M T · M
MT · B
(2.20)
where a is the vector to be calculated, M is a known (n + 1) × (n + 1) matrix27
that depends on the selected degree of the polynomial. For instance, a trajectory
considering a quintic polynomial is given in Example 2.15 below, and extended
explanations and analytic expressions about such trajectories can be also found
in (Biagiotti and Melchiorri (2008)).
Example 2.15: Trajectory with quintic polynomial
Quintic polynomial trajectories are the lowest order of polynomials that allow
the specification of constraints on initial and final positions, velocities and accelerations with the following vector of boundary conditions B:
h
i
B = qr (ts ), q̇r (ts ), q̈r (ts ), qr (tf ), q̇r (tf ), q̈r (tf )
(2.21)
and 6 × 6 matrix M:







M = 






1
0
0
1
0
0

ts
1
0
tf
1
0

ts2
2ts
2
tf2
2tf
2

ts3
3ts2
6ts
tf3
3tf2
6tf

ts4
4ts3
12ts2
tf4
4tf3
12tf2

ts5
5ts4
20ts3
tf5
5tf4
20tf3















(2.22)

By substituting (2.21) and (2.22) into (2.20) it is possible to find the vector a
26 The time instants t and t can be associated with the start and stop of the automation sequence
s
f
shown in Figure 2.1 on page 18.

−1
27 Note that M † = M T · M
M T is the classical pseudo-inverse of matrix M.
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containing the unknown variables
a = [a0 , a1 , a2 , a3 , a4 , a5 ]

(2.23)

which systematically generates a fifth degree polynomial describing the position
qr :
qr (t) = a0 + a1 t + a2 t 2 + a3 t 3 + a4 t 4 + a5 t 5

(2.24)

a fourth degree polynomial describing the velocity q̇r :
q̇r (t) = a1 + 2a2 t + 3a3 t 2 + 4a4 t 3 + 5a5 t 4

(2.25)

and, finally a third degree polynomial describing the acceleration q̈r :
q̈r (t) = 2a2 + 6a3 t + 12a4 t 2 + 20a5 t 3

(2.26)

Such trajectories are shown in Figure 2.10 for a duration of tf = 3.53[s] and with
the following boundary condition vector:
"
"
# "
#
"
# "
##
rad
rad
rad
rad
B = 0[rad], 0
, 0 2 , 1.22[rad], 0
,0 2
s
s
s
s

Figure 2.10: Reference position qr , velocity q̇r and acceleration q̈r trajectories
with a duration of tf = 3.53[s].

Note (see Figure 2.10) that all the generated reference profiles are bounded and
continuous. The later is important in case of using the same signals as reference
to a closed-loop controller, since discontinuous effects28 are known to deteriorate
tracking accuracy. Further, the generated reference position qr is also desirable
to be used for our semi-automation function since its smoothness can guarantee
less grapple oscillations.

28 For instance, discontinuity in acceleration leads to an impulsive jerk, which may excite vibrational modes in certain actuators (Spong et al., 2006, p. 191).
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Linear trajectory with polynomial blends

A more advanced, but still simple algorithm to generate joint space trajectories is
by using Linear Trajectories with Parabolic Blends (LTPB)29 , which is also shown
in Figure 2.11.
I

qf

II

III

qr
qs

t

q̇max

q̇r
t

q̈max

q̈r

t
−q̈max
ts

t1

t2

tf

Figure 2.11: LTPB trajectory example for positive regime.

This type of trajectory is separated into three phases as expressed in Figure 2.11,
and can be simply explained as:
Phase I: Between ts to t1 the position qr is a quadratic polynomial, which
systematically results in a "ramped up" (linearly increasing) velocity q̇r to its specified value and a maximum acceleration q̈r =
q̈max .
Phase II: From t1 to t2 the position qr is linear, which results in a constant
velocity q̇r = q̇max and zero acceleration q̈r .
Phase III: Finally, from t2 to tf the position qr is again a quadratic polynomial, that gives a "ramped down" (linearly decreasing) velocity q̇r
and a negative acceleration q̈r = −q̈max
Further, LTPB has the advantage of analytically using important trajectory constraints such as the optimal30 acceleration time tq̈ , and final time tf of the trajectory based on a set of initial conditions
such as initial
and final positions, maxi

mum velocity and acceleration qs , qf , q̇max , q̈max , thus the optimal acceleration
29 In literature this is also referred to as Linear Segments with Parabolic Blends (LSPB) (Spong et al.,
2006, p. 192), however in the thesis we will call it LTPB as used in (Biagiotti and Melchiorri, 2008,
p. 62)
30 Optimal with respect to the chosen constraints.
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time tq̈ is defined as:
tq̈ = t1 =

q̇max
q̈max

(2.27)

and the final time tf as:
tf =

2
(qf − qs )q̈max + q̇max

(2.28)

q̇max q̈max

Next, the general form of the trajectory is given by a quadratic polynomial and
its two time-derivatives that can be written in a matrix form:
 



a3   t 2 
 qr   a1 a2
 q̇r  =  0 2a1 a2   t 
(2.29)
 

 

q̈r
0 0
2a1
1
| {z } |
{z
} |{z}
QP

TP

ΛP

where the capital P subscript stands for the phase index of the LTPB trajectory,
while the unknown parameters (a1 , a2 , a3 ) and the elements of the time vector TP
have analytical solutions as summarized in Table 2.1, below.
Table 2.1: LTPB trajectory parameters
Phase I: t < t1
 q̈
 max
 2 0
Λ1 =  0
q̈max

0
0
h
T1 = t 2
q̇

t1 = q̈max
max

t

iT
1


qs 

0


q̈max

Phase II: t1 ≤ t < t2

Phase III: t2 ≤ t ≤ tf



2
q̇max

 q̇
 max qs + 2q̈max 0 

Λ2 =  0
q̇max
0 


0
0
0


2
q̇max
 − q̈max q̇
max qf − 2q̈max

2

Λ3 =  0
−q̈max q̇max

0
0
−q̈max

T2 = [t − t1
q −q

t2 = q̇f s
max

1

0]T

h
T3 = (t − t2 )2

(t − t2 )
q −q








iT
1

q̇

tf = t2 + t1 = q̇f s + q̈max
max
max

Variations (e.g., minimum time trajectory) and different proprieties of the LTPB
trajectory are discussed in (Lewis et al. (2003); Biagiotti and Melchiorri (2008);
Spong et al. (2006)). An LTPB trajectory generated using (2.29) is given in Example 2.16, below.
Example 2.16: LTPB trajectory with particular initial conditions
LTPB trajectories for position qr , velocity q̇r and acceleration q̈r are shown in Figure 2.12 with the following conditions: initial position qs = 0[rad], final position
qf = 1.22[rad], maximum velocity q̇max = 0.52[ rad
s ], and maximum acceleration
rad
q̈max = 0.85[ s2 ]. These initial conditions and bounds on velocity and accelerations are particularly useful in case of real actuators (e.g., joint motors, hydraulic
cylinders), which have limited range of functioning and by applying unbounded
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reference trajectories to their controllers, might cause definitive damage or reduce their lifetime.

Figure 2.12: Reference position qr , velocity q̇r and acceleration q̈r trajectories
with a duration of tf = 2.94[s], which was calculated using (2.28).

One can compare this with the polynomial trajectories where it was not possible31 to bound the acceleration and velocity. Note that the LTPB trajectories
shown in Figure 2.12 are bounded by specific maximum velocity and acceleration
that are design parameters, while in the former case these have been possible to
specify only in initial and final time instants (see boundary conditions in (2.27)).
However, the acceleration in LTPB case is a "bang-bang" like signal, which causes
spiky (unbounded) jerk signals, which might excite actuator vibration modes.

2.3.5

Proposed modifications of trajectory planner algorithms
for semi-automation purposes

With the presented trajectory generation algorithms (summarized in Subsection
(2.3.3) and (2.3.4)) as part of the proposed semi-automation function, two work
elements (loading and unloading) are partially automatized with the main objective to have reduced grapple oscillations. To address both scenarios, in the following several proprieties and modifications of the trajectories will be presented.
In case of unloading both positions are approximately fixed and can be associated with the position of the log piles and the position of the cargo space of the
forwarder crane. To have reduced grapple oscillations, smooth reference position
trajectory must be provided to the closed-loop position controller. For this purpose we have chosen a reference position trajectory generated by a fifth degree
polynomial (see subsection 2.3.3), assuming that the driver records or specifies
both initial and final positions with a manual command. Further, recalling the
boundary condition vector given in (2.21) it is noticeable that almost all conditions are specified32 , except the final time tf . The proper selection of this partic31 It is possible to set up intermediate boundary conditions, meaning that it is possible to specify
maximum velocities and accelerations to be reached at particular time instance, however finding
these time instances complicates the design (Biagiotti and Melchiorri (2008)).
32 The initial and final velocities and accelerations must be zeros at the initial time t and the final
s
time tf .
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ular parameter tf is crucial in order to respect the bounds of the slewing actuator
in terms of maximum velocities and accelerations. One possible way to select
tf is by trial and error, however this process can be dangerous and it cannot be
related to the slewing actuator constraints. A systematic, yet easy approach to
find the mentioned parameter is proposed in Example 2.17 below, and used in
Paper (A) and Paper (B) for the same purpose.
Example 2.17: Systematic selection of tf
For a more systematic selection process, we propose a combination with an important propriety of the LTPB trajectory, that is the analytical calculation of tf
given in (2.28) and repeated below:
tf =

2
(qf − qs )q̈max + q̇max

(2.30)

q̇max q̈max

This solution guaranties a systematic approach to find tf by respecting the bounds
on velocity and acceleration, however some specification must be made. For instance, let us assume that we want to generate a polynomial trajectory with the
following boundary conditions:








"
"
"
#
#
#
#
"

rad
rad
rad
rad 

B = 0[rad], 0
, 0 2 , 1.22[rad], 0
, 0 2 
(2.31)
s
s
s
s 
| {z }
| {z }


 qs (ts ) | {z } | {z } qf (tf ) | {z } | {z }
q̇s (ts )

q̈s (ts )

q̇f (tf )

q̈f (tf )

where ts = 0[s] and tf = 4.8[s] that was calculated according to (2.30) with q̇max =
h i
h i
rad
and
q̈
=
1.85
. To emphasize on the importance of the specified
0.26 rad
max
s
s2
bounds, velocity and acceleration trajectories generated with polynomials and
with LTPB are shown in Figure 2.13. It is noticeable that the acceleration bound is
respected, moreover, the acceleration profile generated with polynomials is below
the specified bound, which can be seen on the acceleration profile generated with
the LTPB algorithm.

Figure 2.13: Left: Reference velocity q̇r . Right: reference acceleration q̈r .
Further, the same observation cannot be claimed about the velocity profile gen-
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erated with the polynomials in comparison with the velocity profile generated
with LTPB. Basically the maximum velocity value of the polynomial trajectory
is approximately γ times above the maximum allowable velocity, thus this must
be taken into consideration when specifying the velocity bound, and can be also
incorporated to (2.30) simply as:
 q̇ 2
(qf − qs )q̈max + max
γ
(2.32)
tf =
q̇max
γ q̈max
where γ = 1.78, and was found throughout simulation33 by varying the maximum velocity q̇max , and keeping fixed the rest of the parameters in (2.30)34 .
The solution proposed in (2.32) gives a simple systematic solution for selecting the final time tf for the polynomial trajectory, taking into account the slewing actuator limits. Moreover, it can be also tuned by operators35 , who can
select a particular velocity within a given range. By doing so, a smooth position trajectory can always be generated and used as reference for the position
controller. This way the grapple oscillations are significantly reduced with respect to a linear36 position trajectory. After using different position trajectories
qr that were generated with the condition given in (2.32) as reference for the
position controller37 , we noticed that the magnitude of grapple oscillations was
varying. For instance, slow motions (longer tf , reduced q̇max ) did not particularly mean less grapple oscillations. To find the parameters (mainly q̇max that
systematically gives tf ) for the reference trajectory that gives the minimum grapple oscillations, we developed the following experimental investigation that is
summarized in Algorithm 4, on page 39, and described partially in Paper (A)
and detailed in Paper (B). Using Algorithm 4, 3 × 12 consecutive experiments
were performed, by incrementally
velocity
h ivarying theh maximum
i
h q̇max
i within
h deg i
deg
rad
the interval of [0.2618, 0.4538] rad
≈
26]
with
0.0175
≈ 1 s
[15,
sec
s
s
step and with no additional payload in the grapple. The rest of the parameters
needed (see (2.33)) to calculate the final time tf for the trajectory were fixed at
h i
h i
h i
rad
rad
qs = 0 rad
and γ = 1.78.
s , qf = 1.22 s , q̈max = 1.85 s
Remark 2.18. Note that real-time implementations of off-line trajectories were used for
the experiments. We say real-time because, the reference values (see (2.24), (2.25), (2.26))
are calculated at every sample time t, and off-line because, at initial and final sample times
the conditions of the trajectory are predefined and cannot be changed during execution.
33 Capturing the difference between a specified q̇
max and the maximum value generated by the
polynomial trajectory.
34 Another possible approach is to approximate the LT P B trajectory with a polynomial respecting
boundary conditions, of much higher order. However, for a specified accuracy the order may become
too high and it depends on all the other parameters.
35 In reality, operators manually adjust the velocity limits according to their comfort (SkogForsk
(1999)).
36 For instance, a ramp like position trajectory.
37 We assume that the controller is fixed. Although it can be, theoretically tuned for each particular
candidate trajectory, this is not realistic for practical applications
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Algorithm 4 : Finding a trajectory that guarantees minimum grapple oscillations
INPUTS: Start position qs , final position qf , maximum acceleration q̈max , a set of
possible bounds on the maximum velocity q̇[max,m] ∈ [q̇human , q̇max ] where q̇human
is a reasonable lower bound taken as a typical velocity used by an operator, and
a reasonably tuned position controller;
OUTPUT: Final time tf∗ of the trajectory that gives the minimum magnitude of
grapple oscillation monitored on the transient of the slewing torque τ1 ;
for n = 1, . . . m do
(Step 1) Calculate tf of the polynomial trajectory with:
2

q̇
(qf − qs )q̈max + [max,n]
γ
(2.33)
t[f ,n] =
q̇[max,n]
q̈
max
γ
where γ is scaling factor to keep the velocity bounds and is illustrated in Example 2.17 on page 38;
(Step 2)
Use polynomials following the formulas from Section 2.3.3 to
generate the trajectory q[r,n] (t) with 0 ≤ t ≤ t[f ,n] from (2.33),
and perform the closed-loop experiment;
tr
(Step 3)
Record the transient of the slewing torque τ[1,n]
:
(2.34)
(
τ[1,n] (t) if, t[f ,n] ≤ t ≤ te
tr
(2.35)
=
τ[1,n]
0
otherwise
where t[f ,n] is the duration of a particular reference trajectory qr ,
while te is an estimation of the settling time;
(Step 4)
Calculate the root means square (RMS) in frequency domain of
tr
with:
τ[1,n]
v
u
tN
o2
n
1 X
tr
Ω∗n =
(2.36)
Fi τ[1,n]
N
i=1

(Step 5)

end for
(Step 6)

where F represents the fast Fourier transform and N its number
of coefficients denoted by F1 , . . . , Fn ;
Normalize Ω∗,n such as:
Ω∗n − min Ω∗n
n
(2.37)
Ω̂∗n =
max Ω∗n − min Ω∗n
n

n

Minimize the following cost function
n to get
o the controller:
∗
n = arg min Ω̂∗m
(2.38)
m

then select the velocity q̇[max,n∗ ] that gives the final time for the
trajectory tf∗ = t[f ,n∗ ] ;

40

2

Semi-automation via automated trajectory planning

Figure 2.14: Measure of grapple oscillations on the transients of slewing
torque for 3 × 12 consecutive experiments.
Figure 2.14 shows the transient RMS values in frequency domain calculated with
(2.36) and normalized with (2.37) for each experiment set. The lower and upper
envelopes represent the minimum and maximum RMS values of the data sets.
Running the same data trough a minimization function (see (2.38)) it is possible
to find an experiment set, which can be tracked back to a maximum velocity
value that creates the minimum grapple oscillation.
visually
it is noticeable
h i Evenh deg
i
that the sixth experiment with q̇max = 0.3491 rad
≈
20
and
tf∗ = 3.6887[s]
s
s
guaranties the minimum grapple oscillation.
Further on, Algorithm 4 could be used with certain assumptions for selection
of best parameters for the trajectory generation. This process is summarized in
Example 2.19. However, it must be noted that this idea has not been verified
experimentally.
Example 2.19: Possible application of Algorithm 4
According to (Westerberg (2014)), operators tend to use just a few final slewing
positions during the log unloading process. Among all of these positions and the
cargo space position of the forwarder, Algorithm 4 could be applied to find the
appropriate maximum velocity that systematically provides the best final time
of the generated trajectory exciting the minimum grapple oscillations. By associating the best velocities with the final slewing positions and using the selection
steps described below, it could be possible to select the best trajectory, defined
by an appropriately chosen limit on the velocity, that corresponds to the actual
measured position.
(Step 1): Compute a set of best velocities associated with the corresponding set
of different positions throughout the workspace of the slewing actuator:

 



(1) (1)
(2) (2)
(N ) (N )
qf , q̇max , qf , q̇max . . . , qf , q̇max
(2.39)
(Step 2): Select the velocity q̇max associated with the closest position from the
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predefined set as follows:
(x)

q̇max = q̇max ,


x = arg min

1≤x≤N


(x)
|qcurrent − qf |

(2.40)

(Step 3): Recalculate the final time of the trajectory generation algorithm with
(2.33) using the maximum velocity obtained from (2.40), the current
measured position such that qs = qcurrent and the final position associated with the cargo space of the forwarder qf = qcargo .
Remark 2.20. Note, that the above described steps will not guarantee that the duration
of the new trajectory will be exactly the same as the duration of the corresponding best
trajectory, because the current measured position is kept, and will slightly change the final
time in (2.33).

To consider the loading case with the same semi-automation function the reference trajectory must be changed. In other words, the log assortment positions
varies throughout the harvesting site, meaning that one of the initial condition
(specifically the final position qf ) of the reference trajectory varies. To address
the issue of unknown initial conditions, we propose a modification of the LTPB
trajectory that is summarized in Example 2.21 and is based on operator start and
stop commands, illustrated in Figure 2.1, on page 18.
Example 2.21: Interactive on-line trajectory using LTPB
Initially, the positions of the log assortments are not known; therefore position
trajectories generated with fixed initial conditions are not applicable for interactive semi-automation of the slewing actuator. To tackle the problem of unknown initial conditions (final position qf , final time tf ), the operators are kept
in the loop with the assumption that they are capable of giving start and stop
commands.
Basically, the operators interact with the on-line38 trajectory generation algorithm, that is systematically related with the automated slewing motions implemented using a position controller. To illustrate the proposed modification, let
us consider the generated reference position in Figure 2.15 by the LTPB algorithm. The operator initiates the trajectory generation with a tilt of the joystick
lever at time ts . If there is a stop command at time te , the trajectory terminates
smoothly at time tef and position qef , otherwise the trajectory ends at time tf
and final position qf . In Figure 2.15 the start position qs can be associated with
either the position of the forwarder’s cargo space or some current measured position qcurrent after the stop of a previous slewing motion. The final position qf is
restricted to the bounds of the slewing workspace qf ∈ [−qmax , qmax ].
This modification can also be explained mathematically and included in the design of the LTPB trajectory. By knowing te , the final time tf of the new trajectory
38 In this case the trajectory generation can be called on-line since the operators can change the
conditions of the generated trajectory at every sample time t.
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qf
qef
qe
qs

t
ts

te

tef

tf

Figure 2.15: Modified trajectory
based on operator stop command.

Figure 2.16: Examples of reference
position qr trajectories.

can be recalculated, simply by replacing t2 in Phase II (see Table 2.1) with te ,
which leads to a new final time tef of the parabolic blend:
tef = te +

q̇max
q̈max

(2.41)

or
tef =

qef − qs
q̇max

+

q̇max
q̈max

(2.42)

where qef = te q̇max + qs . Note that by not stopping instantly at time te , the final
position qef is delayed by tef − te , which is still acceptable due to the low precision
requirements of the slewing actuator. This delay implies deviation in reference
position with:
∆qr = qr (te ) − qef (tef )

(2.43)

which can be increased or reduced by varying the maximum velocity q̇max and
maximum acceleration q̈max in the acceleration time tq̈ in (2.27) on page 35.
To show the idea of the proposed modification, different simulation results of
generated reference positions are presented in Figure 2.16. The results are based
on the following set of initial conditions,
for our set-up:
h relevant
i
h iqs = 0[rad],
rad
qf = 1.39[rad] ≈ 80[deg], q̇max = 0.35 rad
. The stop
and
q̈
=
1.12
max
s
s2
commands of the operators given at time instant te were simulated with step
signals and are expressed with dashed step signals in Figure 2.16.
Two sets of experiments were performed to show the feasibility of the proposed
modification. In both cases the starts and stops of the LTPB trajectories were initiated manually. Figure 2.17 (upper row), shows the reference position trajectory
qr along with the measured slewing position q1 . The stop command is given at
te = 2.049[s], as a step like signal (dashed) shows. As a result of the smooth stop,
due to the parabolic blend of the reference position trajectory, the grapple oscillations visible on the slewing torque τ1 are less excited with comparison when
the position trajectory was stopped exactly at te = 1.838 as the lower row of Fig-
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ure Figure 2.17 shows. Numerical results of the same experiments are given in
Paper (C). Moreover, it must be noted that this is not a one-on-one comparison
due to the different time instants of te . It would have been possible to initiate the
smooth stop on the same time instant, but we wanted to show the possibility of
interaction with the trajectory planner.

Figure 2.17: Upper row: Experiments with the smooth position trajectory
stop using the proposed modification. Lower row: Experiments with sudden
stop of the position trajectory. In both cases the slewing torque τ1 is shown
for comparison of transients created by the grapple oscillation.

2.4

Discussions

In conclusion, the proposed modifications of the trajectory generation algorithms
or trajectory planners should serve as additional automation tools for the slewing
actuator of a forwarder crane, which might speed up the loading and unloading
tasks. These tasks are also summarized in Paper (B). The chosen algorithms39
to generate the reference position trajectories, and the suggested modifications
are not complex and their simplicity suggests easy implementation for industrial
applications.
Remark 2.22. Of course there are multiple other algorithms, which from certain points of
view are more advantageous to be used. For instance, the LTPB trajectory described in section 2.3.4 provides unbounded (spiky) jerks due to the bang-bang like acceleration profile,
39 Which are basic and widely used algorithms taken from robotics.
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and can excite unwanted vibration modes in actuator dynamics. There are multiple solutions to tackle this issue. Such a solution is to use linear trajectory with polynomial blends
(see (Biagiotti and Melchiorri, 2008, p. 76)), which uses a higher order polynomials for
the blend portion of the trajectory, which systematically bounds the jerk to a certain limit.
Another solution is to use double S trajectories, which is also known as bell trajectories (see
(Biagiotti and Melchiorri, 2008, p. 79)). Basically, double S trajectories are generated by
rules of seven segments, which constraints the jerk to be bounded.

Furthermore, within state-of-the-art control design approach, first a trajectory is
designed and then the controller parameters are tuned accordingly for that particular trajectory to guarantee the best tracking performance. This procedure is
useful when the trajectory is always the same, but it is not the case for operator
centered semi-automation functions, such as the one developed in this thesis. For
our studies a simple P I position controller was employed, however there are multiple controllers in the literature that could be used (nonlinear P I, adaptive, QFT,
H2 , H∞ , model predictive, sliding mode, etc.) for the same purpose. Since tracking of the slewing motions doesn’t need to be accurate40 , it is reasonable to say
that the generated reference trajectories are more important than tracking performance. Further, it is also cheaper to modify the trajectories then to tune the controllers. The modification of reference trajectories can be adjusted by operators,
however the tuning of particular controllers needs to be done by specialists. For
instance, it is easier for operators without any knowledge in control design theory
to use Algorithm 4 (see page 39) to find the optimal parameters for a trajectory
that guaranties less grapple oscillations, then using Algorithm 3 (see page 27) to
tune the proportional (P ) and integral (I) term for the P I position controller to
have a trade-off between tracking accuracy and grapple oscillations.
Crucial requirements in the design of trajectories used for the proposed semiautomation function is their simplicity and customizability. The former is important in terms of needed computational power of on-board computers. To emphasize on this, let us recall the generation of a polynomial trajectory from page 32,
where the pseudo-inverse of matrix M must be calculated in order to obtain the
parameter vector a to generate the polynomial trajectory. If this matrix M is
large in size, more processing power is needed to calculate its pseudo-inverse,
therefore the on-board computer performance must be higher, which might lead
to increased costs41 .
The latter is important to further motivate and convince operators to use the semiautomation functions, which comes down to selection of particular parameters of
the trajectory planner, and interaction. For example, selecting the initial conditions for the polynomial trajectory is fairly easy. The initial position qs and final
position qf can be selected by simply performing the first sequence manually
and recording the mentioned position with a push of a button, and later calculate the final time tf with the proposed formula given in (2.32) (see page 38) for
40 Operators always need to take over and possibly correct if that is the case.
41 Recently the computing efficiency of microprocessors is booming along with their reduced price,

however from product development viewpoint it is always better to reduce costs wherever it is possible.
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the trajectory by selecting particular bounds on maximal velocity q̇1 and maximal
acceleration q̈1 of the slewing actuator according to their preference and comfort.
Another applicability of the proposed semi-automation function could be explained recalling the log loading scenario. Basically, the interactive on-line LTPB
trajectory could be used in the first phase of the slewing motion, that is the motion from the cargo space to a particular slewing position (position of the crane
above a log assortment) whenever the operator decides to give the stop command.
The second phase of the slewing motion (of course after the logs are grasped by
the grapple), that is the motion from the log assortment position till the cargo
space position could be performed employing the polynomial trajectory since
both, the initial and final positions of the trajectory are known.
Finally, the trajectory generation algorithms (polynomial and modified LTPB) are
automated in a sense that the human operators are in charge of starting and
stopping the process as Figure 2.1 suggests. Technologically, the proposed semiautomation function could be applied to any joint actuator42 , however it was
intended only for the slewing actuator. This way, the human operators are kept
in the control loop by being in charge of commanding the other joint actuators in
the vertical plane of the forwarder crane.

42 Of course with reasonable considerations and a good understanding of its purpose.
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This chapter gives a brief overview of the two solutions (treated in Paper (D) and
Paper (E)) for active vibration damping of the inner boom actuator, which is the
main lifting cylinder of the forwarder crane.
The oscillatory phenomena is a common problem in hydromechanical systems
such as the main lift cylinder of the forwarder crane under study, that can reduce
operators productivity, negatively affect their health, and influence the overall
safety of the system. This phenomena is present due to the ability of the hydraulic fluid to store potential energy (Alexander et al. (2017)). Researchers in
academia and industry developed multiple solutions to deal with this phenomena with varying degree of success. Mainly, the developed solutions can be divided into two main categories: passive1 and active vibration damping.
Definition 3.1. Passive vibration damping is a solution to reduce oscillation in a
hydraulic machinery by adding capacitive and/or resistive elements to the existing hydraulic circuit (Bianchi et al. (2015)).
Definition 3.2. Active vibration damping is another solution to reduce oscillations in a hydraulic machinery by utilizing the electrohydraulic setup that actively monitors various system parameters, and generate electronic signals to
control the motion of particular hydraulic components in a way that machine
oscillations are canceled out (Rahmfeld and Ivantysynova (2004)).
Within active vibration damping methods and techniques, several solutions exists throughout the literature having in common either a specific system model,
1 Methods and techniques dealing with passive vibration damping will not be detailed further since
it is not among the goal of this thesis, however a detailed overview can be found in (Mead (1999)).
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or sensory information about particular states of the system. For this reason, a
simplified model of the inner boom actuator is given in the following section.

3.1

Simplified modeling of the inner boom actuator
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Figure 3.1: (a) - CAD of the forwarder crane with focus on inner boom actuator. (b) - Inner boom geometry
The inner boom is a single rod hydraulic actuator, which converts pressure and
flow to mechanical translational force and velocity. Additionally, if coupled with
joint q2 it can actuate rotary motions as well. To get the best force-torque ratio
it is mounted to the mechanics of two adjacent links to create a triangle (see
Figure 3.1). Therefore, a geometric mapping is necessary to get the torque τ2
in joint q2 , that is the joining point of two links. By having all the geometric
relations (see Figure 3.1 (b) or more details in Paper (D)), and the torque τ2 in
joint q2 , the equation of motion can be written as2 :
q̈2 J = (pA AA − pB AB ) d4 cos(β) − mgd6 sin(q2 )
|
{z
} | {z }
τ2

(3.1)

τG

where J is the moment of inertia of the crane around the axis of rotation, τG is
the torque due to gravity, and the angular position q2 is measured by an encoder,
which is mounted to the joining point of the links. Further, pA , pB are the measured pressure differentials in the respective cylinder chambers, while AA , AB are
the cap end and rod end areas (see Figure 3.2). The same cylinder chambers are
connected to port A and B of the directional control valve on one side and port
P and T to the hydraulic pump and tank on the other side. The directional control valve regulates the volumetric flow rate QA and QB to the respective cylinder
chambers. It has three defined states S1, S2 and S3 and is an open centered con2 Friction is neglected because no closed-loop control is considered.
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Figure 3.2: Simplified hydraulic diagram connected with the inner boom
actuator.3

figuration meaning that in neutral state S2 the output of the pump (port P ) is
connected with the tank (port T ), but also the pressure PA is kept constant since
there is no flow QA to the upper chamber of the cylinder. Moreover, the valve
states are switched by an electronic controller, which includes an embedded current controller for the valve solenoids. Basically, when the upper solenoid is energized by the given reference current i2 , the valve state S1 is pushed down in place
of the neutral state S2, which increases pressure pA by enabling the flow QA from
the pump. Due to the pressure increase the piston is pushed downwards extending the cylinder rod with a force f2 that pushes the weight of the crane upwards
resulting in a positive motion in the respective joint variable q2 . When the valve
is switched to state S3 the pressure is decreased by reverting the flow QA back to
the tank and due to gravity the cylinder rod is retracted and a negative motion is
created.
Obviously, by several reasons (e.g., valve dynamics, cylinder friction, various leakages in the hydraulic system, unknown parameters) the dynamics of a hydraulic
actuator can be highly nonlinear, thus finding a detailed model is a complex task.
Different simplified models and their linearized versions are found in (Merritt
(1967); Jelali and Kroll (2003); Niksefat and Sepehri (2001); Cristofori and Vacca
(2015)). Most of these models depend on various parameters (e.g., the geometry
of the control valve and cylinder, proprieties of the pressurized oil, etc.) that are
not always available for more complex systems such as the forwarder crane, therefore finding a complex nonlinear model is not the scope. Besides, simpler models
opting for SISO structure have been also reported in (Kjelland and Hansen (2015);
Kalmari et al. (2014)).
3 In reality the hydraulic circuit is more complex containing pressure relieve valves, check valves,

etc. Moreover, the directional control valve in fact is a solenoid-controlled pilot-operated directional
control valve. The shown diagram was adopted for simplification reasons.
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Following similar trends, in Paper (D) and Paper (E) simple SISO linear second
order models were adopted for particular motion stages of interest for the respective designs. Specifically, in:
Paper (D)
G(s) =

q̇2 (s)
ω2
= Ki 2
i2 (s)
s + 2ζωs + ω2

(3.2)

G(s) =

P (s)
ω2
= Kp 2
i2 (s)
s + 2ζωs + ω2

(3.3)

Paper (E)

In both cases ((3.2), (3.3)) the input was considered to be the reference valve
current that is given to the electronic controller (see Figure 3.2) either by the
operator-controlled joystick or a generated reference signal4 . Further, since the
oscillations were visible in the estimated joint velocity q̇2 and the measured pressure difference P , both cases were treated5 . The remaining parameters in (3.2)
and (3.3) are the gains Ki , Kp , natural frequency ω and damping ratio ζ, which
were identified with Matlab’s identification toolbox using measured data from
the experiments6 .

3.2

Input shaping control technique for active
vibration damping

Among the field of oscillation damping, the posicast-based control technique was
introduced by O.J.M. Smith in 1957, and it was shown that with accurate knowledge of a system natural frequency and damping ratio a feedforward dynamic
compensator could be designed and used to cancel the vibrations or oscillations
present in a lightly damped system (Smith (1957)). Later, following the principles of posicast-based control the input shaping control technique emerged in
1990 (Singer and Seering (1990)). Since then, researchers and practitioners developed different forms of input shapers and applied them to a wide class of applications (Singhose (2009)). Even though, it is a simple feedforward technique it can
be also used with success in feedback configuration (Hung (2003)). The idea of
input shaping technique is to reshape the input command with impulses of different amplitudes to achieve cancellation of natural oscillations. These impulses
are designed based on the knowledge of natural frequency and damping ratio of
4 A reference signal was used throughout the studies for comparison reasons of the undamped
versus the damped case. Further, an aggressive reference signal (square wave) was designed with a
particular amplitude, duty cycle, and period to excite the oscillations.
5 On one hand, the advantage of using (3.2) is that small pressure oscillations may not be transfered
to the mechanical part due to friction, but in the same time it requires estimation of derivatives, which
is a nontrivial task in practice. On the other hand, the advantage of using (3.3) is that pressures are
measured directly and do not require any estimations.
6 The subscripts for the gains K , K were adopted to make a distinction between the two second
p
i
order models.
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systems dynamics that can be characterized by linear second order plants (see
Subsection 3.2.1 below, which has been also reported in Paper (D)). In defiance of
a design dependent on dynamics modeled as a linear second order plant, many
successful cases have been reported in the literature for systems with nonlinear
behavior and complex dynamics (see for example (Singhose et al. (2000); Smith
et al. (2002); Hong et al. (2003); Blackburn et al. (2010); Kim and Singhose (2010);
Ngo and Hong (2009); Shah and Hong (2014))), however none of them aimed at
and customized for inner boom actuators of forwarder cranes. The main advantage of input shaping technique is that it can cancel or reduce oscillations in preemptive without any requirement of sensory information, being this way faster
than any feedback control, however it is dependent on specific model parameters,
which sometimes can be disadvantageous (Singhose (2009)).

3.2.1

Zero Vibration input shaping design
iref

ishaped

IS

A

∗
0

T

I1 δ(t)

→

AI1

I2 δ(t − ∆T )

0 ∆T

0 ∆T

T T + ∆T

Figure 3.3: Input shaping: I S is a ZV input shaper
Input shaping is a feedforward control technique that reshapes the reference
command to reduce oscillations present in a system. The reshaped command
is accomplished by convolving the reference input with the input shaper as it is
shown in Figure 3.3, where δ(t) is the Dirac delta function, I1 and I2 are the amplitudes and ∆T is the time shift for the second impulse. With the modified input
a second order linear system can produce zero oscillations if: the reference input
reaches a steady-state value and the input shaper is designed correctly (Huey et al.
(2008)). In the presented example a two-impulse input shaper is used, which is
called Zero Vibration (ZV) shaper and has the property to completely cancel oscillations when the exact values of a second order oscillatory system’s natural
frequency and damping are available (Singer and Seering (1990)). The ZV input
shaper is defined as follows:
I S(t) = I1 δ(t) + I2 δ(t − ∆T )

(3.4)

where the input shaper parameters are functions of the system natural frequency
ω and damping ratio ζ (Huey et al. (2008)):
π
π
∆T =
≡
p
ωd
ω 1 − ζ2
√
Ī
1
2
I1 =
, or I1 =
, where Ī = e ζπ/ 1−ζ
(3.5)
1 + Ī
1 + Ī
I2 = 1 − I1
It is important to note that the amplitudes of the impulses in (3.4) can be changed
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with I1 . This property is crucial in case of designing input shapers for positive
and negative reference commands.

3.2.2

Results

In order to consider using the ZV input shaping technique, the system dynamics
must be investigated. The system response using i2 as a square signal with 0.7[A]
and 20% duty cycle is shown in Figure 3.4. This reference signal represents an
extreme case scenario that can be related to abrupt joystick signals originated
from operator commands, attempting to perform the fastest possible motion of
the crane in positive and negative directions. Subsequently, the discontinuity of
such signals excites the worst oscillations of the crane that is highly nonlinear,
but can be approximately described as a response of a second order system, thus
our choice of considering the system described in (3.2). Further, by examining
q̇2 and τ2 it is observed that the system behavior varies in four different stages
expressed by the proposed alphabetical order shown Figure 3.4, and with the
following classification: (a) lifting, (b) stopping after lifting, (c) lowering, and
(d) stopping after lowering.
This classification is further confirmed by performing the Fast Fourier Transform
(FFT) analysis on the torque τ2 signal. With reference to Figure 3.5 it is clear that
the main resonance peaks are at different frequencies, meaning that the system
behavior varies in the specified stages and also confirms the nonlinear response
of the overall system.

Figure 3.4: Inner boom response to the reference current i2 , with off-line
estimated velocity q̇2 using smoothing splines, and the normalized torque τ2 .
Remark 3.3. Note that in the stage (c) the oscillations are almost not excited. At this
particular stage the pressure pA is reduced in the upper chamber of the cylinder, see Figure 3.2, and the crane weight is used to lower the crane; therefore, the gravitational force
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does not oppose the hydraulic force f2 and this way the oscillations are not excited. This
type of configuration is common in directional control valves for lifting cylinders (Hunt
et al. (1996)) such as the inner boom actuator.

Further, as a result of different motion stages, three ZV input shapers were designed (as described in Subsection 3.2.1) based on the identified natural frequency
and damping ratio corresponding to each of the classified motion stages. After
that, the three input shapers were combined with a proposed switching logic
that can be easily implemented in order to reduce the oscillation in all motion
stages of interest (see Paper (D) Section 3.4 for details). The reference current7 i2
changed into a reshaped signal ishaped that was considered as the new reference
for the directional control valve (see Figure 3.6).

Figure 3.5: Frequency spectra for
torque response

Figure 3.6: Reference and reshaped
signal.

As a result of the changed reference ishaped , the oscillation monitored on torque
τ2 were significantly reduced. To explicitly express the amount of reduction Figure 3.7 is recalled where visible improvements are noticed on the oscillation amplitudes and frequency spectra of the torque signals. Next to the data presented
in Figure 3.7, a performance index was also employed for numerical quantification:
v
u
tN
1 X
|Fi {τ2 }|2
(3.6)
Ω∗ =
N
i=1

where N is the number of obtained FFT coefficients, and F is the discrete Fourier
transform magnitude of the τ2 signals. This performance index is nothing more
than the root mean square (RMS) value in frequency domain. To further validate
the repeatability of improvement, multiple experiments were conducted for all
motion stages, quantified with the introduced performance index in (3.6), and
confirmed since the data did not show critical deviations among the experiments
(see details in Paper (D) Section 4.2).
Remark 3.4. Notice that the motion stage (a) in Figure 3.5, which corresponds to the lifting motion, did not benefited in much improvement by the application of the corresponding ZV input shaper. It has been discovered trough an experimental study that to achieve
7 Note that i is the measured control valve current, which is considered to be the reference current,
2

under the assumption that the current controller is capable to guarantee zero steady-state error in
swift time.
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a better performance the reference i2 signal can be smoothed with a simple first-order
low-pass filter, thus, in the followings we will not focus on this particular motion stage.
Further, even with this type of smoothing (equivalent with a reasonable delay), the oscillations in the other motion stages (motion stage (b), and (d)), which correspond to stopping
commands will still be excited. In summary, for stage (b) the best vibration reduction technique is smoothing; for stages (b) and (d) the best approach is ZV input shaping technique,
while for stage (c) it is not needed.

Figure 3.7: Normalized torque τ2 as a response of i2 and ishaped (above).
Frequency spectra monitored on specific stages of τ2 (below).

3.2.3

Discussions

In conclusion, the proposed approach performed well within the defined experimental conditions (fixed crane pose, no payload), but there are also limitations
to it.
First, the ZV input shaper is known to be sensitive to natural frequency ω and
damping ratio ζ variations. These changes are present during operation cycles of
the crane. However, the ZV input shaper is advantageous to be used, because it
introduces the smallest delay in the reshaped signal with the purpose to reduce8
the oscillations. This small delay (i.e., > 0.2[s] according to our experiments, see
details in Paper (D) Table 1) was the main reason why we opted for this particular design. Note that, small delay is important for stopping commands due to
possible safety issues, while it is not so important for starting commands. Further, the ZV input shaper sensitivity to design parameter variations can be the
influence of several factors: (i) identification errors, (ii) change of the crane pose,
8 In ideal simulations, where the system parameters are known exactly the oscillations are com-

pletely canceled, however, since we talk about real experiments it is more correct to say that the
oscillations are reduced.
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(iii) additional unknown payloads in form of logs, (iv) amplitude of the input
signal, and (v) unmodeled dynamics, etc. The influence of some of the aforementioned factors were studied and evaluated by introducing ±50% to the identified
values of ω and ζ (see details in Example 3.5, below). By performing lengthy
experiments with a fixed crane pose and with constant valve current i2 = 0.7[A],
a 2D parameter variation map is introduced in Figure 3.8, and Figure 3.9 expressing the measure of oscillations using (3.6), from where it is clear that the best
results are not at the identified values of ω and ζ, even though we obtained decent reductions. This might be the result of off-line identification errors. It is
also noticeable from the same Figures, that despite the fact of being sensitive to
parameter variations, it can still guarantee some degree of robustness which is
noticeable at [10%, 40%] of ζ and [−50%, 10%] of ω variations intervals.
Example 3.5: Parameter variation on motion stage (b)
The variation of parameters that directly influence the ZV input shaper designs
via (3.5) have been considered, which are the natural frequency ω and damping
ratio ζ. To each of the identified values of the same parameters a ±50% variation
was introduced, which can be related to (i), (ii), and (iii) introduced above. The
maximum amplitude of the reference signal was kept constant at ±0.7[A], which
is also the case shown in Figure 3.6. Then, 121 experiments were performed,

Figure 3.8: Experimental trial 1
with added variations (±50%) to the
identified frequency ω and damping ratio ζ.

Figure 3.9: Experimental trial 2
with added variations (±50%) to the
identified frequency ω and damping ratio ζ.

which corresponds to ±50% parameter variation with a step of ±10% of both, ω
and ζ. From each experiment, the RMS value in frequency domain of the normalized torque τ2 was calculated as in (3.6), and later portrayed with respect to predefined variation steps. As a result, and to address repeatability, Figure 3.8 and
Figure 3.9 is shown, where the black rectangles express the minimum amount of
oscillations, while the white rectangles denote the maximum amount of oscillations as the bar shows. From the same Figures it is visible (see coordinate [0, 0]),
that the ZV input shaper parameters that were designed using off-line identification of the frequency and damping ratio, reduce the oscillations but do not imply
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the minimum reduction. In contrast, the minimum amount is approximately at
−20% of the identified ω and +30% of the identified ζ values. This error might be
the result, but not limited to, identification errors, nonlinearities present in the
system, and the simplistic linear model that is used to approximate the nonlinear
system dynamics.

Second, to address the issue of robustness several techniques have been proposed
throughout the literature. In all robust shaper designs the robustness is proportional to the increased shaper duration. Mainly, they fall into four categories:
derivative methods (Zero Vibration Derivative (ZVD)), tolerable vibration limit
methods (Extra Insensitive EI), and ad hoc methods, and numerical optimization methods (Vaughan et al. (2008)). Details about their design can be found in
(Singhose et al. (1994); Vaughan et al. (2008); Singer et al. (1988)). To keep the
simplistic design in mind, the first two methods were implemented. The ZVD
shaper has twice the duration of a ZV shaper, meaning that extra delay is added
to increase robustness, while the EI shaper has the same duration as the ZVD
shaper, but with different amplitude values that also leads to increased robustness. The robust input shaper designs offered some robustness with respect to
the initial ZV design, however due to the increased delay in the reshaped reference signals unacceptable errors were observed at the boom tip position in the
vertical plane, therefore we decided to stop further investigations.
Finally, to make a ZV input shaper adaptive, the frequency and damping ratio
must be identified on-line and in swift time (i.e., less than the delay produced by
the ZV input shaper, that is > 0.2[s]). In recent works, an adaptive input shaper
design based on Algebraic Identification Method (AIM) was proposed by (Pereira
et al. (2012), Pereira et al. (2009)) for simple laboratory setups (e.g., single-link
flexible manipulator built from a DC motor, a flexible link, and different payloads attached to the tip of the link). Influenced by these studies and with the
confirmation available in (Trapero et al. (2007)), one would expect that AIM is
capable of estimating system parameters in presence of a linear model. The same
approach was implemented and detailed in Example 3.6 below, considering a simplistic linear model that uses only an output signal, more precisely the torque τ2 ,
which is calculated from pressure measurements for identification. The experimental results showed that even in presence of noisy measurement signals, and
nonlinearities the AIM was capable to estimate reliable natural frequency ω values, on-line, for different cases of telescope extension in 2.5[s]. Even though, this
is a relatively fast convergence time in terms of on-line identification considering
real experiments, it is still not fast enough to provide on-line the parameters for
the ZV input shaper design. As it was mentioned above, we need at least ten
times faster estimation.
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Example 3.6: Frequency estimation using algebraic identification method
To make the input shaping design adaptive to a certain degree, its parameters
must be estimated on-line and in swift time. For this purpose, the algebraic
identification method (AIM) was employed to estimate the natural frequency9
ω. Since AIM is model dependent, we considered the following simplified model
instead of the one described in (3.2):
ÿ(t) = −ω2 y(t)

(3.7)

Its Laplace transform can be written as:
s2 y(s) − sy(0) − ẏ(0) + ω2 y(s) = 0

(3.8)

where s is the complex variable, and y(0), ẏ(0) are the respective initial conditions.
A very useful property of the AIM methodology is that ω can be estimated without the involvement of initial conditions or any other system parameters, using
only integrations. Therefore, we differentiate two times (3.8) with respect to s,
which results in complete elimination of the initial conditions y(0), ẏ(0):
2
dy(s)
d 2 y(s)
2 d y(s)
+
4s
=0
(3.9)
+
2y(s)
+
ω
ds
ds2
ds2
To cancel the derivations of multiplications by positive power of s, we multiply
(3.9) with s−2 to get:

s2

2
d 2 y(s)
−1 dy(s)
−2
−2 2 d y(s)
+
4s
=0
+
s
2y(s)
+
s
ω
ds
ds2
ds2

From (3.10) the natural frequency ω2 is easily obtained in s domain:
 2

d y(s)
dy(s)
− ds2 + 4s−1 ds + s−2 2y(s)
ω2 =
d 2 y(s)
s−2 ds2
that can be transformed into time domain10 :


Rt
RtRσ
2
B(t) − t y(t) − 4 0 σ y(σ )dσ + 2 0 0 y(λ)dλdσ
2
=
ω =
RtRσ
A(t)
λ2 y(λ)dλdσ

(3.10)

(3.11)

(3.12)

0 0

From (3.12) the on-line estimated frequency denoted with f† can be simply calculated with:
r
ω2
f† =
(3.13)
2π
It is straightforward and easy to implement the AIM methodology, however it
does not come without disadvantages:
9 This identification method was chosen due to its simplicity, property to guarantee fast rate of
convergence that is needed for the input shaping design, and finally, to its unnecessary setting of the
initial conditions. Second, the damping ratio ζ was ignored, because we wanted to verify the fast
convergence rate before going further with the estimation process.
R
10 Recalling L −1 s( · ) = d ( · ), L −1 d v ( · ) = (−1)v t v ( · ), and L −1 1 ( · ) = t ( · )(σ )dσ , where L is
s
dt
ds v
0
the operational calculus transform operator, and v is the derivation order (Trapero et al. (2007)).
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(D1) Model dependency: AIM is known to guarantee very fast convergence rate
of the estimated system parameters in case of a precise linear models, which
are reasonable in simulation environments. In case when only an approximation of a nonlinear model is available, the estimation of parameters suffer in precision (Sira-Ramírez et al. (2014)).
(D2) Noisy signals: In case of real experimental setups the sensor data that is
used for the AIM (e.g., input/output signals) always contain high frequency
noise that is known to affect the estimation. To tackle this issue and to
improve precision of the estimation, low-pass filter are suggested in (Fliess
(2006); Trapero et al. (2007)), that filter the nominator and denominator in
(3.12). However, filters always introduce delays.
(D3) Singularities: Avoiding singularities is always recommended, especially in
case of real experiments. A noticeable case is at time instant t = 0 (see
(3.12)) when the quotient is ill defined (division by zero), but is well defined at the end of an introduced interval [0, ε] with ε being a sufficiently
small value that is allowed by the used sampling time and ε > 0 (Trapero
et al. (2007)). This recommendation solves the singularity problem at the
start, however it does not solve the same problem at possible zero-crossings
of signals, where the estimation value is lost due to the same problem. Another, approach to deal with the above mentioned issues was proposed in
(Garrido and Concha (2013)), and also implemented for our case. The solution is based on discrete recursive least squares (DRLS) algorithm as summarized in Remark 3.7, below.
Remark 3.7. To avoid the singularities present at time instant t = 0, and also at zerocrossings of the denominator in (3.12), the scalar case of DRLS algorithm was applied for
(3.12), which is also described below:
K(t)

=

θ̂(t)

=


−1
P (t − 1)ϕ(t) 1 + ϕ T (t)P (t − 1)ϕ(t)


θ̂(t − 1) + K(t) ȳ(t) − ϕ T (t)θ̂(t − 1)
|
{z
}

(3.14)
(3.15)

(t)

P (t)

=



I − K(t)ϕ T (t) P (t − 1)


where ϕ( · ) is a gain matrix, θ̂( · ) is the estimation of θ( · ) (ω2 in our case), and ( · ) is
the estimation error. Details about the DRLS algorithm can be found in (Åström and Wittenmark, 1994, p. 51). Basically, instead of preforming the division as in (3.12), A(t) and
B(t) are fed to the DRLS algorithm as ϕ(t) = A(t) and ȳ(t) = B(t), this way the singularity
problem is completely eliminated, but the algorithm needs two initial conditions: P (0)
and θ̂(0).
τ2 (TI )

HPF

AIM

MAF

Figure 3.10: On-line identification procedure.
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Several experiments were conducted considering only motion stage (b) (see Figure 3.7), from where it is also noticeable that the oscillation dissipates in roughly
≈ 2.5[s]. This time period represents the maximum period that is usable for the
identification, therefore the AIM is applied within this interval. Further, the complete steps of on-line frequency identification are shown in Figure 3.10. First
the torque signal is passed trough a high-pass filter (HPF) to eliminate the offset
in the signal. This process is common in system identification (Ljung (1999)).
After, removing the offset, the torque signal τ2 is fed to the AIM, that is combined with DRLS as explained above. Then, the estimation values are passed
trough a moving-average filter (MAF) to smooth the signal, which is also commonly used in on-line identification considering real experimental setups. From
the estimated values of ω2 , the estimated frequency in H z is calculated using
the simple transformation given in (3.13). To verify the feasibility of the identification procedure shown in Figure 3.10, three experiments sets were performed
using different time intervals TI for identification11 .

Figure 3.11: Left: Off-line f∗ versus on-line f† frequency with respect telescope extensions q3 using an identification interval of TI = 1[s]. Right: Absolute value of their difference.
Within each experimental set, the telescopic link denoted with q3 was extended
to its maximum of 1.5[m] with steps of 0.25[m] with the purpose to vary the
natural frequency of the system. Using the recorded input/output data, that is
the valve current i2 and calculated pressure based torque τ2 , for each case of
telescope extension, off-line identification was performed with Matlab’s system
identification toolbox to get reliable estimates of the natural frequencies. These
values were used as references to compare with the on-line estimated values resulting from the same experiments. The obtained data is shown in Figure 3.11
with the identification interval of TI = 1[s], Figure 3.12 with TI = 2[s], and Figure 3.13 TI = 2.5[s]. On the left side of each Figure a comparison is given in H z
between the off-line f∗ and on-line f† identified frequency values, while the right
side shows the absolute value of their difference. The best results are given by
11 T means the time period between the start and stop of the identification procedure. For instance,
I
if TI = 1[s], then the interval is between [1.6, 2.6][s] in motion stage (b) in Figure 3.7, and it is assumed

that during this time interval AIM converges to a reasonable value.
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Figure 3.12: Left: Off-line f∗ versus on-line f† frequency with respect telescope extensions q3 using an identification interval of TI = 2[s]. Right: Absolute value of their difference.

Figure 3.13: Left: Off-line f∗ versus on-line f† frequency with respect telescope extensions q3 using an identification interval of TI = 2.5[s]. Right: Absolute value of their difference.
the third experiment set shown in Figure 3.13, where the difference between the
off-line and on-line identified values is around ≈ 0.1[H z] for almost each case of
telescope extension. This means, that with longer identification interval more precise results can be obtained, that is a basic identification principle (Ljung (1999)).
However, note that for this particular experiment set TI = 2.5[s], which is the
whole interval of oscillations of motion stage (b) in Figure 3.7.
In closing, and with reference to Figure 3.11 where TI = 1[s] the error increases
to ≈ 0.3[H z], which is still acceptable in terms of real experiments, however the
interval is still too large if it is to be applied for on-line input shaping design.
In other words, the AIM algorithm designed using the model given in (3.8) and
tested for a complex system (i.e., inner boom of a forestry crane that is highly
nonlinear) with measurement noise, cannot guarantee fast enough estimation of
the frequency value to be successfully used for on-line input shaping implementations, but it can still provide fast frequency estimations for other purposes.
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Another category of active vibration damping is taking advantage of the available
sensor data (e.g., velocity, acceleration, pressures, etc.), which contains useful
information about the oscillation dynamics (e.g., amplitude, frequency, phase,
etc.), by feeding it back to the reference command. This way the damping can
be increased and the oscillations can be reduced to a certain degree. Following
this trend, an abundant overview for different reference machines can be found
in (Rahmfeld and Ivantysynova (2004)).
A very practical and simple method to damp crane structure oscillations that is
widely used throughout academia and industry was proposed by (Krus and Palmberg (1989)), and is a dynamic pressure feedback solution. Basically, the method
uses high-pass filtered pressure signals with a static gain in the feedback-loop
to introduce additional dynamics to the control signal, which systematically increases damping. The approach requires some knowledge of the model in order
to properly tune the high-pass filter parameters and the static gain. A more adaptive approach, also based on pressure feedback is proposed in (Cristofori et al.
(2012)) and further developed in (Cristofori (2013); Ritelli and Vacca (2014)),
where a nonlinear gain scheduling technique is used to increase damping. Moreover, the parameters of the gain scheduler are tuned via an extremum seeking
optimization algorithm that is non-model based. Next to crane structure oscillations, frequency-based approaches were proposed and developed in (Bianchi
et al. (2015, 2016, 2017)) to treat payload oscillations. Further, additional sensor in form of an accelerometer was mounted on the payload for monitoring and
feedback purposes. Simply, the method consists from on-line payload frequency
estimation using Fast Fourier Transform (FFT) on a predefined window of measured, either acceleration or pressure signals. A gain scheduler is used to tune the
rest of the parameters of, either a Notch filter (i.e., gain) or sinusoid generator (i.e.,
phase, amplitude, additional gain). Then the generated signal is used to increase
the dynamics of the input signal, which systematically damps the oscillations.
To address the same issue, we propose another approach that is based on H2 optimal control synthesis. Therefore, the objective is to find an optimal internally stabilizing feedback control law such that an optimality criterion in form
of a smallest possible value for a cost function is met. In continuation, the controller’s only purpose is to reduce the oscillations created by the abrupt opening
and closing of the flow control valve, thus, this is considered a regulation problem while the tracking requirements are ignored.
Since, the H2 controller synthesis is model based, the linear second order model
specified in (3.3) is employed for design purposes. Figure 3.14 shows the comparison with 62.16% fit between simulated pressure difference P versus the experimental one for motion stage (b)12 . It is clear that the identified linear model
12 The offset is removed in order to obtain a linear model, which is a common procedure in system

identification of linear models (Ljung (1999)). Also note that the output of the second order model is
the pressure difference P = PA − PB , that results from the measured pressures in the chambers of the
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Figure 3.14: Comparison between experimental and simulated output pressure difference P using the same input i2 .
is capable of reproducing the real system dynamics with a particular modeling
uncertainty due to parametric identification errors.
To further motivate the H2 control synthesis, Figure 3.4 is recalled where it is
noticeable that by the change of input i2 from ±0.7[A] to 0[A] an oscillatory behavior with particular damping is observed on the measured output P , therefore
it is reasonable to assume the existence of a step like input disturbance. For this
reason, the proposed mathematical problem formulation is explained from input
disturbance viewpoint in Subsection 3.3.1, below.

3.3.1

Problem interpretation from input disturbance viewpoint
di
r=0
−

e

K(s)

+ u

y
G(s)
n
+

Figure 3.15: Conventional feedback configuration with input disturbance di
and measurement noise n.
A one-degree-of-freedom feedback control configuration is introduced in Figure
3.15 with a reference r = 0, measurement noise n and an input disturbance di ,
assumed to be modeled by an abrupt signal like a step or an impulse. For this
reason, the valve current i2 is considered as an input disturbance di = i2 to the
plant G(s) instead of the reference r, thus when K(s) = 0 the output y is:
y = G(s)di

(3.16)

cylinder, instead of the velocity q̇2 , which was previously used in Section 3.2. In the motion stages of
interest, this output is similar to the torque τ2 = pA AA − pB AB but simpler to use in practice since
it does not rely on the piston area parameters using the fact that one of the pressures is always much
bigger than the other.
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In case of the closed-loop system, with reference to Figure 3.15 the input u and
output y are defined as follows (with a standard abuse of notation using the same
symbol for a signal and for its Laplace transform):
u

=

K(s) (r − y − n) + di

(3.17)

y

=

G(s)u

(3.18)

By substituting (3.17) into (3.18) the output y will be:
y

=

S

=

T

=

T r − T n + SG(s)di
1
1 + G(s)K(s)
G(s)K(s)
1 + G(s)K(s)

(3.19)
(3.20)
(3.21)

where S is the sensitivity function derived from the input disturbance di to the
plant output y and T is the complementary sensitivity function that is derived
from the noise n to the plant output y. Combining (3.16) and (3.19) for the defined motion stages we get:



if K(s) = 0, for motion stages: (a), (c)
G(s)di
y=
(3.22)

T r − T n + SG(s)di otherwise, for motion stages: (b), (d)
Keeping in mind the above mentioned assumption, a regulation problem can be
formulated, meaning that disturbance rejection is favored over tracking. For this
purpose, an H2 -optimal controller is proposed to attenuate the unwanted oscillation in the stages of interest. The design procedure is detailed in Subsection 3.3.2,
below.

3.3.2

H2 controller synthesis

The same one degree-of-freedom feedback control configuration (see Figure 3.15)
is generalized in a structure shown in Figure 3.16 (i), where w represents the
exogenous inputs (e.g., reference signals, disturbances, noise), z the exogenous
outputs (e.g, signals to be minimized), v the controller inputs (e.g., measured
plant outputs, measured disturbances) and u the control signal according to the
notation used in (Skogestad and Postlethwaite, 2007, p. 13).
With respect to Figure 3.16 (i) the input output-relation can be written as:
"
#
"
# " ∗
#"
#
∗
z
w
G11 G12
w
= G∗ (s)
=
(3.23)
∗
∗
v
u
G21
G22
u
u

=

K(s)v

(3.24)

from where the closed-loop system from input w to output z is given by the linear
fractional transformation Fl of K and G∗ :
h
i
∗
∗
∗
∗
z = Fl (K, G∗ ) w = G11
+ G12
K (I − G22
K)−1 G21
w
(3.25)
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G∗ (s)
w

z

r

G∗ (s)
u

WS (s)

z1

WT (s)

z2

di
e
−

+

G(s)

y

v

n

+

K(s)
u

v
K(s)

(i)

(ii)

Figure 3.16: (i) General control configuration. (ii) General S/T mixedsensitivity configuration with input disturbance di and measurement noise
n.
which with the H2 norm of kFl (K, G∗ )k2 defines the cost function J:
J = kFl (K, G∗ )k22

(3.26)

that is used to find an internally stabilizing controller K:
K(s) = arg min(J)

(3.27)

The controller, with the optimal transfer function K(s) found with minimization
function described in (3.27) is an H2 -optimal controller that stabilizes the plant
G∗ (s) based on costs defined in (3.26). The plant in (3.23) is in augmented form,
meaning that it contains all the internal connections between inputs and outputs.
To detail these interconnections a diagram of the S/T mixed-sensitivity configuration is employed in Figure 3.16 (ii) with input disturbance di and measurement
noise n next to the reference input r. Moreover, additional weights WS (s) and
WT (s) are introduced to penalize the error e, and plant output y signals. Thus,
the augmented plant in (3.23) changes into the following form:

 z1
 z
 2

v

 "

∗ (s)
G11

 =
∗ (s)

G21

∗ (s)
G12
∗ (s)
G22



#  di   −WS G
 n  
 

 r  =  WT G


−G
u

−WS
0
−I

WS
0
I

−WS G
WT G
−G



  di 
  n 

 
  r  (3.28)


u

the input vector w to w = [di n r]T , the output vector z to z = [z1 z2 ]T , while the
cost function J into:
J=

WS S
WT T

2

(3.29)
2

This form is motivated by the roles of the sensitivity S and complementary sensitivity functions T , which is also visible from (3.19). Shaping S with a weight WS
is necessary when disturbance rejection is needed, and in the same time shaping
T with a weight WT is important for noise attenuation and tracking (Skogestad
and Postlethwaite, 2007, p. 377). To simultaneously shape the sensitivity S and
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complementary sensitivity T functions, both of them must be included in the
cost function J in (3.29) and used to find an H2 -optimal controller K(s) with the
minimization function given in (3.27). As it was shown in Subsection 3.3.2, a
necessary step in the controller design is to find appropriate weights WS and
WT , which is not a trivial process according to (Zhou et al., 1996, p. 138). Nevertheless, appropriate guidelines are suggested in (Skogestad and Postlethwaite,
ωc
and high-pass
2007, Chapter 5) to use simple first order low-pass WS = s+ω
c
s
13
WT = s+ω filters , which must be stable proper transfer functions in order to
c
satisfy the requirements of H2 -optimal controller existence, as specified in (Doyle
et al. (1989)). Similarly, the same guidelines were used to design the appropriate
weights WS , WT , and later included to build the augmented plant denoted with
G∗ (s) according to (3.28). Detailed, description in state-space form about the
steps of building the same augmented plant G∗ (s) elements is provided in the Appendix section of Paper (E). Having the augmented plant G∗ (s), which includes
the identified second order model, an H2 -optimal controller is designed using
Algebraic Riccati Equations (ARE) as described in Appendix section of Paper (E),
which is the same as the respective algorithm implemented in Matlab’s robust
control toolbox14 .

3.3.3

Results

The design resulted in an H2 -optimal controller with four states that can be further reduced to a two state controller without affecting the performance. First,
the controller was tested in simulations with the scenario specified in (3.22),
which is the combination of open-loop with closed-loop system output having the
operator command as an input disturbance. As a result, the oscillations were completely eliminated in motion stage (b) and (d) with respect to the open-loop case
in the same stages of interest (see Paper (E) Subsection 5.3 for the simulation results), and in the same time confirmed our initial hypotheses, that an H2 -optimal
controller can be used in the pressure feedback-loop to reduce the oscillations.
Second, two experiments were performed using the same square reference signal
with 0.7[A] and 20% duty cycle. The first case was in open-loop, while the second case was with the proposed scenario in (3.22), where the designed controller
is active only at specified motion stages. A comparison of reference signals and
output pressure differences are shown in Figure 3.17 and Figure 3.18, respectively. It is visible from the same Figures that the oscillations were attenuated
to a certain degree due to additional dynamics introduced by the H2 controller
to the reference signal. To quantify the effect of oscillation reduction, another
performance index is introduced:
v
u
t
N
1 X
(3.30)
Ω=
|P (t)|2
N
t=1

13 ω is the crossover frequency.
c
14 The Matlab command for H control synthesis for an LTI plant is h2syn() (MathWorks (2015)).
2
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Figure 3.17: Reference signal as input disturbance di = i2 , with and without
the H2 -optimal controller.

Figure 3.18: Output pressure difference P , with and without the H2 -optimal
controller.
where N is the number of samples taken from a predefined time window. This
performance index gives the RMS value of time domain signals15 . For both stages
under consideration a time window of 6.4[s] is taken, which is enough to achieve
attenuation of the oscillations. Applying this performance index, a reduction of
78.78% for motion stage (b), and 85.54% for motion stage (d) were achieved with
respect to the open-loop case.
Further, since the used model for the controller design is simple and cannot reproduce entirely the real (nonlinear and uncertain) system dynamics, the controller
robustness is verified experimentally. For this reason, several parameters (e.g.,
valve current amplitude, change of crane pose by extending the telescope, and
additional payloads in form of logs) that introduce significant uncertainties were
varied16 . Next, these parameter variations were systematically categorized into
four different groups denoted as (E1), (E2), (E3), (E4), and detailed below.
15 According to Parseval’s theorem, when intervals are large enough and computational errors are
negligible, the value computed with (3.30) is identical with the value computed with (3.6) on page 53.
16 These parameter variations were also pointed out in Subsection 3.2.3, to negatively influence the
performance of the input shaping control technique performance.
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(E1) No payload, no telescope extension (nominal case).
(
)
i2 = 0.7[A], q3 = 0[m], m = 0[kg]
i2 = 0.9[A], q3 = 0[m], m = 0[kg]
(E2) With payload, no telescope extension.
(
)
i2 = 0.7[A], q3 = 0[m], m = 45[kg]
i2 = 0.9[A], q3 = 0[m], m = 45[kg]
(E3) No payload, with maximum telescope extension.
)
(
i2 = 0.7[A], q3 = 1.5[m], m = 0[kg]
i2 = 0.9[A], q3 = 1.5[m], m = 0[kg]
(E4) With payload, with maximum telescope extension.
)
(
i2 = 0.7[A], q3 = 1.5[m], m = 45[kg]
i2 = 0.9[A], q3 = 1.5[m], m = 45[kg]

Figure 3.19: Reduction of oscillation categorized by groups with different i2
amplitudes evaluated on motion stage (b).
For each group, a total of four experiments were conducted, two in open-loop
(undamped case) and two in closed-loop (damped case). Then, for all cases, the
magnitude of oscillations were quantified with (3.30) in motion stage (b) and (d).
With the obtained numerical data, the oscillation reductions in percentage with
respect the undamped cases are calculated and are shown in Figure 3.19 and
Figure 3.20. Similarly, in Section 6 of Paper (E), the numerical data values of the
same experiments are grouped in respective tables. The data in Figure 3.19 and
Figure 3.20 clearly shows that the applyied H2 -optimal controller active in the
pressure feedback-loop performs well under variations in the reference current
amplitude, telescope extensions, and payloads, which confirms robustness.
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Figure 3.20: Reduction of oscillation categorized by groups with different i2
amplitudes evaluated on motion stage (d).

3.3.4

Discussions

In conclusion, the achieved improvement with the H2 -optimal controller is more
then 70% for motion stage (b) and more then 80% for motion stage (d) within
all the predefined groups, thus, it is a good solution to damp the oscillations.
Moreover, an essential advantage is that it can guarantee robustness to various
disturbances, parametric uncertainties, and noisy measurements. Robustness is
crucial in case of forwarder cranes since the disturbances and/or uncertainties
can be introduced, by operators consistently varying the amplitude of reference
currents to influence faster or slower lifting motions, by constant change of crane
pose throughout loading and unloading cycles, and by various payloads.
Despite all the advantages of an H2 -optimal controller, there are also drawbacks.
For instance, one of the main disadvantages and a crucial step in the design procedure is finding convenient weights WS and WT , which appropriately penalize
the outputs of the sensitivity S and complementary sensitivity T functions (recall Figure 3.16 for details). These weights are important and influence greatly
the controller design, but in the same time their choice in case of practical problems is not trivial, thus, they must be treated as design parameters without any
physical bases (Zhou et al. (1996)). Their tuning requires a trade-off between
conflicting objectives as shown in (3.29), which sometimes leads to complex procedures. Another disadvantage is the numerical related issues that might arise
during optimization. An example of such a numerical problem and its solution
is stressed in the Appendix of Paper (E).
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Paper (A): Automation of slewing motions for forestry
cranes
Paper (A) is an edited version of
Szabolcs Fodor, Carlos Vázquez, and Leonid Freidovich. Automation of
slewing motions for forestry cranes. In Proceedings of the 15th International Conference on Control, Automation and Systems (ICCAS). Busan,
Korea., pages 796–801. IEEE, Oct 2015. doi: 10.1109/iccas.2015.7364729.
In this paper a partial automation (semi-automation) of a common crane motion
used by forwarders in log loading/unloading process is proposed. Specifically,
we study the slewing actuator, which is the crane base joint actuator and has the
role to provide angular crane motions in the horizontal plane. First, the slewing
actuator is studied in order to get a better understanding of its dynamics and
nonlinearities. Second, with a simple and practical identification procedure that
is based on systematic repetition of recorded control valve currents (input signal) and estimated slewing velocities (output signal) in steady-state regimes, the
control valve dead-band and friction parameters were identified. The inverse for
the identified dead-band nonlinearity was used to partially compensate both the
dead-band of the control valve and the mechanical friction in the slewing actuator. Then, this compensation was adopted to improve the tracking performance
of a conventional position controller (PI), which is the base of the proposed semiautomation function. Lastly, practical steps are introduced, to find the best parameters of the reference trajectory with minimal grapple oscillations, keeping
in mind the bounds on the velocity and acceleration of the actuator.
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Paper (B): Practical trajectory designs for
semi-automation of forestry cranes
Paper (B) is an edited version of
Szabolcs Fodor, Leonid Freidovich, and Carlos Vázquez. Practical trajectory
designs for semi-automation of forestry cranes. In ISR 2016: Proceedings
of the 47st International Symposium on Robotics; Munich, Germany., pages
1–8. VDE, Jun 2016a.
This paper is a continuation of Paper (A). More explicitly, an algorithm is formulated concerning the parameters of the proposed trajectory, the certitude of
the algorithm is verified trough repeatability, while the automation of loading
and unloading cases are further detailed, and lastly, a scenario is suggested on
how to associate certain trajectory parameters to a particular slewing position
(e.g, position of the log assortments and position of the cargo space). Further,
real-time implementations of smooth off-line reference trajectories were used for
a designed position controller to improve the process with faster controlled slewing motions and with minimal grapple oscillations. The trajectory generation
algorithm was design with combined properties of two known trajectory designs:
Linear Trajectory with Parabolic Blends (LTPB) and high-order polynomials. A
practical approach has been proposed and implemented to find the best parameters for the trajectory generation algorithm by selecting the best limit on the
velocity that provided the minimal grapple oscillations. Using the obtained trajectory parameters, the loading scenarios is presented as a combination of manual motion (motion from the cargo space to the log assortments using operator
command) with automated motion (motion from the log assortments back to the
cargo space of the forwarder), while the unloading scenario is shown based on
automated slewing motion and with the consideration that the log assortments
positions are fixed.

Paper (C): Interactive on-line trajectories for
semi-automation: Case study of a forwarder crane
Paper (C) is an edited version of
Szabolcs Fodor, Carlos Vázquez, and Leonid Freidovich. Interactive online trajectories for semi-automation: Case study of a forwarder crane. In
2016 IEEE International Conference on Automation Science and Engineering (CASE). Forth Worth, USA., pages 928–933. (IEEE), Aug 2016b. doi:
10.1109/coase.2016.7743502.
In this paper a semi-automation function for the base joint actuator (slewing) of
the considered forwarder crane was presented. Basically, this semi-automation
function consists from a closed-loop position control scenario of the same actuator. The reference signal for the position controller (the same as in Paper (A)
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and Paper (B)) is generated on-line using the well known Linear Trajectory with
Parabolic Blends (LTPB) algorithm that is initiated by intuitive and easy to use
and implement operator commands. More in detail, the operator is in charge
of starting the trajectory generation algorithm, and also in charge of changing
future states of the trajectory parameters by giving the stop command from the
joystick. Afterwards, the time instant of the stop command is recorded and a
new final position is calculated. As a consequence, the final position of the trajectory will be delayed by a certain amount of time that allows the trajectory to
end smoothly, which systematically implies less grapple oscillations than ending
the trajectory at the time instant of the stop command. The introduced delay is
acceptable since less grapple oscillations are prioritized over precision.

Paper (D): Towards oscillation reduction in forestry
cranes
Paper (C) is an edited version of
Szabolcs Fodor, Carlos Vázquez, Leonid Freidovich, and Nariman Sepehri.
Towards oscillation reduction in forestry cranes. In BATH/ASME 2016
Symposium on Fluid Power and Motion Control. Bath, UK. ASME International, Sep 2016c. doi: 10.1115/fpmc2016-1792.
In this paper an input shaping control technique has been developed to partially
attenuate the oscillations caused by the inner boom actuator of a forwarder crane
prototype. Extreme case scenarios of the reference current signal were executed
to induce the natural oscillations of the crane structure. Further, the proposed
approach is based on off-line identification of natural frequencies and damping
ratios of the same crane structure induced by different motions stages in the vertical plane. Then, separate Zero Vibration (ZV) input shapers were designed for
different stages of interest using the identified parameters. A practical switching
logic was proposed and used to combine the effects of different input shapers.
For quantification of oscillations the torque signal computed from pressure measurements was used. The results showed significant improvement on the considered motion stages with a particular crane configuration. Even though, ZV
input shapers significantly reduced the oscillation of the crane structure, it was
noticed that the technique was not robust1 considering various disturbances such
as change in amplitude of the reference current signal, different telescope extensions and payload.

1 More robust input shapers were also examined, however none of them guaranteed a general solu-

tion or at least a robust solution to reduce the oscillation considering maximum telescope extension
with different payloads.
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Paper (E): Active vibration damping using H2 -optimal
feedback control design for forestry cranes
Paper (E) is an edited version of
Szabolcs Fodor and Leonid Freidovich. Active vibration damping using H2 optimal feedback control design for forestry cranes. (Submitted), 2017.
This manuscript addresses the disadvantages of the input shaping techniques
presented in Paper (D), that is the robustness to various disturbances such as
change in input signal amplitude, and change in frequency and damping due
to different payloads and telescope extensions. To tackle the mentioned issues,
the problem formulation (reduce the oscillations after operator stop commands)
is treated and mathematically explained from input disturbance viewpoint. Further, an H2 -optimal controller for regulation purpose is adopted. The design is
based on S/T mixed sensitivity minimization problem considering an identified
second order model for a particular motion stage. Moreover, the controller uses
pressure measurements as a feedback signal and is active only after particular
stop commands. To show the effectiveness and robustness of the controller, several experimental results were reported under different working conditions of the
knuckleboom crane available at Umeå University. All of the defined experimental cases were performed without and with the controller for comparison reasons.
The results showed about 70% and 80% improvement for two considered motion
stages with respect to the undamped case that was taken as a reference.

5

Concluding remarks

As forestry machines become more and more technologically advanced and efficient, human operators are expected to take advantage of machine capabilities
and increase their daily productivity measured in output/hour. A futuristic solution for improvement is to remove human operators from the control loop and
to develop completely autonomous forestry machines capable of working independently. While this concept is getting popular in industries (e.g., automotive
industry) where the environment is known in advance, it is still not possible nor
efficient to be used in forestry due to the presence of multiple actors (e.g., unknown environments, rough weather conditions, uneven terrains, etc). Therefore,
partial automation in form of semi-automation functions are proposed to help increasing operator productivity. Basically, with semi-automation functions partial
work elements are automated, which are expected to assist operators by allowing
them to rest or focus on other aspects related with forwarding (e.g., locate the
next log assortment, drive the forwarder, etc.). However, experienced operators
tend to be skeptical about using new technologies, therefore the main question
that we need to ask is what exactly to automate and how? Another major problem,
that must be addressed is improving operator comfort with the purpose to avoid
injuries that might affect their health. A known factor that causes physical strains
to operators are cabin vibrations resulting from aggressive manipulation of the
knuckleboom cranes.
To partially touch the above mentioned issues, the current thesis is aimed to investigate operator assistance with a semi-automation function and to improve operator comfort by reducing crane structure vibrations via active vibration damping
solutions. These topics are briefly summarized in Chapter 2, Chapter 3, and are
further detailed in the scientific papers included in Part II. All of the proposed hypothesis and techniques were experimentally evaluated in laboratory conditions
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on a down-sized industry-standard knuckleboom crane (particularly used by forwarders) supplied with a real-time prototyping unit, integrated sensors (e.g. optical encoders, pressure sensors), and a dedicated software package. Furthermore,
to enable easier path towards product development, considerable effort was invested in simplistic designs, thereof advanced models in need of large parameter
sets and complex mathematical derivations are avoided.
The semi-automation described in Chapter 2 is designed for the slewing actuator (base joint actuator) of the forwarder crane and is used to automate repetitive
slewing motions in the horizontal plane based on operator commands. First of all,
the design takes advantage of the additional sensors (i.e., an optical encoder, pressure sensors), hence a conventional P I position controller with valve dead-band
compensation is used for the closed-loop control architecture and tuned experimentally with a practical algorithm, that takes into account a trade-off between
tracking accuracy and grapple mechanism oscillations monitored on the pressure signals. Further, a great importance is emphasized on the trajectory planner,
through which, the operator interacts and provides smooth reference trajectories
to the closed-loop control architecture. This is important in order to reduce grapple mechanism oscillations, which are active in the same plane as the slewing
actuator operates. Two trajectory generation algorithms were employed, namely,
polynomial trajectory and Linear Trajectory with Parabolic Blends (LTPB) and
some of their properties combined in order to adapt them for semi-automation
context. For instance, the duration of the reference trajectory is important because it is related with the duration of the slewing motion, moreover, its velocity
and its acceleration. However, the polynomial trajectory generation algorithm
does not have such property to include these constraints in its design, unlike the
LTPB algorithm, which has an analytical formula to calculate the final time of
the trajectory based on maximum velocity and maximum acceleration. For this
reason, the formula taken from the LTPB algorithm is used and adapted with a
simple modification to calculate the final time for the polynomial trajectory. The
proposed modification consists from a scalar scaler for the maximum velocity
and its value was found through comparisons between different velocities generated with the two algorithms. With this approach the polynomial trajectory is
customized such that, its duration can be systematically defined using the slewing actuator constraints (e.g., maximal velocity, maximal acceleration), moreover,
these parameters can be also set up by operators according to their preference.
In continuation, real-time implementation of the polynomial trajectory initiated
by operator commands was used as a reference for the P I position controller
to reproduce automatic slewing motions between two particular points that can
be associated with the position of log piles and position of the cargo space, and
are commonly used during log unloading scenarios. Our results showed that by
using the defined semi-automation function the slewing motion velocity can be
increased and in the same time grapple oscillations are reduced, because of the
smooth reference trajectory and the closed-loop control architecture. Optimality
studies with certain assumptions were also conducted to find the best parameters
(mainly maximum velocity) for the polynomial trajectory, because slow slewing
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motions (longer duration, reduced velocity) did not particularly meant less grapple oscillations. To handle the loading scenario, when the position of different log
assortments are unknown, the LTPB trajectory was modified to be on-line and interactive with operator commands. Basically, operators can decide when to stop
the automatic motion with a push of a button or tilt of a joystick lever. Reacting
to this command a parabolic blend is initiated and the crane motion will stop
with a particular delay but less grapple oscillations.
The active vibration damping solutions summarized in Chapter 3 are intended to
reduce vibrations of the knuckleboom crane created mainly by aggressive manual
commands of the inner boom actuator, which is also the main lift cylinder. Reducing crane structural vibrations also leads to less cabin vibrations, which improves
operator comfort. To test the effects of abrupt manual commands an aggressive
input signal was designed to excite considerably the payload oscillations in different motion stages (lifting, stop after lifting, lowering, stop after lowering). Out of
the four defined motion stages, we concluded that the stops after each particular
motions (lifting, lowering) are the stages of interest, meaning that the oscillations
are always present with different natural frequency and cannot be removed simply by smoothing the reference signal. First, multiple Zero Vibration (ZV) input
shapers were designed based on identified natural frequency and damping ratios of different motion stages of interest, assuming that the considered output
(off-line estimated velocity) behaves as a linear second order system. Then, a
practical switching logic was proposed to combine the input shaper designs in order to tackle the natural frequency variations. Experiments were performed with
a fixed crane pose without payload in the grapple and retracted telescopic link.
The ZV input shapers reshaped the reference signal by introducing an 0.2[s] delay
with a corresponding amplitude. The results showed significant and repeated improvements with respect to the undamped case used as a reference, however we
noticed that the ZV input shapers were sensitive to different parameter variations,
including amplitude of the input signal, additional payloads in form of logs, and
extended telescopic link. After trying out more robust input shaper designs (Zero
Vibration Derivative (ZVD), ZVDD, Extra Insensitive (EI), etc.) and attempts to
make the ZV input shaper adaptive by considering on-line natural frequency estimation with Algebraic Identification Method (AIM), we concluded that more
robust input shaper designs introduced to large delays that were unacceptable to
be used, while the AIM could not provide an on-line estimated frequency value
fast enough to be used for the input shaper design and apply it in the same time,
but it provided reliable frequency values for longer identification windows (12[s]). To handle parameter variations such as input signal amplitudes, different
telescopic link extensions, additional payloads in the grapple, we have also proposed an active vibration damping solution by treating the operator command or
reference signal from input disturbance viewpoint and engaging an H2 -optimal
control synthesis for regulation, discarding the tracking requirements. Since, it is
a model-based controller design technique, a linear second order model was employed for the reference model and used for the controller synthesis along with
additional weights (for sensitivity and complementary sensitivity) designed as
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5

Concluding remarks

first order low-pass and high-pass filters penalizing the error signal and the output signal. The obtained controller is active for defined motion stages (stop after
lifting, stop after lowering) and is pressure feedback, meaning that it uses measured pressure signals to introduce additional energy to the input signal to damp
the present oscillations. The results showed more than 70% oscillation reduction
for both stages of interest taking into account payloads, variation of input signal
amplitude and different telescope extensions.
To conclude, this thesis shows that it is possible to develop simple yet useful tools
that might help to increase operator’s productivity and comfort by applying different techniques and methods from various fields, such as robotics, control theory and automation. The developed tools should enrich applied research related
towards human-centered automation of forestry machines.
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