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”Now is the time to understand more,
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Summary

The increasing demand for renewable energy is driving a significant rise in the adoption of
offshore wind energy as a formidable means of energy harvesting. To enhance efficiency
and reduce the cost of electricity, offshore wind turbines (OWTs) and their supporting
structures are being designed with larger dimensions, necessitating installation in deeper
waters. These installations are carried out using floating heavy lift vessels, which, however,
have the disadvantage of transferring wave-induced motions to the payload, resulting in
undesired vibrations of the latter.

A variety ofmotion compensation andposition control techniqueshavebeendeveloped
and tested over the years. These include gripper frames formonopiles, as well as manually
operated, passive, or active tugger line systems designed to maintain the correct position
of suspended OWT components. Indirect methods, such as cranemotion control through
cart manipulation and heave compensation, have also been implemented to manage mo-
tion during installation. However, all these approaches rely on direct contact betweenme-
chanical equipment and the payload, often requiring human intervention. These limita-
tions, compounded by the strict error tolerances for installation and the challenging off-
shore environment, underscore the need for a contactless position control technique for
OWT installation.

This thesis introduces the development of a contactless motion control technique for
suspended loads during offshore wind turbine installations, providing the groundwork
for a novel alternative to customary industry methods. The proof-of-concept is built upon
numerical simulations of the interaction between the dynamical system and the contact-
less controller, complemented by partial validation through scaled laboratory experiments.
The investigated concept leverages magnetic interaction, utilising a magnet affixed to the
suspended component and an electromagnetic actuator to achieve precise motion control.

Given the complexity of the full-scale system, this research adopts a comprehensive
step-wise methodology to effectively devise the new control method. The envisioned full-
scale dynamical system is modelled through a series of incremental systems, each acting
as a simplified yet analogous representation of the original. These incremental systems
are specifically designed to validate the potential of the contactlessmotion controlmethod,
focusing on a reduced number of degrees of freedom in each step to systematically address
the challenges of the complete system.

The first two chapters introduce the theoretical foundation of the dynamics and con-
trol of the initial incrementalmodel, specifically the lab-scale planar pointmass pendulum
with moving support. The magnetic interaction is modelled as a dipole-to-dipole interac-

xi



xii Summary

tion, representing the simplest unit to describe the magnetic field geometry. A PID con-
troller is utilized to control this interaction. Numerical simulations are validated against
experimental measurements of the forced vibrations, where the electromagnetic actuator
excites the system using an alternating harmonic signal. The model demonstrates high
predictive accuracy, withminor discrepancies attributed to friction at the pendulum pivot
and operational limits of the electromagnet, which can introduce delays and saturation.

A dedicated chapter delves into the controlled response of the planar magnetic pendu-
lum, which is excited by the kinematically prescribed motion of its pivot and controlled
via an electromagnetic actuator. Two control modes are explored: enforcing a desired mo-
tionwith a fixed pivot point andmaintaining a fixed global position despite amoving pivot
point. Key control parameters are identified as the separation distance between the mag-
nets and the saturation limits of the controller. Performance improves significantly when
themagnets operate in close proximity, resulting in reduced errors and less saturation. In
the desired motion mode, the system exploits resonance, while the disturbance rejection
mode successfully mitigates the unwanted escalation of oscillations. However, the tran-
sient response proves more critical in the latter mode, showing the highest error values
and saturation levels.

Another critical degree of freedom involves rotation around the vertical axis of themass
(shaft). This vibrationmode ismodelled as a single-degree-of-freedommagnetic ring, free
to rotate around its centre, interactingwith an external electromagnetic actuator. The con-
trol parameter is the orientation of the magnetic field of the external dipole, fluctuating
around a fixed angle with a defined step. A control rule is developed to adjust this fluctua-
tion, enabling the enforcement of a desired motion through various control modes. These
include dissipating rotational vibrations via magnetically induced damping and actively
controlling rotation. The controller effectively establishes a newequilibrium for the system
and introducesmagnetic damping thatmimicsCoulomb friction. An additional crucial pa-
rameter is introduced to the control strategy: the ratio of the system’s inherent stiffness to
the magnetically imposed stiffness.

The next incremental system is designed to address the coupled dynamics and simul-
taneous control of multiple vibration modes–translational and rotational vibrations– in-
tegrating the insights gained from the preceding chapters. This system enhances the lab-
scale magnetic pendulum by introducing a rotational degree of freedom around its shaft
(longitudinal axis). The equilibrium position of the system depends on both the magnetic
interaction and the global position of the suspended mass during the planar motion. The
role of the translational actuator is twofold: controlling the planar vibrations and compen-
sating for the attractive forces generated by the magnets involved in the torsional control.
Furthermore, this model is more sensitive to instability requiring two actuators of equiva-
lent magnetic field magnitude. In short, the success of the combined control is attributed
to the translational actuator’s ability to control the separation distance between the inter-
acting magnets.
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The concluding chapter presents a full-scale numerical model designed for controlling
a suspended OWT tower during installation by a floating vessel. An exemplary control
arrangement is devised leveraging the control strategies established in this work. To sat-
isfy the controllability requirements and ensure control efficiency, three actuators are em-
ployed: one dedicated to torsional control and two to translational control, strategically
positioned along the cylinder’s height. The control mode focuses on disturbance rejection,
addressing both non-trivial initial conditions and crane tipmotion. The system effectively
dissipates both planar and torsional rotations, maintaining minimal error relative to the
desired reference. Key performance factors include precise tuning of the PID gains and
strategic placement of magnet pairs to generate sufficient control torques for different vi-
brational modes. Notably, the required magnetic forces are comparable to or less than
those of conventional tugger line systems, highlighting the feasibility and efficiency of the
proposed novel alternative.

The present thesis methodically develops a proof-of-concept contactless motion con-
trol technique, utilising non-contact attractive and repulsive forces to enhance the control-
lability of suspended loads, thereby improving safety and precision during offshore wind
turbine installations.





Samenvatting

De toenemende vraag naar groene energie zorgt voor een aanzienlijke groei in het gebruikvan offshore windenergie als de methode voor energieopwekking. Om de efficiëntie te
verhogen en de kosten van de opgewekte elektriciteit te verlagen worden offshore wind-
turbines (OWT’s) en hun funderingen ontworpen met grotere afmetingen, wat installatie
in dieper water noodzakelijk maakt. De installatie van dergelijke constructies wordt uit-
gevoerd met drijvende kraanschepen. Deze schepen hebben echter als nadeel dat ze golf-
geïnduceerde bewegingen overbrengen op de last, wat leidt tot ongewenste schommelin-
gen.

Door de jaren heen zijn er verschillende technieken ontwikkeld en getest voor bewe-
gingscompensatie en positieregeling. Hiertoe behoren grijpers voor monopiles, maar ook
handmatig bediende, passieve of actieve tuggersystemen. Tuggersystemen zijn ontwor-
pen om de juiste positie van hangende OWT componenten te garanderen. Indirecte me-
thoden zijn eveneens toegepast om beweging tijdens de installatie te beheersen. Voorbeel-
den hiervan zijn deiningscompensatie en een kraanbewegingsregelaar, die de beweging
van de last beheerst door middel van wagenmanipulatie. Al de genoemde benaderingen
berusten echter op direct contact tussen mechanische apparatuur en ook zijn er mense-
lijke handelingen nodig. Deze beperkingen, gecombineerd met de strikte fouttoleranties
voor installatie endeuitdagendeoffshore omstandigheden, benadrukkendenoodzaak van
een contactloze positioneringstechniek voor OWT installatie.

Dit proefschrift introduceert een contactloze bewegingsregelingstechniek voor han-
gende lasten tijdens het installeren van offshore windturbines. Het vormt daarmee de ba-
sis voor een nieuw alternatief voor de methoden die nu gangbaar zijn in de industrie. Het
proof-of-concept is gebaseerd op numerieke simulaties van de interactie tussen het dyna-
mische systeem en de contactloze regelaar, aangevuld met gedeeltelijke validatie via ge-
schaalde laboratoriumexperimenten. Het onderzochte concept maakt gebruik van mag-
netische interactie, waarbij een magneet is bevestigd aan het hangende onderdeel en een
elektromagnetische actuator wordt ingezet voor nauwkeurige bewegingsregeling.

Gezien de complexiteit van het systeem op ware grootte hanteert dit onderzoek een
stapsgewijze methodologie om de nieuwe regelmethode effectief te ontwikkelen. Het be-
oogde dynamische systeemwordt gemodelleerd via een reeks incrementele systemen, die
elk eenvereenvoudigdemaarwaarheidsgetrouwerepresentatie vanhetorigineel zijn.Deze
incrementele aanpak is specifiek ontworpen om de contactloze bewegingsregeling te vali-
deren. Hierbij wordt in elke stap gefocust op een beperkt aantal vrijheidsgraden om syste-
matisch de uitdagingen van het volledige systeem te doorgronden.

xv
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De eerste twee hoofdstukken behandelen de theoretische basis van de dynamica en re-
geling van het eerste incrementele model, namelijk een geïdealiseerde slinger met een be-
wegend ophangingspunt op een laboratoriumschaal. De magnetische interactie wordt ge-
modelleerd als een dipool-dipool interactie. Dit is de eenvoudigste eenheid is om hetmag-
netische veld te beschrijven. Vervolgens wordt een PID-regelaar gebruikt om deze interac-
tie te regelen. Numerieke simulaties worden gevalideerd aan de hand van experimentele
metingen van de gedwongen trillingen van de slinger, waarbij de elektromagnetische actu-
ator het systeem aandrijft met een wisselend harmonisch signaal. De voorspellingen van
hetwiskundigemodel komengoedovereenmetdemetingen.Dekleine afwijkingen tussen
hetmodel en het experiment kunnenworden toegeschreven aanwrijving bij het draaipunt
van de slinger en operationele beperkingen van de elektromagneet, zoals vertraging in het
signaal en verzadiging van de magneet.

Een apart hoofdstuk behandelt de gecontroleerde respons van dezelfde magnetische
slinger. De slinger wordt geëxciteerd door een voorgeschreven beweging van het ophang-
punt en wordt geregeld via een elektromagnetische actuator. Twee regelmodi worden on-
derzocht: het afdwingen van een gewenste beweging met een vast ophangpunt, en het be-
houden van een vaste globale positie bij een bewegend ophangpunt. Belangrijke regelpara-
meters zijn de afstand tussendemagneten ende verzadigingslimieten vandemagneet.De
prestaties verbeteren aanzienlijkwanneer demagneten dichter bij elkaarworden gebracht.
Dit leidt tot een kleinere fout enminder verzadiging. Als de beweging van demassa wordt
voorgeschreven, dan benut het regelsysteem resonantie. Terwijl wanneer de bewegingen
onderdrukt moeten worden de regelaar voorkomt dat de amplitude van de oscillatie toe-
neemt. In het laatste geval blijkt de overgangsrespons echter kritisch met de hoogste fout-
waarden en verzadigingsniveaus.

Een andere kritieke vrijheidsgraad betreft de rotatie rond de verticale as van demassa.
Deze trillingsmodus wordt gemodelleerd als een magnetische ring met een enkele vrij-
heidsgraad.Deze ringkan vrij draaien rondzijnmiddelpunt enwordt beïnvloeddoorde ex-
terne elektromagnetische actuator. In dit geval is de regelparameter de oriëntatie van het
magnetischeveldvandeexternedipool.Deze fluctueert rondeenvoorafbepaaldehoekmet
een gedefinieerde stapgrootte. Er wordt een regelwet ontwikkeld om deze fluctuatie dus-
danig aan te passen dat een gewenste beweging kan worden afgedwongen voor de twee re-
gelregimes. Deze omvatten het dempen van rotatietrillingen viamagnetisch geïnduceerde
demping en het actief voorschrijven van de rotatie. De regelaar stelt effectief een nieuw
evenwicht voor het systeem vast en introduceert magnetische demping die vergelijkbaar
is met het effect van Coulomb wrijving. Een cruciale parameter in de regelstrategie is de
verhouding tussende inherente stijfheid vanhet systeemendemagnetisch opgelegde stijf-
heid.

Het volgende incrementele systeem is ontworpen om de gekoppelde dynamica en ge-
lijktijdige regeling vanmeerdere trillingsmodi – translatie en rotatie – te analyseren.Hier-
bij worden de inzichten uit de voorgaande hoofdstukken gecombineerd. In dit systeem
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wordt aan de magnetische slinger een rotatievrijheidsgraad toegevoegd. Deze rotatie is
rond de as van de slinger. In dit geval hangt de evenwichtspositie van het systeem af van
zowel de magnetische interactie als de globale positie van de hangende massa tijdens de
beweging in een vlak. Hierbij is de rol van de translationele actuator tweeledig: het regelen
van de trillingen in het vlak en het compenseren van de aantrekkingskrachten die worden
gegenereerd door demagneten die betrokken zijn bij de torsieregeling.Hierdoor is ditmo-
del gevoeliger voor instabiliteit. Ter stabilisatie is het nodig dat twee actuatoren met een
gelijkwaardige magnetische veldsterkte worden gebruikt. Al met al wordt het succes van
de gecombineerde regeling bepaald door het vermogen van de translationele actuator om
de afstand tussen de magneten te regelen.

Het laatste hoofdstuk behandelt een numeriekmodel dat de bewegingen beschrijft van
een hangende OWT-toren tijdens installatie met behulp van een drijvend schip. De afme-
tingen van de toren zijn nu op ware grootte. Op basis van het werk uit de voorgaande
hoofdstukken wordt voor dit geval een illustratieve regelconfiguratie opgesteld. Om aan
de regelbaarheidsvereisten te voldoen en de efficiëntie te waarborgen worden drie actua-
toren gebruikt: één voor torsie en twee voor translatie.Deze actuatorenworden strategisch
geplaatst langs de hoogte van de cilinder. De regelingsstrategie richt zich op verstorings-
onderdrukkingwaarbij zowel niet-triviale beginvoorwaarden als kraanbewegingen aan de
top worden meegenomen. Het systeem dempt effectief zowel bewegingen in het vlak als
rotaties,metminimale afwijking tenopzichte vandegewenste referentie.Belangrijkepres-
tatiefactoren zijn de nauwkeurige afstemming vande PID-coëfficiënten en de strategische
plaatsing van magneetparen om voldoende moment te genereren voor verschillende tril-
lingsmodi. Opmerkelijk is dat de vereiste magnetische krachten vergelijkbaar zijn met of
lager liggen dan die van conventionele tuggersystemen. Dit onderschrijft de haalbaarheid
en efficiëntie van het voorgestelde nieuwe alternatief.

Dit proefschrift ontwikkelt stapsgewijs een proof-of-concept van een contactloze be-
wegingsregelingstechniek voor offshore toepassingen. Hierin wordt gebruik gemaakt van
contactloze aantrekkende en afstotende krachten om de regelbaarheid van hangende las-
ten te verbeteren.Zowordtde veiligheid enprecisie tijdensde installatie vanoffshorewind-
turbinecomponenten vergroot.





Preface

This thesis chronicles my initiation into the scientific realm of energy, frequency, and dy-
namics; the very language of the universe (Nikola Tesla, 1856–1943). Along this journey, I
delved into one of nature’s most powerful yet unseen forces: magnetism, an omnipresent
wonder shaping our world. In doing so, I foundmyself echoing the belief ofThales ofMile-
tus (c.626/623 – 548/545 BC) that magnets, with their ability to move iron, might possess a
kind of life force or animating principle—a notion that resonated deeply with my own an-
imistic perspective. This seemingly telepathic and telekinetic phenomenon is harnessed
here as a means of contactless control over the motion of a suspended load.

To develop the proposed technique, I turned to a problem that is deceptively simple yet
profoundly intricate—thependulum, a system that has captivated andperplexedminds for
centuries. With due reverence to Galileo Galilei (1564–1642) and the local Christiaan Huy-
gens (1629–1695)—who might well stir in their graves at yet another pendulum study—I
found myself oscillating, both literally and figuratively, through countless pendulum con-
figurations, utterly hypnotised by the richness of their dynamics. The pendulum stands as
a cornerstone not only in understanding dynamics but also in exploring the control of mo-
tion. Naturally, a perfectionist spirit like mine could not resist the urge to impose control
upon yet another facet of my life. In this endeavour, I can only hope for success—but I will
leave that for the reader to decide.

This work sits at the vent diagram intersection of dynamics, control, and magnetism,
crafted to ignite curiosity in a novel, out-of-the-box concept—for what is a truly novel idea
if not a fusion of a seemingly unorthodox science-fiction approach? At its core, it inves-
tigates magnet-to-magnet interactions for controlling suspended loads, with a targeted
application in offshore wind turbine installations.

Dear reader, thank you for your time and attention. Like another Sisyphus, I invite
you to accompany me in the steady ascent—pushing the boulder of thought and inquiry
uphill, toward a new summit where knowledge gathers a higher potential (Figure 1). My
hope is that these pages not only present my findings, but also ignite your curiosity and
imagination, drawing you in with an irresistible attractive force...

Panagiota Atzampou
Delft, August 2025
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Figure 1: A journey to higher potential.



1
Introduction

Theominous effects of climate change and the subsequent ecological hazards posed by the
over-reliance on fossil fuel as themain energy source have driven a paradigm shift towards
sustainable and environmentally-conscious energy sources [1]. Renewable energy technol-
ogy exploits the limitless energy capacity of various natural resources by converting them
into useful energy forms, e.g. using mechanical energy to generate electricity [2]. More-
over, renewable sources are strongly coupledwith sustainable development as they pertain
to energy harvesting from resilient and inexhaustible resources [3].

One of themost promising renewable energy alternatives is wind energy, which stands
out due to its social, technical, economic, and environmental advantages [4, 5]. In par-
ticular, offshore wind turbines (OWTs) have gained substantial attention and investment
over the past decades, owing to the significant energy potential available in the extensive
global offshore areas [6]. The open waters facilitate the installation of larger and more nu-
merous turbines per wind park, capitalizing on wind resources that are less turbulent and
possess higher energy content compared to their onshore counterparts [7]. Additionally,
offshore wind is known for its robustness and consistency, with typical fluctuations re-
maining within a narrow band, up to 20% from hour to hour [8]. OWTs are deployed at a
minimumdistanceof 10 kmfromthe shoreor at least in 10mwaterdepth [9], thus eliminat-
ing the concern of visual disamenity and auditory nuisance. Strict regulatory constraints
regarding land use, wind turbine and farm size that often burden onshore installations are
typically less restricting offshore. Furthermore, offshore wind farms (OWFs) can benefit
marine ecosystems by acting as artificial reefs, increasing biodiversity and complexity of
the benthic and pelagic habitats [10].

Naturally, as an anthropogenic intervention, the deployment and operation of OWFs
can also pose environmental challenges [10–12]. Underwater noise generated during the
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installation phase, particularly monopile driving for bottom-founded OWTs, has direct or
indirect negative impacts on several marine fauna species [10]. Mitigation efforts focus
on reducing noise pollution through alternative pile driving methods [13] or noise mitiga-
tion systems [14]. During operation, electromagnetic fields emitted by cables can interfere
with the navigation and orientation of marine animals that rely on geomagnetic cues and
can cause local temperature rises, affecting benthic communities [10, 11]. Research is con-
ducted to investigatepossiblemeasures todissipate theEMFradiationexposureby increas-
ing the cable burial depth [15]. Despite these localized environmental impacts that can be
reversed to an extent, the global benefits offered by OWFs are substantial and contribute
significantly towards the reduction of greenhouse gas emissions and climate change miti-
gation.

The Paris Agreement (2015) is a legally binding international treaty on climate change
that aims at limiting global warming to an utmost temperature increase of 1.5∘C above pre-
industrial levels [16]. This agreement focuses on achieving a global balance between anthro-
pogenic emissions (sources and sinks) of greenhouse gases, so-called net-zero emissions,
in the second half of this century. Towards that goal, according to the European Green Deal,
the European Union (EU) aspires to become the first climate-neutral continent by 2050,
setting an exemplary path towards energy transition [17]. The EU has set the strongest am-
bitions for offshorewind energy, with targets for individualmember states to install a total
capacity of 29GW of new offshore wind turbines by 2025 [18]. According to the Offshore
Wind Outlook report by the International Energy Agency (IEA) [8], in the Stated Policies
Scenario (STEPS, based on the current policy landscape), the EU accounts for nearly 40% of
the global offshoremarket (GL) by 2040, increasing its installed capacity to almost 130GW
(Figure 1.1a). In the Sustainable Development Scenario (SDS, in accordance with the goals
of the Paris Agreement), the European Union’s offshore installed capacity increases by al-
most 40% relative to the STEPS, reaching 175GW by 2040 to promote decarbonisation.

The envisioned robust growth of offshore wind energy in Europe can be facilitated by
its enormous technical wind potential, which amounts to approximately 50 000TWh per
year. The global electricity demand is expected to increase significantly from 25000 to
a range of 52 000 to 71 000TWh by 2050, driven by the growth in energy needs and the
widespread electrification of various economic sectors worldwide [19]. With this potential,
Europe could significantly contribute to meeting the future global demand solely through
offshore wind energy exploitation (Figure 1.1b).

Thus, tomeet the environmental goals and satisfy the ever-increasing energy demands,
OWTs are installed in deeper waters with greater capacities and, hence, larger dimensions
[9] (Figure 1.2). Consequentially, this increase in scale presents a unique set of engineering
challenges to installation operations [20].



1

3

(a) (b)

Figure 1.1: (a) Installed capacity of offshorewind on global (GL) and European (EU) scale for two scenarios: Stated
Policies Scenario (STEPS) and Sustainable Development Scenario (SDS), (b) Annual technical potential for off-
shore wind in Europe. Near and far from shore regions correspond to distances shorter and greater than 60 km,
respectively. Adapted from [8].
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Figure 1.2: Offshore wind turbine size evolution in time. Adapted from [21].
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1.1. State of the art in offshorewind turbine installations
A central challenge in offshore wind energy is the installation process, which constitutes
a substantial portion of the overall project costs and amounts to a quarter of the overall
costs of an OWT deployment [22]. An OWT installation consists of three primary stages
according to the structural unit installed [23]:

• Foundation Installation procedure depends on the foundation type, either bottom-
founded (e.g., monopile installations [24]) or floating, including the transition piece
and scour protection;

• Turbine Erection of the turbine, either pre-assembled or piece-wise, including the
tower, rotor, nacelle, and blades;

• Transmission equipment Installation of inner and outer cables to connect the tur-
bine to the offshore substation and the onshore grid.

In order to enhance the appeal and themonetary engagement to OWT deployment project
investments, it is imperative to investigate measures to reduce installation costs. This ex-
penditure strongly depends on the efficiency of the operation coupled with the operating
constraints imposed bymeteorological conditions [12], namely the total duration of a com-
plete and successful OWT installation. Major factors impacting the installation time and
workability window include [23, 24]:

• Installationmeans: Thecapacity andcapabilitiesofmeans suchasvessels andcranes;

• Installationmethods: The efficiency of methods including the motion control tech-
niques for payload steering.

1.1.1. Offshorewind turbine installation vessels
Jack-up vessels have monopolised the transport and installation of OWTs worldwide [25]
(Figure 1.3a). These vessels consist of a buoyant hull with a number of mechanised extend-
able legs, which are capable of elevating the hull above the sea surface by stationing the
vessel on the sea floor [26, 27]. Thus, they ensure a stable working platform for the off-
shore site even under rough sea conditions [28], limiting the external environmental dis-
turbances to solely wind loads. Jack-up vessels are either towed or self-propelled barges,
with the latter, called turbine installation vessels (TIVs), being purposely built for offshore
wind farm installations [25]. Despite their advantages, these vessels are constrained by
limitations pertaining to the installation depth and lifting capacity [29]. Consequently, an
opportunity arises for floating OWT installations.

Different types of floating vessels have been considered for offshore wind turbine in-
stallations ([29–31]), with the heavy lift vessels (HLVs) being themost prevalent due to their
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superior stability, greater load capacity, and enhanced operational flexibility in challeng-
ing offshore environments (Figure 1.3b). HLVs, traditionally used in the oil and gas indus-
try [32], can lift loads up to 20000 tonnes, and thus they are considered well-suited for the
deployment of heavy wind turbine assemblies even in demanding installation scenarios
[33]. These vessels are often deployed in European offshore wind installation projects to
install the foundations, substations, or fully pre-assembled OWTs [23]. Heavy lift vessels
fall into twomain categories: construction semi-submersibles (primarily used to transport
large cargoes); and heavy lift crane vessels (or heavy crane barges to lift cargoes either port-
side or at offshore locations) [23]. Unlike jack-up vessels, floating installations do not ne-
cessitate elevating and retrieving operations, leading to greater time efficiency. To pro-
vide an indication, the preloading procedure of VanOord’s jack-up vessel Aeolus during the
offshore wind turbine installations in the Norther Offshore Wind Farm was estimated to
have a duration of approximately 3 hours [34]. HLVs operate on dynamic positioning (DP),
which involves maintaining a desirable position by means of control of the vessel’s propul-
sion system [35]. This technology aims to counteract the effects of environmental forces
(i.e., waves and currents) on the vessel’s position and heading without the requirement for
mooring lines [36]. Additionally, theDP systemoffers the capability to optimize the vessel’s
orientation to achieve partial wind shielding during the operation.

Given the floating nature of the installation, however, the crane-payload-vessel system
remains susceptible to the adverse offshore environment. During the lifting, transport-
ing and assembling stages of the OWT installation, the components are suspended by the
crane. Hence, they can oscillate due to direct exposure to wind loads as well as indirect
excitation by the wave and current loads on the vessel [37, 38]. The latter excitation is of
primary importance for the payloadmotion [38, 39]. Figure 1.4 illustrates the linear and ro-
tational degrees-of-freedom (DOFs) of the motion of a floating heavy-lift vessel in the sea,
which can be translated to crane tipmotions, and thus external excitation of the suspended
load. Any form of excessive oscillations of the payload are deemed undesirable for such
high precision installation operations (alignment of joints during assembly, e.g. bolted
flange joints between the suspended tower and the stationary foundation pile), exacting a
toll on the overall efficiency [40, 41].

1.1.2.Motion control of suspended loadsduringoffshore installations
In order to subdue the disturbances, a plethora of motion compensation and position con-
trol techniqueshasbeenemployedduringOWTinstallationsandhasbeen thoroughly tested
in situ over the years. These techniques can be classified into two categories:

• Direct motion control: The actuation forces are applied on the suspended load di-
rectly;

• Indirectmotioncontrol: Themotionattenuation is realizedbymodifying theparam-
eters or controlling sub-components of the dynamical system.
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(a) (b)

Figure 1.3: (a) Jack-up vessel (Van Oord-Aeolus) installing an offshore wind turbine with the capacity of 8MW [42].
(b) Semi-submersible crane vessel (HMC-Sleipnir) performing a floating offshore installation [43].
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Figure 1.4: Heavy lift vessel linear and rotational motions in the sea. The schematic is inspired by the semi-
submersible vessel Prometheus designed by Domingos D.F. [44].
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Depending on the different components and stages of the installation operation, dif-
ferent techniques are employed. For bottom-foundedOWT installations, fixed andmotion
compensating gripper frames (Figure 1.5a) are considered ubiquitous [33]. Tomaintain the
correct position of a hanging load during the lift or transportation to the installation tar-
get, manually manipulated tugger lines attached to the component or active tugger line
motion control systems are utilized [45]. Tugger lines are ropes, typically made of steel
or synthetic materials, designed to exert purely attractive forces. They require a control
tension to prevent slack, ensuring they remain taut and effective. Tugger lines are exten-
sively used in vibration attenuation by controlling key parts of the system, such as the hook
block (Figure 1.5b), or to steer themotion of various OWT components during installation,
including blades (Figure 1.5c) and the turbine tower (Figure 1.5d).

Alternatively, the motion compensation of the payload has also been introduced indi-
rectly by means of motion control of the crane itself. These methods frequently pertain
to the attenuation of the vessel motions through a motion-compensated platform (with
limitations on the lifting capacity) [46], crane cart motion manipulation [47] and crane pa-
rameter modification to minimize payload pendulation [48].

For floating heavy-lift vessels, horizontal wave-induced motions (surge and sway, see
Figure 1.4) are primarily counteracted by the dynamic positioning system. To decouple the
undesirable vertical vibration of the payload caused by vertical excitation—whether due to
the motion of the floating vessel or during the lift operations—heave compensation sys-
tems (HCs) are employed [25, 49]. In principle, heave compensation electronically mon-
itors the vessel’s vertical movement and automatically controls the crane winch to coun-
teract this motion. The crane cable is continuously adjusted to keep the payload hover-
ing above the desired installation target. The operator can superimpose command signals
on the automatic function, allowing precise control of slow and accurate movements rela-
tive to the target [25]. HCs are categorized into passive and active systems. Passive heave
compensation (PHC) involves a vibration-isolating device placed between offshore cranes
and the suspended load, functioning as a parallel spring-damper sub-system. This type of
heave control cannot compensate for relative motion [50]. Conversely, active heave com-
pensation systems (AHC) can reduce heavemotion coupling to the payload by over 80% [51,
52]. Active heave control is utilized to enhance the operability of offshore installations un-
der harsh sea conditions [53, 54] or during floating installations, serving a similar purpose
to jack-up legs [25].

1.2. Thesis objective&Research scope
All aforementioned methods require either mechanical equipment in direct contact with
the payload, or utilize indirect means of control (proposing limiting controllability) or in-
volve active human intervention. These facts, amplified by the delicate nature of position-
ing OWT components, the small error tolerances and the harsh offshore environment, il-
luminate the necessity for a direct but non-contact position control technique for OWT in-
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(a) (b)

(c) (d)

Figure 1.5: (a)Motion compensate gripper frame formonopile foundation installationsduring theYunlin offshore
wind farm project [55], (b) Active tugger line system attached on the hook block during the lift of an OWT tower,
(c) Tugger lines attached on the blade during the RNA assembly, (d) Tugger lines (manually operated) attached on
the skybox during the installation of an OWT tower [43].

stallations. Such a technique would both contribute to the safety of the crew (by reducing
the risk associated with human interventions offshore) and positively influence the dura-
tion of the overall procedure, which is—as previously established—amajor deciding factor
for the efficiency and cost of the operation. Consequently, themain objective of this thesis
is formulated as follows:

Thesis objective: The development of the proof-of-concept of a contactless motion
control technique for suspended loads during offshore wind turbine installation.

The thesis aims to establish the foundations for a novel alternative to the customary
methods used by the industry. The installation is operated by a semi-submersible heavy lift
vessel and concerns the installation of the heavy-weightwind turbine components, namely
the tower or monopile foundation. The proof-of-concept is built upon numerical simula-
tions of the interaction of the dynamical system and the contactless controller and is par-
tially validated through scaled laboratory experiments.

The proposed control concept consists of two main components: a fine and a coarse
control algorithm. The fine control encompasses the main motion mitigation and manip-
ulation technique, which is based on electromagnetic interaction between a permanent
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magnet arrangement on the payload (the motion of which necessitates control) and an ex-
ternal electromagnetic actuator (or a group thereof) mounted on deck (Figure 1.6a). To
optimize the performance of the actuator, a coarse controller is proposed that involves the
use of a spatial actuator (i.e. a robotic arm or a drone) to maintain the desired distance
from the payload throughout the operation.

The contribution of this study resides in its innovative nature. The proposed method
employs a direct, contactless motion control and requires no equipment physically con-
nected to the payload during the operation, hence evading the necessity for potential re-
pair work (i.e. accidental paint coat removal or other light damage). The undertaking of
any repairs or refurbishments in situ is highly undesirable for the operator, given its ad-
verse implications in terms of both additional time and cost. Electromagnetic interaction
facilitates both attraction and repulsion of the load, with the purpose of substantially en-
hancing the controllability of the system. Furthermore, the method is compatible with
floating installation vessels and offers a mechanical advantage, rendering it efficient even
underwater.

The envisioned system consists of the semi-submersible vessel, the crane-payload and
the contactless motion control technique. The vessel is subjected to an array of environ-
mental loads, namely wind, waves and currents. These loads function as a disturbance to
its DP system, prompting corrections to its position for the purpose of maintaining the
designated set point. The resultant response of the vessel serves as an external excitation
for the crane-payload system,which constitutes theprimary sub-systemof interest for this
thesis. In addition, contingent upon the installation stage (lifting, transporting, or lower-
ing), aerodynamic and hydrodynamic forces are exerted directly on the load. To attenuate
any undesired pendulation, the contactless control actuator is activated. Through the elec-
tromagnetic interaction of the twomagnetic units (namely the actuator and the magnetic
arrangement on the load, Figure 1.6a), the controller aims atmaintaining a desiredmotion
of the suspended load, always with regard to an efficient and secure assembly. A concise
depiction of the data flow within the described system is presented in Figure 1.6b.

The dissertation investigates the efficacy of the contactless technique in controlling the
in-plane translational motion (in xz- and yz-plane, see Figure 1.6a) and rotation (around
z-axis, see Figure 1.6a) of a suspended load. The primary approach involves the develop-
ment of numericalmodels for the simulation of the controlled system,with supplementary
calibration and validation through scaled experimental tests. Full-scale measurements
are also used as input for the simulations, which are available through the DOT6000-FOX
(Floating installation Offshore Xxl wind turbines) project. DOT6000-FOX* facilitated the
first-ever full-scale testing campaign for the complete assembly of an offshore wind tur-
bine utilizing a floating HLV. Motions of the payload along its vertical axis (z-axis, see Fig-
ure 1.6a) are not studied, as they are considered to be effectively mitigated by the active
heave compensation system of the crane. This was demonstrated during the exemplary

*a project subsidized by RVO (Rijksdienst voor Ondernemend Nederland) [56].



1

10 1. Introduction

2

3

1

5

6
7

4

x

z
y

(a)

































(b)

Figure 1.6: (a) Annotated schematic diagram of an installation of an OWT tower operated by a semi-submersible
vessel and the contactless motion control technique proposed in the thesis: 1. Floating vessel deck, 2. Heavy lift
crane, 3. OWT tower, 4. Monopile head, 5. Spatial actuator (i.e. robotic arm), 6. Electromagnetic actuators and
7. Arrangement of permanentmagnets attached to the tower (i.e. magnetic belt). (b) Block diagram of the vessel-
crane-controller system.

offshore DOT6000-FOX campaign, where the crane of the floating HLV (HMC-Sleipnir,
Figure 1.3b) was equipped with high-speed electronically controlled hoisting winches for
active heave compensation [57].

1.3. Thesis outline
Due to the complexity of the full-scale system, and in order to effectively devise the new
control method, this research employs a comprehensive step-wise methodology. This ap-
proach enhances the understanding of the underlying dynamics of both the controller and
the dynamical system. Consequently, the envisioned full-scale dynamical system is rep-
resented by several incremental systems, each serving as a simplified, yet analogous, rep-
resentation of the original system. Each incremental system is designed to demonstrate
the potential of the contactless motion control method, with a focus on addressing a re-
duced number of degrees of freedom (DOF) at a time. A visual representation of the thesis
structure is presented in Figure 1.7.

The proof-of-concept initiates with a nonlinear single-degree-of-freedom (SDOF) ana-
loguesystemofa suspendedpointmasspendulum, representinga simplified floatingcrane-
payloadmodel. InChapter2, the theoretical backgroundof the dynamics and control of the
contactless control of a planar SDOFmagnetic pendulum interacting with an electromag-
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netic actuator are presented. This chapter serves as the foundation for the controlmethod-
ology and dynamics explored in the thesis.

In Chapter 3, the calibration and validation of the numerical model are elucidated, util-
ising measurements obtained through an experimental campaign. The experimental set-
up pertains to a scaled prototype planar magnetic pendulumwith a moving support.

The controlled response of the planar magnetic pendulum is elaborated in Chapter 4.
The pendulum is excited by the kinematically prescribed motion of its pivot and is con-
trolled by an electromagnet. This chapter focuses on the assessment of the efficiency of po-
sition control for the pendulum, concurrently exploring various control modes pertinent
to the envisaged application, namely desiredmotion control including the imposition of a
desired stationary position over time.

In addition to translational vibrations, the rotational vibration mode becomes signifi-
cant for suspended loads. Thismode pertains to the rotation of the payload around its lon-
gitudinal axis (shaft). Chapter 5 concentrates on the control of these vibrations. Thismode
of vibration is conceptualized as a SDOFmagnetic ring free to rotate around its centre in-
teracting with an external electromagnetic actuator. The designed controller leverages the
system’s dipole-to-dipole nonlinear dynamics to enforce a desiredmotion through various
control modes, including the extraction of rotational energy by applying magnetically in-
duced damping and active rotation control.

Following the independent analysis of the twomost critical vibrational modes of a sus-
pended load,Chapter 6 explores the coupled dynamics involved in concurrently controlling
translational and torsional vibrations. The lab-scalemagnetic pendulum is enhanced by in-
corporating a rotational degree of freedom around its shaft (longitudinal axis). The study
emphasizes themagnetic coupling effects and the controllability requirements introduced
by this coupling, evaluating control efficiency across various control modes.

In Chapter 7, the system studied closely resembles an actual OWT tower installation,
consisting of a planar triple pendulum with a suspended hook block and sling rope, sup-
porting a cylinder as the tower payload. This configuration addresses the simultaneous
control ofmultiple vibrationmodes (translational androtational), integratingfindings from
previous chapters. The suspended load, modelled as a rigid body to exclude plastic de-
formation effects, is subjected to crane-tip-induced oscillations simulating wave-action
disturbances. The chapter provides a dual evaluation: first, examining the arrangement
of electromagnetic actuators and corresponding permanent magnets; second, assessing
the efficiency and controllability achieved by the control system at full-scale. Additionally,
realistic disturbance inputs from an offshore measurement campaign are incorporated
into the model. This campaign identified the dominant environmental loads and the or-
der of magnitude of the tower’s motion during installation. Preliminary estimates of the
required actuation forces are also presented, offering a comparative analysis with conven-
tional motion control techniques.
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Finally, the thesis concludeswithChapter8, which gathers themain conclusions drawn
from this thesis, accompanied by recommendations and indications for further future re-
search.














































Figure 1.7:Thesis Outline



2
Theoretical foundations of the

dynamics and contactless control
of a magnetic pendulum

The problem of a suspended offshore wind turbine component on a moving crane vessel
can be translated to an analogue of a pendulum with a moving pivot point. In order to
develop and design the contactless control technique, a simplified, yet sufficiently accu-
rate, dynamical system is employed. The dynamical system concerns a single-degree-of-
freedom (SDOF) magnetic pendulum interacting with an electromagnetic actuator. This
magneto-mechanical analogue serves as a proof-of-concept for the envisioned contactless
technique, while the set-up, although simplified, incorporates the relevant physical pro-
cesses that occur during the installation and the magnetic interaction on a smaller scale.

The present chapter establishes the theoretical framework for the dynamics and con-
trol methodologies employed in this thesis. First, a review of the current state-of-the-
art in pendulum control is presented, identifying existing knowledge gaps and evaluat-
ing the technological advancements that have been tested so far. Subsequently, a detailed
presentation of the set-up and the derivation of the equations of motion of the magneto-
mechanical analogue are provided. Following this, the focus shifts to the development of
the control algorithm for the nonlinear electromagnetic actuator, with a comprehensive
discussion of its intricacies and design considerations.

13
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2.1. State of the art inmagnetic pendulumcontrol
Complex phenomena such as strong nonlinearity and chaotic behaviour can be easily ini-
tiated by themagnetic interaction between an external magnetic source and themagnetic
pendulum [58]. This interaction has been employed in various engineering mechanisms
and devices, leading to systems known as magnetic or magnetically-excited pendula.

Literature aboundswith research involving the interactionofmagnetically-excitedpen-
dula and the nonlinear dynamics they introduce. First, they can function as structural vi-
bration damping devices, e.g. passive [59, 60] and active [61] energy absorbers. Second,
chaotic pendula or externally-excited pendula can contribute to energy harvesting through
their oscillations [62, 63]. Depending on the manner in which the pendulum mass gains
its magnetic properties, magnetic pendula are divided into two main categories: ferro-
magnetic pendula and pendula augmented with a magnet attached to their mass. Mann
studied the dynamic behaviour of a bistable experiment comprised a ferromagnetic pen-
dulum and two permanent magnets [64]. Work has been conducted for magnetic pendula
with a permanent magnet mounted to the suspended mass and either a permanent mag-
net [65] or an electromagnet (solenoid or coil) below the pendulum’s equilibrium point [66,
67]. In the latter configuration, a pulsating current signal (repulsing [68] or attractive) is
introduced to excite the system. In the present research, the setup and orientation of the
twomagnets differ from previous studies: the electromagnetic actuator is in line with the
mass of the pendulum (rather than below its equilibrium), and the magnetic interaction
involves direct magnet-to-magnet interaction (both attraction and repulsion cycles). The
proposed actuator utilizes alterations in the magnetic field properties of the actuator as a
means-to-an-end for the motion control of the pendulum.

In terms of control, the studies on magnetically-controlled pendula are rather scarce.
The topics of these studies range from a two-step controller (using switch on and off condi-
tions) of anattractingmagneticfieldof a solenoidas external excitationof amass-pendulum
systemmodel [69] to a control technique based on the width of the applied pulse and posi-
tion sensing of a pendulum [70]. Ida [70] studied a magnetic pendulum of an embedded
magnet on the mass and a pulsing coil that repelled the mass at the equilibrium position
and attracted it, at the maximum amplitude of oscillation. Fradkov et al. [71] developed a
pulse-modulated control law for the excitation and oscillation synchronization of amecha-
tronic system of two coupled double pendulums via the speed-gradient method. Kraft-
makher [72]designedamagnetically-controlled compoundpendulumwith twopermanent
magnets mounted into each free tip and two adjacent electromagnets on both sides. The
upper magnet received the excitation and the interaction of the magnets on the other end
served as a damping restoring torque. For the application of motion compensation and
control of a suspended load on a moving base such as a floating vessel, a limited or fixed
position for the pendulummass is not ideal. Thus, the opportunity for a time-varyingmo-
tion manipulation is highlighted. Additionally, a magnetic controller capable of altering
its magnetic properties (e.g., modifying the strength and polarity of the magnetic actua-
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tor) would enhance the system’s controllability, facilitating both attractive and repulsive
forces.

2.2. Spherical pendulumdynamics
Prior to studying the actuation force and developing the control technique, it is essential
to derive the equations of motion (EOMs) that describe the free vibrations of the system.
Given the complexity of the full-scale problem, which involves many interacting compo-
nents, a simplified system is adopted to develop the proof-of-concept for the contactless
technique. The suspended load on a floating crane is thus represented by a point mass
spherical pendulum analogue as shown in Figure 2.1. This configuration is widely used in
cranemodelling as it yields a simple and compactmathematicalmodelwhile capturing the
essentials of the complexdynamicsof thepayloadmotion [73]. In thisderivation, a reduced
spherical pendulummodel is employed, where all external base excitations (motions of the
vessel) are translated to the resulting motion of the pendulum’s suspension point (crane
tip).

To describe the free oscillations of a spherical pendulum in polar coordinates, the La-
grangian formalism is applied. The system, depicted in Figure 2.1b, consists of a load with
pointmass𝑀 and a (inextensible) pendulum arm of length ℓ and total mass𝑚. A spherical
joint serves as the pivot point of the pendulum and can be kinematically excited by a pre-
scribed motion ℎ⃗ with components ℎ𝑥, ℎ𝑦, and ℎ𝑧 along the different axes. The unknown
state variables of the system are denoted as𝜓𝑥,𝜓𝑦, and 𝜙, representing the in-plane angle,
the out-of-plane angle (between the equilibrium position of the pendulum system and its
position at any given time interval Δ𝑡), and the torsional rigid body angle (rotation around
the longitudinal axis, similar to the yaw angle in mechanics), respectively [73].

In this study, the pendulum’s angular displacement is defined using two sway angles
([74, 75]), as opposed to the conventional representation in literature, which assigns one
azimuth angle (around the z-axis) and one sway angle in the plane defined by the azimuth
[76, 77]. This alternative angle assignment eliminates the undefined region of the azimuth
angle when the sway angle approaches zero, making it more applicable to crane-payload
models [73].

The positions of the two components of the system are expressed as

𝑃⃗𝐺 = 𝑃⃗ + ℎ⃗ =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

ℓ sin (𝜓𝑥)
ℓ cos (𝜓𝑥) sin (𝜓𝑦)
ℓ cos (𝜓𝑥) cos (𝜓𝑦)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
+

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

ℎ𝑥
ℎ𝑦
ℎ𝑧

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
, (2.1a)

𝑃⃗𝑟𝐺 = 𝑃⃗𝑟 + ℎ⃗ =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

𝑛 sin (𝜓𝑥)
𝑛 cos (𝜓𝑥) sin (𝜓𝑦)
𝑛 cos (𝜓𝑥) cos (𝜓𝑦)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
+

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

ℎ𝑥
ℎ𝑦
ℎ𝑧

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
, (2.1b)
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Figure 2.1: (a) Annotated diagram of the tower installation: 1. Floating vessel, 2. Heavy lift crane, 3. Lifting block,
4. Wind turbine tower, and 5. Monopile, (b) Schematic diagram of a spherical pendulum.

𝑃⃗𝑓 = 𝑃⃗𝐺 +

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

𝑅 cos (𝜙)
𝑅 sin (𝜙)
ℓ + ℎ𝑧

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
, (2.1c)

where 𝑃⃗ and 𝑃⃗𝑟 represent the local position vectors of the centre of gravity (COG) for the
pointmassand the rodof thependulum, respectively. 𝑃⃗𝐺 and 𝑃⃗𝑟𝐺 denote theglobal position
vectors of the two components, while 𝑃⃗𝑓 contains the coordinates of the magnet attached
on the mass. The scalar 𝑛 denotes the position along the pendulum arm, measured from
the pivot point to the location of the point mass.

The kinetic (𝒦) and potential (𝒰) energy of the dynamical system are given by

𝒦 =
1
2
𝑀||⃗̇𝑃𝐺||2 +

1
2
𝑚
ℓ 􏾙

ℓ

0
||⃗̇𝑃𝑟𝐺 ||

2 d𝑛 + 1
2
𝐼𝑧𝜙̇2 (2.2a)

𝒰 =𝑀𝑔􏿴ℓ − 𝑘⃗ ⋅ 𝑃⃗𝐺􏿷 +
𝑚
ℓ 𝑔 􏿶􏾙

ℓ

0
􏿴ℓ − 𝑘⃗ ⋅ 𝑃⃗𝑟𝐺􏿷 d𝑛􏿹 +

1
2
𝑘𝑠𝜙2, (2.2b)

where 𝑘⃗ represents the unit vector in the vertical direction (z-axis), while 𝐼𝑧 denotes the
mass moment of inertia of the point mass around the rope’s axis, and 𝑘𝑠 represent the tor-
sional stiffness of the rope with respect to 𝜙.
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For the derivation of the equation of motion, the Lagrangian (ℒ) is formulated as

d
d𝑡 􏿶

𝜕ℒ
𝜕⃗̇𝑞 􏿹

− 𝜕ℒ𝜕𝑞⃗ +
𝜕ℛ
𝜕⃗̇𝑞

= 0 withℒ = 𝒦 −𝒰 and 𝑞⃗ = 􏿮𝜓𝑥,𝜓𝑦,𝜙􏿱
T
, (2.3)

in which 𝑞⃗ describes the vector of the unknown states of the system andℛ is the Rayleigh
dissipation function. The evaluation of Equation (7.3) yields the following nonlinear equa-
tions of motion:

􏿵𝑀 +
𝑚
3
􏿸 ℓ2𝜓̈𝑥 + 􏿵𝑀 +

𝑚
2
􏿸 𝑔ℓ cos(𝜓𝑦) sin(𝜓𝑥)

= − 􏿵𝑀 +
𝑚
3
􏿸 ℓ

2

2
sin(2𝜓𝑥)𝜓̇2𝑦 − 􏿵𝑀 +

𝑚
2
􏿸 ℓ cos(𝜓𝑥)ℎ̈𝑥

+ 􏿵𝑀 +
𝑚
2
􏿸 ℓ sin(𝜓𝑦) sin(𝜓𝑥)ℎ̈𝑦 + 􏿵𝑀 +

𝑚
2
􏿸 ℓ cos(𝜓𝑦) sin(𝜓𝑥)ℎ̈𝑧, (2.4a)

􏿵𝑀 +
𝑚
3
􏿸 ℓ2 cos2(𝜓𝑥)𝜓̈𝑦 + 􏿵𝑀 +

𝑚
2
􏿸 𝑔ℓ sin(𝜓𝑦) cos(𝜓𝑥)

= +2 􏿵𝑀 +
𝑚
3
􏿸 ℓ2 cos(𝜓𝑥) sin(𝜓𝑥)𝜓̇𝑦𝜓̇𝑥 − 􏿵𝑀 +

𝑚
2
􏿸 ℓ cos(𝜓𝑦) cos(𝜓𝑥)ℎ̈𝑦

+ 􏿵𝑀 +
𝑚
2
􏿸 ℓ sin(𝜓𝑦) cos(𝜓𝑥)ℎ̈𝑧. (2.4b)

The third equation of motion of the system governs the angular position 𝜙. It is chosen to
be linear and reads:

𝐼𝑧𝜙̈ + 𝑘𝑠𝜙 = 0. (2.5)

It is noted that for this configuration of the system, the in-plane rotations and the torsional
vibrations are not coupled through inertial or stiffness terms.

The equations of motion of the system can be simplified by geometrically linearizing
around the stable equilibrium position of the pendulum. However, the linearized EOMs
accurately represent the system’s dynamics only when the pendulation amplitude remains
within a few degrees. Beyond this range, the nonlinear characteristics of the suspended
load become significant, and the nonlinear terms and dynamic complexities arising from
mode coupling cannot be neglected [73]. Simulated data on the dynamic response of heavy
cargo suspended by a floating crane (e.g., a fully assembled offshorewind turbine) indicate
that the maximum translational displacements in 3D space are generally under 1m, with
only heave (vertical displacement) exceeding this limit [38]. Angular displacements are typ-
ically a few degrees for rotations around the x- and y-axes and less than 10∘ for yawmotion
(rotation around the z-axis) of the suspendedOWT [37, 38]. Consequently, the EOMs of the
system can be linearized by omitting higher-order and coupling terms fromEquation (2.4).
Specifically, assuming the small-angle approximation (sin(𝜓) ≃ 𝜓 and cos(𝜓) ≃ 1), the
resulting set of linear equations becomes:
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􏿵𝑀 +
𝑚
3
􏿸 ℓ2 ⃗̈𝜓 + 􏿵𝑀 +

𝑚
2
􏿸 𝑔ℓ𝜓 = − 􏿵𝑀 +

𝑚
2
􏿸 ℓ⃗̈ℎ, with 𝜓 = 􏿮𝜓𝑥,𝜓𝑦􏿱

T
, (2.6)

Geometrical linearizationaround theequilibriumresults in thedecouplingof the spher-
ical pendulum’s motion into two separate planes. In other words, the spherical position of
the system is the superposition of the oscillations of the pendulum’s planar projections in
the two planes (xz- and yz-planes). Therefore, the in-plane oscillations of a simple pendu-
lum driven by its pivot point in the xz-plane can be described by:

􏿵𝑀 +
𝑚
3
􏿸 ℓ2𝜓̈ + 􏿵𝑀 +

𝑚
2
􏿸 𝑔ℓ𝜓 = − 􏿵𝑀 +

𝑚
2
􏿸 ℓℎ̈𝑥 + 􏿵𝑀 +

𝑚
2
􏿸 ℓ𝜓ℎ̈𝑧, (2.7)

where ℎ𝑥 and ℎ𝑧 represent the horizontal and vertical pivot motion respectively, and 𝜓 de-
fines the angle of rotation of the pendulum (𝜓𝑥 ≡ 𝜓𝑦 = 𝜓).

Thenonlinear equationsofmotionof the samesimpleplanarpendulumcanbededuced
from Equation (2.4), assuming 𝜓𝑦 = 0 and ℎ𝑦 = 0, yielding:

􏿵𝑀 +
𝑚
3
􏿸 ℓ2𝜓̈ + 􏿵𝑀 +

𝑚
2
􏿸 𝑔ℓ sin (𝜓) = − 􏿵𝑀 +

𝑚
2
􏿸 ℓ cos (𝜓)ℎ̈. (2.8)

In the present derivation, the rod is assumed to be inextensible for the simplicity of
the analysis. Furthermore, the mass of the pendulum arm is not neglected, and its con-
tribution is included in the governing equations. For the limiting case where the rod is
considered to be massless (when 𝑚 = 0), the in-plane equation of motion reduces to that
of a conventional simple pendulum driven by its pivot [78]:

𝑀ℓ2𝜓̈ +𝑀𝑔ℓ sin (𝜓) = −𝑀ℓ cos (𝜓)ℎ̈. (2.9)

As already discussed in the Chapter 1, the external excitation caused by the heave mo-
tions of the vessel is not studied, assuming ℎ𝑧 ≈ 0, as the crane of the floating vessel con-
sidered in the present work is augmented by an active heave compensation controller to
decouple the suspended load from the vessel heave motion due to wave excitation.

2.3. Planarmagnetic pendulumdynamics
Thedynamics of amagnetically-controlled planar pendulum is studied to initiate the devel-
opment of the contactless technique proposed in this research. The system pertains to the
planar pointmass pendulum as illustrated in Figure 2.2, following the full derivation of its
EOMs presented in the previous section. For the design of the contactless controller, two
permanentmagnets are employed, one attached to the pointmass (represented as 𝑚⃗𝑐) and
oneat a certaindistance away fromthe equilibriumposition (denoted as 𝑚⃗𝑡). Bothmagnets
are represented bymagnetic dipoles; the simplest magnetic component. Combinations of
dipoles can satisfactorily emulate the behaviour of any magnet (or geometry of magnets)
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[79, 80]. The external dipole is capable of changing its polarity, which is mathematically
represented by the orientation angle 𝜃.
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Figure 2.2: Schematisation of a planar magnetically-controlled pendulum.

In addition to the prescribed motion at the pivot point, the mass can be subjected to
excitation fromother external sources. Inoffshore operations, thedynamic excitations can
be the waves, wind, and ocean currents, which can introduce vibrations of the pendulum
by acting either indirectly (through the motion of the crane tip) or directly to the payload.
Accounting for these external excitations, the EOMs are now rewritten as

􏿵𝑀 +
𝑚
3
􏿸 ℓ2𝜓̈ +𝐷𝑡(𝜓̇) + 􏿵𝑀 +

𝑚
2
􏿸 𝑔ℓ𝜓 = − 􏿵𝑀 +

𝑚
2
􏿸 ℓℎ̈ + 𝑇𝑡 (2.10a)

𝐼𝑧𝜙̈ +𝐷𝑓(𝜙̇) + 𝑘𝑠𝜙 = 𝑇𝑓, (2.10b)

with 𝐷𝑡 and 𝐷𝑓 representing generic dissipation torques active in the pivot joint and the
torsional vibrations respectively. Dissipation torques are considered to be (a linear or non-
linear) function of the angular velocity. The total external excitation torques are denoted
as 𝑇𝑡 and 𝑇𝑓 and include the contributions of the environmental loads (𝑇𝑓,𝑒 and 𝑇𝑡,𝑒) and
magnetic interaction components (𝑇𝑓,𝑚 and 𝑇𝑡,𝑚). The latter components can be computed
by

𝑇𝑚 =
𝜕𝑊𝑚
𝜕𝑞⃗ with 𝑞⃗ = 􏿮𝜓,𝜙􏿱

T
, (2.11)

where𝑊𝑚 refers to the contribution of the magnetic interaction to the potential energy of
the system and is equal to

𝑊𝑚 = −𝑚⃗𝑐 ⋅ 𝐵⃗𝑡, (2.12)



2

20 2.Theoretical foundations of the dynamics and contactless control of a magnetic pendulum

in which 𝐵⃗𝑡 is the magnetic field exerted by the external dipole (ED) at the location of the
dipole mounted on the point mass (AD) [81] and is computed by

𝐵⃗𝑡 = −
𝜇0
4𝜋∇⃗

𝑚⃗𝑡 ⋅ 𝑟⃗
𝑟3 . (2.13)

The magnetic constant 𝜇0 is equal to 4𝜋 × 10−7NA
−2, while the vector 𝑟⃗ represents the sep-

aration distance between the two dipoles as shown in Figure 2.2b. It is noted that the cir-
cumflex ̂ indicates a unit vector and a plain character indicates themagnitude of a vector
(e.g. 𝑟⃗ = 𝑟 𝑟̂). Themagnetic moments of the dipoles are given by

𝑚⃗𝑡 =𝑀𝑡

⎡
⎢⎢⎢⎣
cos(𝜃)
sin(𝜃)

⎤
⎥⎥⎥⎦ and 𝑚⃗𝑐 = −𝑀𝑐

⎡
⎢⎢⎢⎣
cos (𝜙)
sin (𝜙)

⎤
⎥⎥⎥⎦ , (2.14)

If multiple dipoles are attached to the pointmass, or if there aremultiple sources of ex-
ternalmagnetic fields, the totalmagnetic field is the superposition of the individual contri-
butions from the different external dipoles at the locations of the dipoles on the pendulum
mass. To establish the basics of magnet-to-magnet interaction, the analysis will focus on
the interaction between two dipoles.

Themagnetic field generated by the interaction of the magnetic pendulum and the ex-
ternal dipole (𝐵⃗𝑡) is illustrated in Figure 2.3. The field lines and their respective directions
are represented by arrows, uniform in size, which correspond to normalized values of 𝐵⃗𝑡
in space. The contour background of the figure indicates the areas of highermagnetic field
strength, with its peaks centred at the position of the dipoles. Additionally, white arrows
depict the orientation of themagnetic dipoles, with the arrowhead indicating the location
of the north pole. Figure 2.3a demonstrates the magnetic field generated when the two
dipoles are aligned with negative polarities (𝜃 = 180∘). Naturally, if the pendulumwas free
to oscillate, this configuration would cause the two magnets to attract each other, thus re-
sulting in a negative displacement of the pendulummass (motion towards the ED). A pos-
itive polarity of the ED (𝜃 = 0∘), however, would exert repulsive forces on the AD, pushing
the mass away from the equilibrium position, as shown in Figure 2.3b.

The additional contribution on the potential energy𝑊𝑚 (substituting Equation (2.13)
into Equation (5.4)) upon geometrical linearization (sin(𝜓) ≈ 𝜓, sin(𝜙) ≈ 𝜙, cos(𝜓) =
cos(𝜙) ≈ 1) reads

𝑊𝑚 =
𝜇0𝑀𝑐𝑀𝑡 cos(𝜃)
2𝜋(𝑑 + ℎ + ℓ𝜓)3 . (2.15)

Evaluating Equation (2.11) yields an expression for the magnetic torques:

𝑇𝑡 =
𝛼𝑀𝑡 cos(𝜃)ℓ
(𝑑 + ℎ + ℓ𝜓)4 = 𝐹𝑡ℓ, (2.16a)
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(a) Attraction (b) Repulsion

Figure 2.3: Spatial distribution of the magnetic field generated by the two interacting dipoles for a static pendu-
lum and different orientations of the ED.

𝑇𝑓 = 0, (2.16b)

where 𝐹𝑡 is the magnetic interaction force and the parameter 𝛼 can be characterized as a
magnetic constant and is expressed as

𝛼 = 3𝜇0𝑀𝑐
2𝜋 . (2.17)

Thus, the excitation of the point mass is attributed solely to the torque 𝑇𝑡. Within the
realm of small angular displacements, the two degrees of freedom of the system remain
uncoupled, even in the presence of the magnetic interaction. For the remainder of this
chapter, only the vibrations of the pendulum around its pivot are considered in the deriva-
tions.

Figure 2.4: Comparison of the magnetic interaction force and a linear approximation formula.
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Figure2.4 illustrates the comparisonof thedipole-to-dipole interactionnonlinear torque
to the linear approximation formula derived through a Taylor series expansion for a sepa-
ration distance 𝑠 ≈ 𝑑. A potential linearization of the electromagnetic torque around the
static equilibrium of the pendulum is not fruitful, as such an approximation would signif-
icantly decrease the range of applicability. The horizontal displacement bandwidth where
the linear model for the electromagnetic torque is still a reasonable approximation of the
interaction is too narrow to be sufficient.

2.4. Control designof amagnetically-excitedplanar pendulum
To control the motion of the pendulum via electromagnetic interaction, a controller algo-
rithm is designed. The PID (proportional-integral-derivative) controller is considered the
most commonclosed-loop feedback controller used in control systems [82]. Thebasic equa-
tion of a PID controller in the time domain [83] is given by

𝑐 = 𝐾𝑝 𝑒 + 𝐾𝑖􏾙𝑒d𝑡 + 𝐾𝑑 𝑒̇, (2.18)

where 𝑐 and 𝑒 are the control variables of the system and the error of the measured state
from the desired reference, respectively.

The proportional gain (𝐾𝑝) contributes to the stiffness of the system, providing an over-
all control action proportional to the error. Increasing the proportional gain decreases the
transient response (settling time in control terminology) of the controlled system. How-
ever, a high value of 𝐾𝑝 can lead to a steady-state error. The derivative gain (𝐾𝑑) serves as
an additional damping term, enhancing the closed-loop stability. It anticipates the future
values of the error signal based on its current rate of change, thus improving the transient
response. The integral gain (𝐾𝑖) is crucial for eliminating error accumulation. The integral
of the error is proportional to the area under the error curve, causing the control variable (𝑐)
to change continuously depending on the sign of the error signal. If 𝑐 is constant, the error
must be identically zero. This follows the principle that if the output of an integrator re-
mains constant over a period, the inputmust be zero over that same period. Consequently,
the integral termensures that any persistent error is corrected, achieving zero steady-state
error. The PID parameters of an exemplary controlled response are defined in Figure 2.5b,
while the effects of the tuning of the different gains are presented in Table 2.1.

Table 2.1: Effects of Independent P, I, and D Tuning [84–86]

Tuning Rise time Overshoot Settling time Steady-state Stability
action error

Increasing 𝐾𝑝 decrease increase small increase decrease degrade
Increasing 𝐾𝑖 small decrease increase increase large decrease degrade
Increasing 𝐾𝑑 small decrease decrease decrease minor change improve
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Given the interaction force, either the polarity (equivalent to 𝑐 = sgn (cos(𝜃))) or the
strength of the electromagnetic device (𝑐 = 𝑀𝑡) can serve as the control variable of the sys-
tem. The error term 𝑒 captures the difference between the measured system output (𝑥𝑛)
and the desired positional reference (𝜉) and is expressed as:

𝑒 = 𝜉 − 𝑥𝑛 = (𝜉 − ℎ) − ℓ𝜓. (2.19)
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Figure 2.5: Response of a typical PID closed-loop system: (a). Block diagram, (b). Control parameter definition.

However, a conventional PID is designed for linear time-invariant systems (LTI) [87].
Overall, the dynamical system introduces nonlinearity through the distance-dependent
nature of the force. In order to work with a consistent linear case without taking a toll
on the accuracy and representation of the electromagnetic interaction, an additional path
is included in the control algorithm (Figure 2.5a). This path, which bears a similarity to
the nonlinear control techniques of feedback linearization [88] or gain scheduling [88], is
employed for the sole purpose of replacing the current nonlinear control force with a lin-
ear control output for the control. A similar approach is adopted in [87], where a nonlinear
PIDcontroller is introduced to improve theperformanceof the standard linear counterpart
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by assigning the gains and integral time as prescribed nonlinear functions of the control
error.

More specifically, in this case, the control output 𝑐 ismultiplied by a correction factor 𝛾,
creating a new control output 𝑐′, which is used as the updated control variable and is given
as

𝑐′ = 𝐾′𝑝(𝜓) 𝑒 + 𝐾′𝑖 (𝜓) 􏾙 𝑒d𝑡 + 𝐾′𝑑(𝜓) 𝑒̇, (2.20)

in which 𝐾′𝑝(𝜓) = 𝛾𝐾𝑝, 𝐾′𝑖 (𝜓) = 𝛾𝐾𝑖 and 𝐾′𝑑(𝜓) = 𝛾𝐾𝑑, where 𝛾 = 𝑠4/𝛼. With this modi-
fication, the PID gain parameters are converted from constant values to state-dependent
coefficients. Consequently, the controlled equation of motion becomes:

􏿵𝑀 +
𝑚
3
􏿸 ℓ2𝜓̈ +𝐷(𝜓̇) + 􏿵𝑀 +

𝑚
2
􏿸 𝑔ℓ𝜓 = − 􏿵𝑀 +

𝑚
2
􏿸 ℓℎ̈ + 𝛼𝑐

′

𝑠4 ℓ. (2.21)

Upon further simplification and evaluation of the modified control output 𝑐′, the EOM is
rewritten as

􏿵𝑀 +
𝑚
3
􏿸 𝜓̈ + 􏿮𝐷(𝜓̇) + 𝐾𝑑􏿱 𝜓̇ + 􏿯􏿵𝑀 +

𝑚
2
􏿸 𝑔
ℓ + 𝐾𝑝􏿲 𝜓 = −

􏿵𝑀 +
𝑚
2
􏿸 ℎ̈
ℓ + 𝑇

′
𝑡 , (2.22)

with 𝑇′𝑡 =
𝐾𝑝
ℓ (𝜉 − ℎ) +

𝐾𝑖
ℓ 􏾙(𝜉 − ℓ𝜓 − ℎ)dt +

𝐾𝑑
ℓ (𝜉̇ − ℎ̇). (2.23)

In this form, it is evident that the state-dependent control gains successfully compen-
sate for the nonlinear relationship between the actuation force and the separation distance
between the two dipoles. Moreover, as expected, the PID controller not only introduces an
external control torque to the system but also contributes to both the stiffness and damp-
ing, further manipulating the system to achieve the desired motion 𝜉.

2.5. Conclusions
The theoretical foundations supporting the methodologies employed in the thesis are pre-
sented in this chapter. First, a short overview of the state-of-the-art in magnetically ex-
cited and controlled pendula is reported, identifying the possible contributions to the lit-
erature relevant to the present research. In short, the contactless technique envisioned ex-
ploits magnet-to-magnet interactions, enabling both attractive and repulsive forces and
thus enhancing the controllability of the motion of a suspended object.

Second, a crane-load analogue is studied. This analogue, though simplified, captures
the essential dynamics of the real system and is widely used in crane modelling. By ap-
plying geometrical linearization to the derived equations of motion, the spherical pendu-
lum oscillations of the mass decouple into two perpendicular planar pendulums with cor-
responding in-plane rotations around the equilibrium. Additionally, the in-plane and tor-
sional rigid body degrees of freedom are not coupled.
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This model is used to further analyse the dynamics of the magnetic interaction. To ac-
curately emulate the interaction between twomagnets (one on the pendulum load and one
external), each magnet is modelled as a magnetic dipole. Dipoles are the simplest units to
describe the geometry of the field of anymagnet. For the control of themotion of themass,
a PID controller is developedmodifying the strength and polarity of the external dipole as
its control variable. Given the inherent nonlinearity of the actuation force, which cannot
be circumvented without compromising the representation of the interaction, a modified
version of the PID controllerwith nonlinear state-dependent gains is presented to improve
performance. Thismodificationaims to linearize the actuation force in the controlled equa-
tion of motion.

Using the knowledge demonstrated in this chapter, an experimental setup and amath-
ematical model are developed to further investigate and validate the proof-of-concept of
the contactless motion control technique. In the following chapters, the results of these
models are presented, demonstrating their performance for various control cases relevant
to the intended application.
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A prototype of the proof-of-concept system was built to validate the numerical model of
the proposed control strategy through experimental tests on a laboratory scale. Thesemea-
surements offer valuable insights into the accuracy of the simulations, the assumptions
made, and the actual nonlinear effects and dynamics of the controlled system.

This chapter provides a detailed description of the experimental apparatus and instru-
mentation tailored to the design of the proof-of-concept system. The experimental tests
focus on the identification and calibration of two forces that are fundamental for the suc-
cessful control of the suspended load: the dissipative force in the suspension system and
the electromagnetic interaction force exerted on the mass. These forces play a pivotal role
in shaping the system’s dynamics, and their precise calibration is paramount for ensuring
the reliability of subsequent analyses.

To validate the calibration and assess the accuracy of the numericalmodel in represent-
ing the system, a control (reference) scenario is meticulously examined. This scenario in-
volves inducing forced vibrations in the planar pendulum through the electromagnetic ac-
tuator. Thesystem’s response toexternallyprescribedelectromagnetic excitation is recorded
and then compared between the results obtained from the numerical model and the exper-
imental measurements.

Part of this chapter has been published in:
P.Atzampou, P.C.Meijers, A. Tsouvalas, andA.V.Metrikine, “Contactless control of suspended loads for offshore
installations: Proof of concept usingmagnetic interaction,” Journal of Sound andVibration, vol. 575, p. 118 246, 2024
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3.1. Experimental apparatus&equipment
In accordance with the base model presented in the previous chapter for the initiation of
the proof-of-concept of the technique, a lab-scale experimental campaign was designed.
More specifically, the set-up, as illustrated in Figure 3.1a, consists of an immobile crane-
shaped frame (representing the offshore crane), an inflexible aluminium rod of mass (𝑚)
that serves as the arm of the pendulum of length ℓ (equivalent to the crane cable and hook)
and an aluminium solid cube for the pendulummass𝑀 (analogue to the OWT suspended
payload). Thehanging load ismodelled as a pointmass, restrained to oscillate in one plane;
thus, the apparatus resembles the problem of a single-degree-of-freedom (SDOF) pendu-
lum. The wave-induced vibrations of the floating vessel-crane system are described by an
external excitation through the motion of the pivot point of the pendulum ℎ.

The same set-up is considered in both experimental and numerical simulations (Fig-
ure 3.1). The simulated configuration is presented schematically in Figure 3.1b and shows
the global fixed axes 􏿴𝑥𝐺, 𝑦𝐺􏿷 and the moving with the pivot axes 􏿴𝑥, 𝑦􏿷 of the system as
well as the positive assumed directions for the angular (𝜓) and linear (𝑥, 𝑥𝑛) displacements.
Note that 𝑥 = ℓ sin (𝜓). Due to the moving suspension point, the motion of the mass of
the pendulum is characterized by two horizontal displacements; one from the equilibrium
position given by 𝑥 (the unknown state of the system) and one derived from the global ref-
erence system 𝑥𝑛 = 𝑥 + ℎ. The initial distance 𝑑 and the time-variant separation distance
𝑠 = 𝑑 − 𝑥𝑛 between the EM and PM are defined in Figure 3.1b. Table 3.1 summarizes the
important parameters of the set-up.

Theactuation of the systemcomprises a holding electromagnet (EclipseMagneticsEM65-
24V-DC) at a constant initial distance from the target suspended load. In order to achieve
both attraction and repulsion conditions for the oscillations, a neodymium permanent
magnet (N52 Ø15x3 mm) (PM) is attached and positioned at the centre of the side of the
cube closest to the electromagnet (EM) as presented in detail in Figure 3.1a. The dipolemo-
ment of the PM in this arrangement is aligned with the EM, generating an attractive force
on the PMwhen a positive voltage is applied to the EM.

Regarding the components of the experimental apparatus, a USB development board
(Teensy 3.6) is utilised as a microcontroller for the control algorithm, while the data are
logged using data acquisition software developed in-house by the technicians of Stevin-
lab II (TUDelft). Moreover, the software enables the real-time modification of the control
parameters,whereas the time series of themeasured output and input signal of the electro-
magnet as well as the control variable are recorded with a sampling rate of 20Hz. A pivot
point linear (translation) actuator is designed in-house byDEMO (Dienst Elektronische en
Mechanische Ontwikkeling) and it is used to apply prescribed horizontal excitation to the
pendulum’s hinge.

For the regulation of the voltage input of the electromagnet, anH-bridge electronic cir-
cuit is employed, whereas the power supply box has indicators for the voltage and intensity
of the electricity generated. Lastly, for the purpose of tracking and logging the pendula-
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Figure 3.1: (a) Annotated photograph of the physical model. (b) Schematisation of the numerically simulated
pendulumwith a moving pivot point.

tion of the point mass, a laser distance measuring device is employed (Altheris FDRD603-
100) with the sampling rate of 20Hz and measurement accuracy of 5𝜇m. The pointer of
the laser is aimed at the centre of the hanging mass, and the displacement from its equi-
librium position is measured with the positive horizontal axis facing the EM as shown in
Figure 3.1b as positive x-axis orientation.

Thedevelopmentof themagneticfieldexertedby theelectromagnet ismeasured through
a Hall-effect magnetic field sensor (Honeywell SS491B). Figure 3.2 presents the schematic
placement of the sensor (8 mm from the edge). The sensor measures one of the compo-
nents of the magnetic field (𝐵⃗), while the orientation of the sensor is calibrated such that
𝐵⃗ℎ has the same positive direction as the 𝐵⃗ field generated by the EM by a positive voltage.

Table 3.1: Set-up dimensions and parameters.

ℓ [m] 𝑀 [kg] 𝑚 [kg] Cube Size [mm] PM Size [mm] EM Size [mm]

1.04 0.9382 0.1868 70 x 70 x 70 Diameter = 15 Diameter = 65
Thickness = 3 Thickness = 35

In order to simplify the simulation of the system the following assumptions are made:
1)The arm of the pendulum is an inextensible rod restraining themass from oscillating in-
plane; 2) the displacement of the mass is small compared to the length of the pendulum,
resulting in the small angle approximation (sin(𝜓) ≈ 𝜓). Therefore, the unknown degree
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B

B

h

Figure 3.2: Hall sensor placement and orientation.

of freedom of the system corresponds to the translation of the mass in the horizontal axis,
i.e. 𝑥 = ℓ𝜓. The EOM of the planar magnetic pendulum, as derived in the previous chapter
(Equation (2.10a)), is reformulated to its linear form as follows:

􏿵𝑀 +
𝑚
3
􏿸 𝑥̈ + 􏿵𝑀 +

𝑚
2
􏿸 𝑔
ℓ 𝑥 = −

􏿵𝑀 +
𝑚
2
􏿸 ℎ̈ + Σ𝐹, (3.1)

where the horizontal displacement of the pendulummass 𝑥 is now the unknown degree of
freedom, and Σ𝐹 corresponds to the summation of the external non-conservative forces
acting on the pendulum. The undamped natural frequency (𝜔𝑛) of the dynamical system
amounts to

𝜔𝑛 =
􏽭
⃓
⃓
⎷

𝑀 + 𝑚
2

𝑀 + 𝑚
3

𝑔
ℓ ≈ 3.12 rad/s, and 𝑓𝑛 =

𝜔𝑛
2𝜋 ≈ 0.496Hz (3.2)

where the numerical values in Table 3.1 are considered and the gravitational acceleration is
equal to 𝑔 = 9.81m/s2.

3.2. Parametric calibrationof thenonlinear forcing
Theexternal forces (Σ𝐹) present in thedynamical systemunder consideration are a result of
the action of the damping force (𝐷) at the pivot point hinge and the electromagnetic inter-
action force between the twomagnets (𝐹). The calibration of the forces against experimen-
tal data is discussed in this section. It is noted that the torque which would be generated
due to the aerodynamic forces is not considered an additional external disturbance for this
initial investigation due to the specifics of the physical experimental set-up. These forces
are not expected to have a significant influence on the control outcome as the pivot point
motion is the dominant external excitation of the system.
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(a) 𝑥(0) = 50mm (b) 𝑥(0) = 20mm

Figure3.3:Damping calibrationof numerical simulations against experimental data for different initial distances
𝑥(0).

3.2.1. Dissipative force
Themetal hinge-type suspensionpivotpoint of thependulumintroduces a sourceof energy
dissipation for the system. In the numerical simulations, this dissipation is accounted for
as an active external force acting on the suspended mass. This damping force is described
by the Coulomb’s friction formula and has the following form [90],

𝐷 =
𝑇𝑓𝑟
ℓ = −𝜇 sgn (𝑥̇), (3.3)

where 𝑇𝑓𝑟 is the frictional moment at the hinge and 𝜇 corresponds to the kinetic friction.
Coulomb friction is a nonlinear dissipative force and its action depends on various fac-

tors [91]. These factors pertain to the state (lubricated or dry) of the system and the rela-
tive time and temperature of the measurement, as well as the frequency and amplitude of
the oscillation. In addition, kinetic friction introduces memory effects, namely, friction
may depend on the history of the movement itself. The simulation of friction with high
accuracy is a tedious stand-alone task and involves experiments with little reproducibility
[91]. Additionally, such a damping force results from the specific experimentalmechanical
components (i.e. the hinge-type connection), and it is not an important feature of the real
applications offshore. Hence, the dissipative force given by Equation (3.3) will be used in
this work, as it is the simplest model that can sufficiently emulate the observed behaviour
of the system.

Free vibrations can be used as exemplary cases, where important system parameters
are identified quantitatively. The damping force in the numerical simulations is calibrated
against experimental data. Figure 3.3 demonstrates a typical damped vibration measured
in the lab for two cases of initial positions. The time trace of themotion displays an evident
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linear decay of the damped oscillation. Such a linear envelope indicates the presence of
Coulomb’s friction in the system [90].

The calibration of the damping coefficients is performed by releasing the pendulum
mass from different initial positions (𝑥 (0) ∈ [10, 50] mm) and recording the response.
Then, the free vibration time series is compared to the corresponding signal provided by
the numerical simulation, while the coefficients are tuned using a grey box non-linear sys-
tem identification algorithm inMATLAB, and the empirical trial and error method. Three
iterations of free vibrations for each initial position are performed, and the mean values
are deduced to obtain better representative constants. Further validation is provided by
the formula derived by Torzo and Peranzoni [90] for the case of a simple pendulum under
sliding friction given by

𝜇 = Δ𝜓
𝑀ℓ𝑔
2
, (3.4)

whereΔ𝜓 represents the slope of the linear envelope of the decay in units rad/s,𝑀 and ℓ the
mass and the length of the pendulum respectively and 𝑔 the gravitational acceleration. The
value ofΔ𝜓 is extracted from the coefficient of the linear approximation of the linear decay
envelope. The calibration of the friction yields the constant value 𝜇 = 0.005 kgm/s2. The
overall convergence ratio between themodel prediction and the actual measurement is de-
rived as 𝑓𝑖𝑡(%) = (1−𝜅), where𝜅 represents the normalized rootmean square error (NRMSE)
and amounts up to 80% and 50% for 𝑥(0) = 50mm and 20mm, respectively. This differ-
ence in efficiency is evident in Figure 3.3b where the simulations predict a slightly more
damped response in terms of amplitude and a misfit in phase as the motion approaches
zero amplitude. Moreover, the small amplitude oscillations around the equilibrium point
observed in the experimental data arenot capturedby themodel. Adifferent frictionmodel
may provide a better fit for these small amplitudes. Nonetheless, simulations using the
simple Coulomb friction model give satisfactory results compared to the measurements
(Figure 3.3a). It is expected that, for the controlled vibrations, the exact representation of
the damping is not critical in obtaining the desired result due to the compensation of the
PID controller provided that oscillations are not of extremely low amplitude.

3.2.2. Electromagnetic force
Theexternal excitation actingupon thependulumresults fromthe interactionbetween two
magnets; one magnet of fixed polarity and strength (PM) and one electromagnet (EM). A
series of experimental data was collected to derive a function to represent this interaction.
More specifically, the electromagnet was set at different initial distances from the pendu-
lum mass while both cycles of attraction and repulsion were investigated. In this section,
the derivation and validation of the empirical experimentally-derived formula is shown.

Assuming that the PM can be approximated by a magnetic dipole 𝑚⃗, the force 𝐹⃗ on the
PM (resulting from the magnetic interaction with the EM) is given by the gradient of the
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magnetic energy [92]:
𝐹⃗ = ∇ 􏿴𝑚⃗ ⋅ 𝐵⃗􏿷 , (3.5)

in which ∇ represents the gradient operator, 𝑚⃗ is the dipole moment of the PM, and 𝐵⃗ is
the magnetic field of the EM at the location of the PM. Assuming that the displacement of
the pendulum is small compared to its length, the motion is restricted to the x-axis. Fur-
thermore, the dipole moment 𝑚⃗ is assumed to be aligned with the x-axis. Hence, only the
force component along this axis is relevant for the dynamics of the system. Using these
assumptions, the force 𝐹𝑥 is given by

𝐹𝑥 =
d
d𝑥 (𝑚𝑥𝐵𝑥) , (3.6)

in which 𝑚𝑥 is a time and space invariant constant representing the unknown strength of
the PM. Given the relatively complex geometry of the EM, creating a model for the mag-
netic field 𝐵𝑥 is not a trivial task. Therefore, the spatial variation of the field is determined
from measured data. Figure 3.4 presents the magnetic field measured by the Hall sensor
for different separation distances 𝑠, where 𝑠 = 𝑑−𝑥. A fit to the data for three distinct values
of supply voltage𝑉 (Figure 3.4) shows that the field can be modelled as follows:

𝐵𝑥 =
𝛼′𝑉
𝑠2 , (3.7)

in which 𝑉 = 𝑅𝐼 denotes the static voltage which is directly proportional to the current 𝐼
in the coil of the magnet. Note that, the electrical resistance 𝑅 of the coil can be merged
into the fitting parameter 𝛼′, thus substituting themagnetic field into the force expression
yields

𝐹𝑥 =
d
d𝑥 􏿶𝑚𝑥

𝛼′𝐼
𝑠2 􏿹 = −2𝑚𝑥

𝛼′𝐼
𝑠3 =

𝛼𝐽
𝑠3 =

𝛼𝐽
(𝑑 − 𝑥)3

, (3.8)

where 𝐽 is the (instantaneous) voltage output, and 𝛼 is amodel constant accounting for the
strength of the PM, the strength and geometry of the EM.The tolerances that accompany
Equation (3.8) pertain to the minimum and maximum initial relative distance, where the
formula is efficiently representative of the nonlinear phenomenon. This distance range
translates to 𝑑 ∈ [25, 75]mm. Figure 3.4 shows the comparison between the experimental
data set and the mathematical approximation formula.

As a result of the self-inductance 𝐿 of the magnet, the current in the EM will not be
proportional to the supplied voltage 𝑉. To account for this effect, the current in the EM is
modelled as an elementary RL circuit [93]:

̇𝐽 = 1
𝜏 (𝑉 − 𝐽), (3.9)
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Figure3.4: Determination of the dependency of themagnetic field generated by theEMwith distance and applied
voltage.

(a) 0.2Hz (b) 0.6Hz (c) 1.0Hz

Figure 3.5: Determination of the time constant 𝜏 of the RL circuit.

where the derivative of the voltage output with respect to time is given by ̇𝐽 and 𝜏 = 𝐿/𝑅.
Since the numerical value for resistance 𝑅 of the circuit can be condensed into the model
coefficient for themagnetic field, the response of the circuit is fully determined by the time
constant 𝜏. The numerical value of the latter is easily extracted frommeasurement data, in
which the magnetic field is determined for various harmonic voltage signals (Figure 3.5).
By fitting the solution of the RL circuit model, it follows that 𝜏 = 0.040 s.

Now the general equation for themagnetic interaction force is known, the coefficient𝛼
is to be determined. For this, the equilibrium position 𝑢0 of the pendulum ismeasured for
different constant values of the supply voltage. For static conditions, all time derivatives
vanish from Equation (3.1) and the following relation applies:

􏿵𝑀 +
𝑚
2
􏿸 𝑔
ℓ 𝑥0 =

𝛼𝐽
(𝑑 − 𝑥0)

3 , (3.10)
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Figure 3.6:Measurements of the static equilibrium position of the pendulumwith 𝑑 = 50mm for different supply
voltages, and a fit to data to determine the magnetic interaction coefficient.

For an initial separation distance of 𝑑 = 50mm, Figure 3.6 presents the measured val-
ues for the equilibrium position. By fitting Equation (3.10) to this data, it is found that
𝛼 = −2.5810 × 10−7Nm3/V.

Note that the empirical formula Equation (3.8) differs slightly from themagnetic inter-
action force derived in Equation (2.16a). This discrepancy arises from the geometry of the
external actuator. The electromagnet used in the experimental measurements generates
magnetic field lines with a different arrangement and orientation compared to those of a
single dipole, altering the nonlinear distance relationship.

3.3. Forcedvibrationsofamagnetically-excitedplanarpendulum
The predictive capabilities of the numerical simulation and the nonlinearity of the dynam-
ical system can be further validated by studying the forced vibrations of the system. The
motion of the pendulumwith a fixed pivot point can be described by

𝑥̈ + 𝐾𝑡
𝑀𝑡

𝑥 = 𝜇
𝑀𝑡

sgn (𝑥̇) + 𝛼
𝑀𝑡

𝐽
(𝑑 − 𝑥)3 , (3.11)

where𝑀𝑡 = 􏿴𝑀 + 𝑚
3
􏿷 is the effective inertia and 𝐾𝑡 = 􏿴𝑀 + 𝑚

2
􏿷 𝑔ℓ corresponds to the effective

stiffness of the system. For simplicity, the self-inductance of theEM is neglected, resulting
in 𝐽 ≡ 𝑉. In order tomodify themagnetic field exerted by the actuator, the voltage 𝐽 serves
as the forcing parameter.

Thebehaviourof themagneticpendulumisnowsubjected toanalternatingelectromag-
netic force. The voltage of the electromagnet is varied harmonically, taking the following
form:

𝐽 = 𝐴 sin (𝜔𝑡), (3.12)
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in which 𝐴 and 𝜔 represent the voltage amplitude and frequency, respectively. The initial
separation distance between the two magnets is kept constant and equal to 𝑑 = 50mm.
Additionally, a comparisonbetween the experimental and simulationdata is performed for
various excitation cases to evaluate the accuracy of the numerical simulation of the system.

Figure 3.7 illustrates thedynamic responseof the systemwhenexcitedbyanalternating
electromagnetic force both in terms of amplitude and phase. More specifically, the root
mean square (RMS) amplitude of the harmonicmotion is extracted from the experimental
data in order to construct the response spectrum of the pendulum in steady-state and is
given by

𝑥𝑅𝑀𝑆 = √2√(𝑥 − 𝑥)
2, (3.13)

where 𝑥 is the horizontal displacement and 𝑥 the mean value of the displacement time se-
ries, which accounts for the equilibrium position of the oscillation. The overbar (−) repre-
sents the mean value of the enclosed function and it is calculated by the following formula

𝑓(𝑡) = 1
𝑁

𝑁
􏾜
𝑛=1
𝑓(𝑡), (3.14)

where𝑁 refers to the total number of data points and 𝑓(𝑡) to an arbitrary function.
To extract thephase of the simulateddynamic response signal𝜑, the Fast Fourier Trans-

form (FFT) is employed. First, the signal is sampled at a consistent rate to obtain a discrete
time series. This time-domain signal is then transformed into the frequency domain us-
ing the FFT algorithm, which decomposes it into its constituent sinusoidal components,
each characterized by a specific frequency, amplitude, and phase. The output of the FFT
algorithm consists of complex numbers, with the magnitude representing the amplitude
of each frequency component and the argument (or angle) of the complex number corre-
sponding to the phase.

In Figure 3.7, themarkers refer to experimental datawhile the continuous lines pertain
to the simulated response. The different shapes and line types indicate the amplitude of
the excitation signal. The experimental and numerical data validate the presence of one
natural frequency for the single degree of freedomof the system. Themeasurement points
around resonance belong to cases, where the motion of the pendulum becomes unstable,
causing the permanent magnet to stick to the core of the electromagnet. Therefore, these
points represent a steady-state in which the separation distance between the twomagnets
is zero, namely the displacement is constant and equal to 𝑥 = 𝑑 = 50mm, equal to the initial
distance between the magnets. The phase angle of these points is omitted, as it cannot be
computed and would not have significant physical meaning.

The comparison of the numerical and experimental data in Figure 3.7a shows that the
best correspondence between the data occurs for the larger excitation amplitudes and exci-
tation frequencies above the resonance frequency. For the small excitation amplitudes, the
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(a) (b)

Figure 3.7: Dynamic response of the experimental and numerically-simulated system: (a) Frequency response
function: RMS amplitude of oscillations and (b) Phase of the response signal against frequency ratio 𝜔/𝜔𝑛. The
discrete markers represent the experimental data, while the continuous lines refer to the numerical simulations.
The results are assigned different line types or marker shapes for each excitation amplitude.

prediction of the model is adequate but shows discrepancies between different measure-
ments. These deviations can be attributed to the highly uncertain action of the friction
force and the nonlinear damping it introduces. Besides these friction effects, the relatively
weak magnetic field of the EM (when a small voltage is applied) may provide insufficient
energy to overcome the magnetization of the EM’s core, causing a delay in the alternation
of the polarity of themagnetic field. As a result, the larger the amplitude of the applied volt-
age, the less significant the effect of these external nonlinear phenomena on themotion of
the pendulummass becomes.

In Figure 3.7b, the phase for the different excitation frequencies follows the anticipated
shape of a damped response of a linear dynamical system. The distinct difference 𝜋 is ob-
served, with the system vibrating in anti-phase to the external excitation force for frequen-
cies above its natural frequency𝜔𝑛.

Additionally, the modelled system appears to have a second resonance peak at half the
natural frequency for the highest value of voltage amplitude as shown in Figure 3.7a. This
behaviour is to be expected in the response of a nonlinear system [94]. However, this peak
is not explicitly present in the respective experiments, where only a slight increase of the
amplitude is observed. The reason is that the experimental set-up has a small degree of
freedom for out-of-plane motion. Therefore, for the frequency 𝜔𝑛/2, the amplitude of the
pendulummotion increases due to instability but starts to transfer energy to out-of-plane
oscillations, converting the pendulum from simple to spherical. For the numerical model,
however, the pendulum is restricted to oscillate as a SDOF system and thus allows the in-
stability to grow in-plane. Moreover, the damping representation may also contribute to
the secondary resonance, since it is less accurate for frequencies below𝜔𝑛. The time series
of the displacement is presented in Figure 3.8a.
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As established earlier, friction in the suspension is highly sensitive to factors such as
lubrication, oscillation frequency, and amplitude. Therefore, some level of discrepancy is
to be expected/anticipated between experimental measurements taken on different dates
and lubrication stages as well as when the simulated response is compared to the real mea-
surements. Further evidenceof the friction-relateddiscrepanciesof themodelled response
is presented in Figure 3.8b. Theabsence of freshly applied lubricant at the hinge pivot point
of the pendulum introduces greater dissipative forces. Consequently, the system becomes
unstable and sticks to the electromagnet after more cycles of oscillation (Experiment - L0).

(a) (b)

Figure 3.8: (a) Displacement time series for second resonance peak (𝜔/𝜔𝑛 = 0.50 and 𝐴 = 18V), (b) Effect of the
relative time of the experiment to the time of lubrication for a critical excitation case (𝜔/𝜔𝑛 = 0.80 and 𝐴 = 18V)
exhibiting instability. Experiment - L1 and Experiment - L2 represent two physical measurements taken under
freshly lubricated conditions, whereas Experiment - L0 reflects the response of the system after a period of time
has elapsed since Experiment - L1.

The excitation cases presented in Figure 3.8b and 3.9 involve three exemplary excita-
tion frequencies, two below and one above resonance, with the forcing amplitude close
to the saturation limits of the electromagnet, namely [−24V, 24V]. The experimental and
simulated time series exhibit the same behaviour for the pendulation of the mass under
electromagnetic interaction. Specifically, for the frequency 𝜔/𝜔𝑛 = 0.80, both the experi-
mental andmodelled data predict that themass becomes unstable, causing the permanent
magnet to be attracted to the core of the electromagnet almost instantly. In the case of
𝜔/𝜔𝑛 = 0.40, the model predictions correspond well with the respective measurement, in-
cluding the prediction of the contribution of higher harmonic components to the response.
For the frequency above resonance (𝜔 > 𝜔𝑛), the phenomenon of beating is observed, indi-
cating the superposition of two harmonics of slightly different frequencies in the response:
the excitation frequency (𝜔/𝜔𝑛 = 1.20) and the natural frequency (𝜔/𝜔𝑛 = 1) of the system.

Furthermore, the simulation results exhibit greater discrepancies in cases of lower forc-
ing amplitude. Figure 3.10 presents two excitation frequencies, one above and one below
𝜔𝑛, for amplitudes of 𝐴 = 6V and 𝐴 = 12V, respectively. The response of the system is
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(a) (b)

Figure 3.9: Displacement time series for excitation cases of the same amplitude (𝐴 = 18V) anddifferent frequency
ratios: (a) 𝜔/𝜔𝑛 = 0.40, (b) 𝜔/𝜔𝑛 = 1.20.

slightly underestimated in termsof amplitude for the lower frequencies andoverestimated
for higher frequencies. This behaviour can be attributed to nonlinearity introduced by the
dissipationmechanism, leading to an underdamped response below resonance (𝜔/𝜔𝑛 < 1)
and an overdamped response above resonance (𝜔/𝜔𝑛 > 1). Moreover, the displacement
time series shown in Figure 3.10a is a superposition of multiple harmonic components,
with the dominant frequency of the response equal to the excitation frequency and the rest
being itsmultiples. The simulated response captures only thefirst twoharmonic frequency
components.

Figure 3.11 illustrates the response of the (numerically simulated) dynamical system
across a range of excitation frequencies and amplitudes. The colour bar indicates the ratio
of themaximumdisplacement of themass, normalised by the initial distance between the
magnets. For displacement ratios 𝑥𝑚𝑎𝑥/𝑑 > 0.5, the system exhibits unstable behaviour,
with 𝑥𝑚𝑎𝑥/𝑑 = 1 corresponding to the yielding attraction of themagnets. It is evident that as
the initial separation 𝑑 decreases, the range of stable behaviour narrows both in terms of𝐴
and𝜔/𝜔𝑛. As anticipated, Figure 3.11a reflects the frequency response functionobtained in
Figure 3.7a for the threedifferent valuesof𝐴, highlighting the resonance frequencies. With
decreasing distance, the nonlinear properties of the interaction becomemore pronounced,
leading to the emergence of multiple resonant frequencies 𝜔, which appear as harmonics
of the natural frequency of the system 𝜔𝑛.
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(a)𝐴 = 6V & 𝜔/𝜔𝑛 = 0.40 (b)𝐴 = 12V & 𝜔/𝜔𝑛 = 0.80

(c)𝐴 = 6V & 𝜔/𝜔𝑛 = 1.20 (d)𝐴 = 12V & 𝜔/𝜔𝑛 = 1.60

Figure 3.10: Comparison between numerical simulations and experimental measurements for exemplary excita-
tion cases.

(a) 𝑑 = 50mm (b) 𝑑 = 40mm (c) 𝑑 = 30mm

Figure 3.11: Stability map of the dynamic system: Maximumdisplacement ratio 𝑥𝑚𝑎𝑥/𝑑 as a function of excitation
amplitude𝐴 and frequency𝜔.
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3.4. Conclusions
This chapter presented two models used to develop the proof-of-concept for the contact-
less technique. Specifically, an elaborate description of the experimental apparatus of a
lab-scale magnetic pendulum with external actuation is provided. To create the numer-
ical model counterpart, the external forces acting on the pendulum had to be identified.
These forces include the dissipative torque at the pivot point and the electromagnetic in-
teraction. A parametric calibration of the forces against experimental measurements was
conducted, yielding a satisfactory representation of the damping force given by Coulomb’s
friction formula and the interaction between the two magnets as an empirical nonlinear
function of the distance. The force of the electromagnetic interaction, though involving an
electromagnet and a permanent magnet, exhibits a similar nonlinear relationship to the
separation distance as derived from the simple dipole-to-dipole interaction model.

To further validate the prediction of the numerical model, forced vibrations of the dy-
namical systemwere studied. The electromagnetic actuator excited the system through an
alternating harmonic signal, exploring different frequency and amplitude cases. Overall,
the model successfully predicts the physical dynamic behaviour of the system, while the
minor discrepancies observed can be attributed to the system’s two main nonlinearities.
The presence of friction, alongwith itsmemory and sensitivity to experimental conditions,
can hinder the convergence of the two data sets. Additionally, the operational limits of the
electromagnetic device, such as possible delays in alternating the polarity of the actuator
due to core magnetization, can be significant at lower excitation amplitudes.

Given the successful calibration of the numerical model and the preliminary study of
the electromagnetic interaction of twomagnets, the controlled response of the systemwill
be investigated in the following chapter, delving deeper into the limitations and parame-
ters of influence of the control technique.





4
Contactless magnetic control of
the translational vibrations of a

magnetic pendulum

Following the validation of the numerical model through physical experiments, this chap-ter delves into the examination of the controlled vibrations of the planar magnetic pendu-
lum. The control algorithm, as outlined in the theoretical foundation, is now integrated
into the magneto-mechanical system, leading to the identification of crucial control pa-
rameters.

The primary focus of this chapter is the investigation of an efficient position control
of the pendulum’s motion. Position control is explored through three modes of excitation
and control: two distinct modes and a combination thereof. In the first mode, a specific
time-varyingmotion pattern is imposed on the hanging loadwith a stationary suspension.
This motion pattern serves as the desired response of the dynamic system, simulating the
relative motion of the target and the mass-crane-vessel system offshore. In the second
control mode, the objective is to attenuate external disturbances to maintain a fixed de-
sired position of the suspended mass. This mode explores the controllability range of the
technique in the presence of external excitations (e.g., crane tip motions). The thirdmode
introduces a combination of the two preceding control modes, adding complexity to the
controlled vibrations that may arise in practical applications due to potential errors in the
dynamic positioning (DP) system and the relative motion between the vessel and the fixed

Part of this chapter has been published in:
P.Atzampou, P.C.Meijers, A. Tsouvalas, andA.V.Metrikine, “Contactless control of suspended loads for offshore
installations: Proof of concept usingmagnetic interaction,” Journal of Sound andVibration, vol. 575, p. 118 246, 2024
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installation position. To validate and showcase the predictive capabilities of the numerical
model, the results are compared to experimental data.

This chapter starts with the development of a modified PD control algorithm. The re-
sponse of the controlled system is then analysed across the different control modes, and
the controllability ranges of the designed controller are discussed. Finally, conclusions are
drawn with respect to the efficiency of the introduced contactless technique.

4.1. Governing equations of a controlled planarmagnetic pendu-
lum

To control the translational motion of the magnetic pendulum, a conventional PID con-
troller is employed. The control variable is the intensity of the electromagnetic interaction
which is governed by the voltage (𝑐) applied to the electromagnetic actuator. The controller
output in the time domain, as derived in Chapter 2 (Equations (2.18) and (2.19)) reads:

𝑐 = 𝐾𝑝 𝑒 + 𝐾𝑖􏾙𝑒d𝑡 + 𝐾𝑑 𝑒̇, with 𝑒 = 𝜉 − 𝑥𝑛 = (𝜉 − ℎ) − 𝑥. (4.1)

𝐾𝑝,𝐾𝑖, and𝐾𝑑 represent the gains of the PID controller, while 𝑒 denotes the error of the
measured state 𝑥𝑛 = 𝑥 + ℎwith respect to the global axes. The pivot point is driven horizon-
tally by ℎ and the desired motion reference is given by 𝜉.

Given the application, the desired position can be a time-varying function, consisting
of a summation of different harmonic signals. Thus, it is expected that the integral term of
the PID control will not have a considerable influence on the output of the controller, as the
overshoot produced by the 𝐾𝑖 contribution will be followed by an undershoot, leading, on
average, to a negligible shift. The same holds for the case of disturbance rejection at a fixed
position (when this position refers to the equilibrium 𝜉 = 0). In this control mode, the ad-
ditional damping force provided by the derivative termof the controller ismost decisive for
a good control performance. As a result, only the proportional and derivative components
of the control output are considered, essentially performing PD control.

According to the general control methodology elaborated upon in Section 2.4, the con-
trol output 𝑐 is multiplied by a correction factor 𝛾, creating a new control output 𝑐′ given
as

𝑐′ = 𝐾′𝑝(𝑥𝑛) 𝑒 + 𝐾′𝑑(𝑥𝑛) 𝑒̇, (4.2)

in which 𝐾′𝑝(𝑥𝑛) = 𝛾𝐾𝑝, and 𝐾′𝑑(𝑥𝑛) = 𝛾𝐾𝑑, while 𝛾 = 𝑠3/𝛼 with 𝑠 = 𝑑 − 𝑥𝑛 = (𝑑 − ℎ) − 𝑥. The
modified PD controller now consists of state-dependent coefficients. Due to the physical
limit of the actuator supply voltage, the new control output 𝑐′ bears saturation limits,

sat(𝑐′) =

⎧⎪⎪⎨
⎪⎪⎩
−24V if 𝑐′ < 𝑐′limit− = −24V,
+24V if 𝑐′ > 𝑐′

limit+
= +24V.

(4.3)
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A visual summary of the modified PD controller algorithm is presented in Figure 4.1 as a
block diagram.














 





























   


   





Figure 4.1: Block diagram for the modified PD control.

As established in the parametric calibration of the empirical interaction formula in
Chapter 3, the applied voltage prescribed by the modified PD controller is not directly pro-
portional to the current intensity in the electromagnet, but rather is givenbyEquation (3.9).
Incorporating this relation, the controlledvibrationsof thependulumsystemaredescribed
by the following set of equations:

􏿵𝑀 +
𝑚
3
􏿸 𝑥̈ + 􏿵𝑀 +

𝑚
2
􏿸 𝑔
ℓ 𝑥 = −

􏿵𝑀 +
𝑚
2
􏿸 ℎ̈ + 𝜇 sgn (𝑥̇) + 𝛼𝐽𝑠3 , (4.4a)

̇𝐽 = 1
𝜏 (𝑐

′ − 𝐽), (4.4b)

𝑐′ = 􏿮𝐾′𝑝 (𝜉 − ℎ − 𝑥) + 𝐾′𝑑 (𝜉̇ − ℎ̇ − 𝑥̇)􏿱
𝑐′
limit+

𝑐′limit−
, (4.4c)

where 𝑥 is the translation of the pointmass, ℎ the external excitation of the suspension and
𝑐′ the control variable.

Due to the nonlinear nature of these equations, the system is analyzed in the time do-
main. The numerical integration is performed using MATLAB’s function ode45; an explicit
Runge-Kutta method with a variable step (Dormand-Prince method, [95]), which gener-
ates the time series of the system’s unknown states. The simulations initiate from trivial
initial conditions, namely 𝑥 = 𝑥̇ = 0. To study the controlled vibrations of this system, two
distinct modes are considered:

1. Desiredmotioncontrol: Impositionof adesiredmotionpattern to the suspendedmass𝑀;

2. Disturbance rejection: Attenuation of the dynamic response of the pendulummass𝑀
when subjected to an external excitation to maintain a desired fixed position.
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Moreover, an additional scenario is studied with a more realistic multiple-harmonic sus-
pension point excitation to demonstrate the efficiency of themagneticmanipulation of the
nonlinear pendulum. Figure 4.2 illustrates the three variables of interest for the control;
the tip motion ℎ, the load displacement 𝑥𝑛, and the relative motion 𝜉 of the crane-load-
vessel systemwith respect to the fixed installation position (monopile head).

xn

ξ

h

Figure 4.2: Schematic analogue of a tower installation depicting the respective degrees of freedom of the con-
trolled magnetic pendulum analogue presented in Figure 3.1.

4.2.Desiredmotion control
Desiredmotion control is defined by imposing a prescribedmotion 𝜉 ≠ 0 to the pendulum
masswith a stationary pivot point ℎ = 0 (Figure 4.2). This controlmode is relevant for float-
ing vessel OWT installations, where the target of the installation (e.g. a monopile) moves
relative to the vessel-crane-load system. This motion results from dynamic disturbances
(waves, wind, etc.) on the latter system. For this control mode, the desiredmotion pattern
follows a single-harmonicmotion: 𝜉 = 𝐴 sin(𝜔𝑡), where𝐴 represents the amplitude and𝜔
is the frequency of the oscillation.

For the activation of the PD control, a set of constant values for the gains 𝐾𝑝 and 𝐾𝑑
are selected for the simulations. The values of the coefficients are chosen heuristically by
means of trial and error, and the results reflect a sufficient level of motion control for the
experimental tests. The chosen gains of the PD controller are equal to 𝐾𝑝 = 631N/m and
𝐾𝑑 = 100Ns/m, respectively. Note that the modified control approach, which employs
state-dependent gains, exhibits reduced sensitivity to the gain amplitudes, suggesting a
meticulous tuning is less critical [96].
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Given the distance-dependent nature of the electromagnetic force, the most deciding
variable in terms of control efficiency is the initial separation distance 𝑑. Therefore, in Fig-
ure 4.3, the displacement time series of the same desired motion pattern (𝜔/𝜔𝑛 = 0.6 and
𝐴 = 5mm) is presented, but for decreasing initial distance. The numerical simulations are
compared to experimental measurements. It is evident that the efficiency of the control
(error from the desired reference) improves as 𝑑 decreases, while the convergence of the
experimental and modelled data is satisfactory with the discrepancies attributed to noise
and disturbances associated with the physical experiment. Moreover, the optimal separa-
tion distance for the case presented is 40mm, as for the smallest separation distance, the
experimental curve appears less smooth (Figure 4.3c). This underscores the importance of
accounting for thenonlinearity in the force and establishing anoperational range to ensure
effective interaction (upper distance limit) while mitigating unwanted unstable behaviour
(lower distance limit).

Figure 4.3: Displacement time series of controlled motion for desired harmonic motion pattern with different
initial separation distances: (a) 𝑑 = 50mm, (b) 𝑑 = 40mm, and (c) 𝑑 = 30mm.

During the physical experiment, the internal control variableswere not registered, and,
as a result, it is not possible to directly assess the error, output and saturation level of the
controller. Fortunately, the numerical model has proven to be satisfactory in predicting
the corresponding physical behaviour. Hence, it is sufficient to draw conclusions on the
performance of the controller by considering only the results of the numerical simulations.

An important parameter of the control efficiency is the deviation of the response from
the desired motion, i.e. the dynamic position error. In order to achieve a better under-
standing of the correlation of the error with the modifiable variables of the control (in this
case, the frequency of the desired oscillation), a representative value for the error observed
in each excitation scenario is derived. This value is the RMS error (𝑒RMS) and is given by [97]
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as

𝑒RMS = √2√(𝑒 − 𝑒)
2, (4.5)

where 𝑒 is the steady-state error of the PD control and the overbar symbolises the mean
value of the error over the entire time series.

In any case, the physical limits of the actuation system should not be omitted when
the overall performance of the control is assessed. When the error becomes higher, the
EM compensates by reaching the full capacity of the applied voltage and thus saturates. To
quantify this saturation, a saturation level indicator (𝒮) is introduced, which is equal to the
percentage of the total time inwhich the electromagnet functions at themaximumvoltage.
𝒮 is calculated as

𝒮(%) = 𝑇𝑠
𝑇tot

⋅ 100%, (4.6)

where𝑇tot is the total duration of the simulation or experimental test, while𝑇𝑠 refers to the
cumulative time for which the supply voltage of the EM is above 95% of the physical limit
􏿵|𝑐| > 0.95 𝑐′

limit±
􏿸.

Figure 4.4a andFigure 4.4b illustrate the error value 𝑒RMS and the total saturation 𝜏with
respect to the desired frequency of motion and for different initial separation distances.
An instantaneous increase of the error is observed at certain frequencies and corresponds
well to critical values of the frequency (𝜔𝑐) where the controller is abruptly fully saturated.
This frequency value differs in the cases studied; the closer the two magnets are located
initially, the higher this critical frequency becomes. The critical frequency signifies the
cut-off point for an efficient control with the chosen control parameters. In Figure 4.4a,
the case of 𝑑 = 30mm demonstrates a broader frequency range of motion control and a
smoother transition from low to higher error values (around𝜔/𝜔𝑛 = 2). Moreover, in terms
of saturation (Figure 4.4b), the frequency point of the abrupt change coincides better with
the error jump when the separation distance is larger. Hence, moving the actuator closer
to the mass𝑀 increases the frequency range in which the control operates at full capacity,
i.e. maintaining a low deviation from the desiredmotion pattern. For low frequencies (𝑓 <
0.3Hz or 𝜔/𝜔𝑛 < 0.5) and for the case of 𝑑 = 50mm, the controller is saturated for a short
time span in the simulation whilemaintaining a low overall error. This effect is eliminated
when the distance between the twomagnets is reduced. In short, the control is effective: 1)
for 𝑑 = 50mm, when 0 ≤ 𝜔/𝜔𝑛 ≤ 1.30, 2) for 𝑑 = 40mm, when 0 ≤ 𝜔/𝜔𝑛 ≤ 1.60 and 3) for
𝑑 = 30mm, when 0 ≤ 𝜔/𝜔𝑛 ≤ 2.05. The non-proportional relation of the distance and the
critical frequency results from the nonlinear nature of the electromagnetic interaction.

In terms of the force exerted by the electromagnet, Figure 4.4c presents the amplitude
range of the force solely for the controllable cases of prescribed excitation depending on
the initial distance 𝑑. The attracting (maximum amplitude) and the repulsive (minimum
amplitude) forces are almost symmetric with respect to themean value of the force, which
corresponded to0mN.Asanticipated, the capacity of the electromagnet’s forcedependson
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(a) Error 𝑒𝑅𝑀𝑆 for𝐴 = 5mm (b) Total saturation 𝒮(%) for𝐴 = 5mm

(c) Effective control actuation force 𝐹 amplitude range
for𝐴 = 5mm

Figure 4.4: Control efficiency metrics for each frequency of the desired motion control mode.

the distance between the EM and themass of the pendulum, while the forcing amplitudes
are not proportional to the separation distance. Furthermore, for certain low or below res-
onance frequencies (𝜔/𝜔𝑛 ≤ 1) where the error is insignificant, the control can be executed
satisfactorily regardless of the separation between the magnets. More specifically, a local
minimumof the absolute electromagnetic force is observed at the natural frequency of the
uncontrolled system for all different initial separation distances. This observation signi-
fies that the controller is required to apply less force to accomplish the same amplitude of
vibration, exploiting the system’s resonance.

The highest absolute value of the interaction force is observed for the ratio𝜔/𝜔𝑛 = 1.90
for 𝑑 = 30mm and is approximately equal to 137mN. This value corresponds to the unsatu-
rated (effective) control of a simplemass of approximately 1 kg orweight of 10N. Assuming
an equal unit of force per unit weight, the ratio of force per weight is 0.137N/kg. A typical
monopile in the offshore wind park Prinses Amalia (Netherlands) has a diameter of 4m and
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a totalmass of 320 t orweight of 3200 kN [98]. A crude estimation of themaximum forcing
amplitude for control would be 0.137N/kg ⋅ 320 × 103 kg = 44 kN. This value is comparable
to (or even lower than) the force exerted by active tugger lines controlling the installation
of OWT blades with a mass of approximately 18 t as derived in [45].

4.2.1. Controllability assessment
When a desired harmonic motion is prescribed to the controlled system, the controller
reaches the limiting value for a certain combination of motion amplitude 𝐴, motion fre-
quency 𝜔 and initial distance 𝑑. To derive an expression for the saturation values, the
steady-state response of the system is analysed. Assuming the delay of the electromag-
net and the nonlinear Coulomb damping are negligible in the steady-state regime, the set
of equations of the system given by Equation (4.4) reduce to a single linear equation for the
controlled motion, which can be rewritten more concisely as

𝑀𝑡 𝑥̈ + 𝐾𝑡 𝑥 = 𝐾𝑝 (𝜉 − 𝑥) + 𝐾𝑑 (𝜉̇ − 𝑥̇), (4.7)

where𝑀𝑡 = 􏿴𝑀 + 𝑚
3
􏿷 and 𝐾𝑡 = 􏿴𝑀 + 𝑚

2
􏿷 𝑔ℓ . In this control scenario, the pivot point is consid-

ered fixed (ℎ = 0) and its objective is to impose a desiredmotion on themass, 𝜉. Evaluating
Equation (4.4c) with Equation (4.7), the modified control output is given by

𝑐′ = 𝛾 􏿴𝐾𝑝(𝜉 − 𝑥) + 𝐾𝑑(𝜉̇ − 𝑥̇)􏿷 = 𝛾 (𝑀𝑡 𝑥̈ + 𝐾𝑡 𝑥) , (4.8)

with the parameter 𝛾 = (𝑑 − 𝑥)3/𝛼.
The control is effective as long as it remains within the controller limits, i.e. it does not

saturate. The first condition ensures that themotion is approximately equal to the desired
motion, namely 𝑥 ≈ 𝜉 = 𝐴 sin(𝜔𝑡) where 𝐴 is the amplitude and 𝜔 is the frequency of the
desired response. Substituting this condition into Equation (4.8) yields

𝑐′ =
𝐴𝑑3 􏿴𝐾𝑡 − 𝜔2𝑀𝑡􏿷

𝛼 (1 − 𝜅 sin(𝜔𝑡))3 sin(𝜔𝑡), (4.9)

inwhich𝜅 = 𝐴/𝑑. To check the frequency atwhich the controller is (partially) saturated, one
must checkwhen the amplitude of the control signal is above or below the limit. The second
condition pertains to the limit case inwhich the control output is equal to the physical limit
𝑐′
limit±

. Hence, the following expression holds at the critical frequency𝜔𝑐:

𝑐′
limit±

=
𝐴𝑑3(𝐾𝑡 − 𝜔2𝑐𝑀𝑡)𝑄

𝛼 (4.10)

with𝑄 = 1 − 3𝜅 + 3𝜅2 − 𝜅3.
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Solving for 𝜔𝑐 gives the following closed-form expression:

𝜔𝑐
𝜔𝑛

=
√

𝛼𝑐′
limit±

𝐴𝐾𝑡𝑑3𝑄
+ 1, (4.11)

where only the real-valued solutions of this expression have physical significance. This
expression yields the critical frequency by assuming the steady-state response of the un-
damped controlled system for the conditions of partial or full saturation.

Figure 4.5: Frequency-controllability curves for the desired motion control.

In Figure 4.5, the effective initial distances are plotted against different desired fre-
quencies of motion in order to highlight the area in the parameter space where the control
is effective and the actuator is not saturated. It should be noted that, in this figure, the sat-
urated area refers to full capacity regardless of the respective value𝒮during the simulation.
The aforementioned ranges of effective control as well as the non-proportionality with re-
spect to the initial distance are validated. Moreover, for frequencies around𝜔𝑛, the control
appears to be effective regardless of the choice of the initial distance of the magnets. This
effectiveness is also evident in the actuation force shown in Figure 4.4c. Another interest-
ing result is the prediction of partial saturation for 𝑑 = 50mm and frequency ratios 𝜔/𝜔𝑛
below 0.5, further linking the saturation with the steady state error 𝑒𝑆𝑆 (see Figure 4.4a,
Figure 4.4b).

4.3.Disturbance rejection control
Disturbance rejection refers tomotion compensation that aims to eliminate the suspended
mass’ response to external excitation of the system, thus keeping themass𝑀 at a fixed po-
sition. This control problem is the inverse case of the motion control presented previously.
In this section, the pivot point is excited by a prescribed harmonic motion, ℎ = 𝐴 sin(𝜔𝑡),
while the desired position for the payload is constant and equal to 𝜉 = 0. A set of con-
stant coefficients for the gains𝐾𝑝 and𝐾𝑑 is selected heuristically bymeans of trial and error
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to demonstrate a satisfactory level of control. The gains of the PD controller are equal to
𝐾𝑝 = 5000N/m and 𝐾𝑑 = 3000Ns/m, respectively.

Figure 4.6: Displacement 𝑥𝑛 (upper) and control output 𝑐′ (lower) time series of the controlled motion for a har-
monic excitation with𝐴 = 5mm and desired position 𝜉 = 0 for different initial separation distances 𝑑.

For a fixed desired position, 𝜉 = 0, the time traces of the controlled motion as well as
the respective control output are presented in Figure 4.6 for an exemplary case of excitation
with amplitude 𝐴 = 5mm and an arbitrary frequency ratio 𝜔/𝜔𝑛 = 0.6 for three initial
distances 𝑑. Overall, the controller succeeds in attenuating the externally imposedmotion
caused by the pivot point and maintain the desired position regardless of the separation
distance. However, during the transient response, a large error is observed. As a result, the
actuator operates at its limits in order to mitigate the motion. It is noted that the greater
the initial distance, the longer the duration of, and the higher the initial, overshoot in the
transient. Nevertheless, this part of the response is, from a broader perspective, short in
duration (within the order of a few seconds). In the steady-state, a small fluctuation of the
error is present, while the level of saturation depends on the initial distance.

Figure 4.7a illustrates the maximum error of the overshoot during the transient re-
sponse (𝑒trans) and after the steady-state response is reached (𝑒SS) for various initial dis-
tances 𝑑. The value of 𝑒trans is determined by extracting themaximumerror within the first
5 s of the simulation. An almost linear relation is observed between the 𝑒trans and the fre-
quency ratio𝜔/𝜔𝑛, with a steeper slope as the distance of the twomagnets increases. Since
the most significant deviations occur during the transient vibrations, an upper limit of ac-
ceptablemaximum 𝑒trans should be set to serve as an additional efficiency condition next to
the critical initial distance 𝑑𝑐. In contrast to the transient, the error during the steady-state
response appears to be less significantwith one order ofmagnitude difference between 𝑒SS
and 𝑒trans.
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The total saturation 𝒮 against different pivot excitation frequencies is given by Fig-
ure 4.7b. As expected, separation distance 𝑑 = 50mm results in the greatest levels of sat-
uration, while for the highest 𝜔/𝜔𝑛 ratios the controller saturated fully. Moreover, as pre-
sented also in the previous control case, the level of saturation of the controller strongly af-
fects the error during the steady-state response. Thegreatest values of 𝑒SS for 𝑑 = 50mmoc-
cur when the controller reaches its limits. An interesting point can bemade for the perfor-
mance of the controller for smaller 𝑑, where there is a constant low 𝒮 percentage through-
out the range of excitation frequencies. These low values of𝒮 correspond to the saturation
present during the transient for the case of pivot excitation with amplitude𝐴 = 5mm.

(a) 𝑒𝑡𝑟𝑎𝑛𝑠 (solid) and 𝑒𝑆𝑆 (dashed) for𝐴 = 5mm (b) Total saturation 𝒮(%) for𝐴 = 5mm

(c) Force range for the transient 𝐹𝑡𝑟𝑎𝑛𝑠 for𝐴 = 5mm (d) Force range for the steady-state 𝐹𝑆𝑆 for𝐴 = 5mm

Figure 4.7: Control efficiency metrics for each frequency of the disturbance rejection control mode.

Theamplitude range of the force for the transient (𝐹trans) and the steady-state (𝐹SS) con-
trolled response is demonstrated in Figure 4.7c and Figure 4.7d for the different initial dis-
tances 𝑑, respectively. 𝐹SS exhibits the same profile for 𝑑 ≤ 40mm as the control is effi-
cient. For 𝑑 = 50mm, due to full saturation and low error, the controller reaches a certain
constant value for all frequency ratios. Similar behaviour is observed for the force range
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Figure 4.8: Comparison of the motion between the controlled and uncontrolled response for different initial dis-
tances 𝑑 and a harmonic excitation amplitude𝐴 = 10mm at resonance.

during the transient response for 𝑑 ≥ 40mm. For 𝑑 = 30mm, the profile is less smooth
and symmetric around the horizontal axis. It appears that the controller reaches higher
force amplitudes in the repulsion regime, which can be explained by the coupling of high
𝑒trans and small initial 𝑑 that results in an even smaller separation 𝑠 = 𝑑−𝑥𝑛 between the two
magnets, leading to instability.

The highest absolute value of the interaction force is obtained for the ratio 𝜔/𝜔𝑛 = 4
and is approximately equal to 530mN and 80mN for 𝐹trans and 𝐹SS respectively. This or-
der of magnitude corresponds to the unsaturated disturbance control of a simple mass
of approximately 1 kg or weight of 10N. For a typical monopile of total mass of 320 t or
weight of 3200 kN, the maximum forcing amplitude would amount to 170 kN during the
transient and 26 kN for the steady-state response. This difference between the force mag-
nitudes could be resolved by the introduction of additional damping to the system, with
the aim of attenuating the transient response peak. In this controlmode, the force exerted
is higher than when a desired motion is imposed. However, the control is able to attenu-
ate the external perturbation of a larger range of frequencieswith success, offering greater
controllability. Even for these high forcing amplitudes, the ratio of the control force over
the weight of the object remains low, approximately 5%.

Figure 4.8 compares the controlled and uncontrolled response of the system at reso-
nance in order to assess the overall efficiency of the motion compensation technique. The
control is activated with a 10 s delay to underline the swift response of the controller. The
uncontrolled response corresponds to the motion of the system due to the applied pivot
point excitation in the absence of an electromagnet. Overall, significant motion mitiga-
tion is achieved even for this high value of excitation amplitude (𝐴 = 10mm). Even though
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the system is excitedwith its natural frequency, the controller is able to prevent the system
from exhibiting resonance.

4.3.1. Controllability assessment
Similarly to the derivation of the previous control mode, and assuming no damping or
electromagnet self-impedance, the equation of motion for the controlled system (Equa-
tion (4.4)) is reformulated concisely as follows:

𝑀𝑡 𝑥̈ + 𝐾𝑡 𝑥 = 𝐵 ℎ̈ + 𝐾𝑝 (𝜉 − 𝑥𝑛) + 𝐾𝑑 (𝜉̇ − 𝑥̇𝑛), (4.12)

where 𝑥𝑛 = 𝑥 + ℎ with the prescribed motion of the pivot point being equal to a harmonic
sinusoidal motion of amplitude𝐴 and frequency𝜔, given by ℎ = 𝐴 sin (𝜔𝑡). The coefficient
𝐵 = − 􏿴𝑀 + 𝑚

2
􏿷. Thus, the modified control output 𝑐′ reads

𝑐′ = 𝛾 􏿮𝐾𝑝 (𝜉 − ℎ − 𝑥) + 𝐾𝑑 (𝜉̇ − ℎ̇ − 𝑥̇)􏿱 = 𝛾 [𝑀𝑡 𝑥̈ + 𝐾𝑡 𝑥 − 𝐵 ℎ̈], (4.13)

in which 𝛾 = (𝑑 − 𝑥 − ℎ)3/𝛼. In this control mode, the desired motion 𝜉 is not a function
of time but rather a constant desired position for the mass of the pendulum in the global
reference frame. Hence, higher-orderderivativesof thedesiredmotionare zero. Moreover,
in order to define a criterion for effective control, two conditions need to bemet. First, for
the error of the control, 𝑒 ≈ 0 should apply, and, consequently, the steady-state response of
the pendulumcanbe approximated as 𝑥 ≈ 𝜉−ℎ. After the substitution of thefirst condition
to Equation (4.13) and further simplifications one obtains

𝑐′ = 𝛾 [𝑀𝑡𝜔2𝐴 − 𝐾𝑡𝐴 + 𝐵𝜔2𝐴] sin(𝜔𝑡) + 𝛾𝐾𝑡𝜉, (4.14)

with 𝛾 = (𝑑 − 𝜉)3/𝛼. Second, there is a condition for effective control that pertains to the
saturation and the limits of the control signal. Saturation occurs when the amplitude of 𝑐′

is equal to 𝑐limit± . As the amplitude of a pure sinusoidal signal is given by the factor in front
of the sine function, this condition, if applied to Equation (4.14), yields

𝑐limit± =
(𝑑 − 𝜉)3
𝛼

􏿮𝑀𝑡𝜔2𝑐𝐴 − 𝐾𝑡𝐴 + 𝐵𝜔2𝑐𝐴 + 𝐾𝑡𝜉􏿱 , (4.15)

where 𝜔𝑐 refers to the critical frequency above which the controller saturates partially or
fully. Solving for the ratio of the critical frequency over the natural frequency of the system
(𝜔𝑐/𝜔𝑛) gives the following closed-form expression:

𝜔𝑐
𝜔𝑛

=

􏽭
⃓
⃓
⃓
⎷

𝑐limit±
𝛾𝐴𝐾𝑡

+ 1 − 𝜉
𝐴

1 + 𝐵
𝑀𝑡

, (4.16)
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where 𝑐limit± is the operational capacity of the electromagnet, 𝐴 the amplitude of the de-
sired motion, 𝜉 the fixed desired position and 𝑑 the initial distance.

The denominator of Equation (4.16), 1 + 𝐵/𝑀𝑡, is always negative because 𝐵 < −1. Thus,
a physically-admissible critical frequency (𝜔𝑐 > 0) can only exist when:

𝑐limit±
𝛾𝐴𝐾𝑡

+ 1 − 𝜉
𝐴 < 0⟶𝑐limit± <

(𝑑 − 𝜉)3
𝛼 𝐾𝑡(𝜉 − 𝐴). (4.17)

For the special case where the desired position is 𝜉 = 0, a condition can be obtained for the
critical initial distance 𝑑,

𝑑 <
3

√

𝛼􏿎𝑐limit±􏿎
𝐾𝑡𝐴

= 𝑑𝑐, (4.18)

where 􏿎𝑐limit±􏿎 signifies the absolute value of the physical limit of the electromagnet. Equa-
tion (4.18) is graphically presented in Figure 4.9 for different excitation amplitudes and
frequencies.

Figure 4.9: Frequency-controllability curves for the disturbance rejection control mode (steady-state response).

By calculating 𝑑𝑐, one obtains the optimum value for 𝑑 for the static case of𝜔 = 0 rad/s
and the maximum initial distance between the magnets without saturation. This critical
distance could serve as a conservative criterion for high controllability (low error in the
steady-state response and no saturation). Any initial distance value larger than 𝑑𝑐 would
result in a degree of saturation for the controller, thus reducing the controller’s ability to
maintain the desired position. Figure 4.9 shows that the control is effective for an exten-
sive range of excitation frequencies, in which the determining parameter is the initial dis-
tance. More specifically, at lower frequencies, this critical distance is almost constant or
exhibits a small reduction of the order of approximately 5mmcompared to the ”static” case
(𝜔/𝜔𝑛 = 0). This figure can serve as an indicator for a proper choice of 𝑑 for successful con-
trol depending on the amplitude of the pivotmotion. For instance, for the case of𝐴 = 5mm
and 𝜔/𝜔𝑛 = 0.6 presented in Figure 4.6, the control is successful (without saturation and
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no significant error) for 𝑑 < 50mm during the steady-state, confirming the validity of the
respective controllability curve in Figure 4.9. In Figure 4.8, the controller suppresses insta-
bility for 𝑑 < 40mm as predicted by Figure 4.9, while the disturbance rejection remains
effective even at 𝑑 = 40mm despite the saturation. Thus, there is a small tolerance around
the critical value, where the controller can still be efficient (low error) despite being fully
saturated. This conservative prediction of 𝑑𝑐 aligns with the assumptions made, such as
the absence of damping and the actuator’s self-inductance.

4.4.Disturbance rejection for amultiple-frequency pivot excita-
tion

Now, a more realistic signal is prescribed as external excitation for the pivot point ℎ of the
pendulum. This signal was obtained from a simulation of a full-scale installation of an
OWT tower operated by a semi-submersible vessel (Prometheus, [44])with an input sea state
generated by a JONSWAP spectrum with significant wave height 𝐻𝑠 = 3m and a peak pe-
riod 𝑇𝑝 = 8 s. More specifically, the full-scale time response displacement signal ℎ𝑓 of a
floating vessel offshore crane tip was scaled in terms of amplitude and time in accordance
with the geometry of the experimental set-up by means of Froude scaling [99]. The time
series and frequency content of the signals are shown in Figure 4.10, whereas the charac-
teristics of the two systems (full-scale and lab-scale) are presented in Table 4.1. For the
full-scale set-up, the dimensions of a typical offshore crane are used.

Table 4.1: Dimension comparison between the experimental and full-scale set-up.

Parameters Full-scale Lab-scale Ratio

Crane length [m] 𝐿𝑐,𝑓 = 140 𝐿𝑐,𝑠 = 1.22 𝜆𝑐 = 8.7 × 10−3
Pendulum arm [m] 𝐿𝑝,𝑓 = 80 𝐿𝑝,𝑠 = 1.04 −

Natural frequency [Hz] 𝑓𝑛,𝑓 = 0.056 𝑓𝑛,𝑠 = 0.489 −

Thescaling factor𝜆𝑐 is defined as the ratio between a typical length in the full-scale and
the experimental set-up. Here, this length is the distance between the deck and the sheave
on the top of the crane. Then, themotion ℎ𝑓 and the time 𝑡𝑓 of the full-scale data are scaled
as

ℎ𝑠 = 𝜆𝑐 ⋅ ℎ𝑓 and 𝑡 = √𝜆𝑐 ⋅ 𝑡𝑓, (4.19)

ensuring that the imposed signal in the simulations has the same frequency content rela-
tive to the natural frequency as the full-scale signal. In order to demonstrate the control
through simulations, a one-minute fragment of the scaled displacement time series is de-
duced and is shown as ℎ in Figure 4.10a. Figure 4.10b present the frequency content of
the three signals, namely the full-scale crane-tip ℎ𝑓, the scaled counterpart ℎ𝑠, and the fi-
nal crane-tip displacement ℎ imported as excitation to the model. The frequency scale is
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normalized with the natural frequency of the two (lab-scaled and full-scale) systems re-
spectively. Small discrepancies are observed when comparing the full-scale and scaled
signals due to the simplifying assumptions made in calculating the natural frequency of
the full-scale dynamical system 𝑓𝑛,𝑓. The offshore crane-payload system is assumed to be
equivalent to a simple point mass pendulumwith a massless inflexible arm. In all spectra,
multiple frequency components are present and the overall energy corresponds to ratios
𝜔/𝜔𝑛 > 1.

(a) Time series of the crane tip displacement for the full-
scale (ℎ𝑓) and scaled signal (ℎ)

(b) Frequency response of the full-scale (ℎ𝑓) and scaled
signals (ℎ𝑠 & ℎ)

Figure 4.10: Amplitude time series and frequency content of the pivot point excitation signal input.

Figure 4.11 presents the relevant time traces of the controlled motion for different sep-
aration distances. For the displacement 𝑥𝑛, an excellent level of attenuation of motion
is achieved for all 𝑑. The main differences pertain to the transient part of the response,
namely the amplitude of the error and the duration of the transient. Reducing the dis-
tance, results in a lower error and a shorter transient response, which is in line with the
previous results. Moreover, the total level of saturation of the control output 𝑐′ decreases
for 𝑑 < 50mm.

To assess the total efficiency of the control and to connect it to real-life operations and
technical capacities, the consumedpowerneeds to be examined. There are twomainpower
components to be considered:

1. the power required to control the payload which is associated with the work done by
the actuation force (𝑃𝐹) and

2. the electrical power consumed to enable the control actuation (𝑃𝐼).

The actuation power is defined as
𝑃𝐹 = 𝐹𝑥̇𝑛, (4.20)
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Figure 4.11: Controlled response for the disturbance rejection of a multiple frequency excitation: Times series of
thedisplacement 𝑥𝑛, control output 𝑐′, control actuationpower𝑃𝐹 andelectrical power consumedby the actuation
𝑃𝐼 .

inwhich𝐹 represents the force of the electromagnetic interaction (Figure 4.11), and 𝑥̇𝑛 is the
velocity of themasswith respect to theglobal reference system (𝑥̇𝑛 = 𝑥̇+ℎ̇). Todetermine the
electrical power input, the resistance𝑅 of the feeding electrical circuit is needed,measured
at 𝑅 = 60� for the experimental setup. The electrical power is then calculated as

𝑃𝐼 = 𝑐′ ⋅
𝐽
𝑅 , (4.21)

where 𝑐′ and 𝐽 are the voltage input and output of the actuator, respectively. 𝑃𝐼 is presented
in Figure 4.11. As intuitively expected, the electrical power consumed by the controller be-
comes greater with the initial distance. Integrating the power consumption during the en-
tire simulation yields the cumulative electrical energy𝐸𝐼,tot, which amounts approximately
to 𝐸𝐼,tot ≈ [1.30, 8.50, 33.5] J for 𝑑 = [30, 40, 50]mm, respectively. When the control is effi-
cient, during steady-state, the effort of the actuation (𝑃𝐹) is the same regardless of the sepa-
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ration. Differences are highlightedduring the transient,where the response for 𝑑 = 30mm
exhibits the highest work required to achieve low error.

By comparing all the time series reported in Figure 4.11, themost effective control case
for this multiple frequency signal is the distance 𝑑 = 40mm in terms of the error and actu-
ation power and the distance 𝑑 = 30mm in terms of saturation and electrical power. This
discrepancy underlines the importance of consciously selecting the distance not only aim-
ing at less energy consumption but also ensuring the stability and safety of the operation,
as the nature of the interaction becomes highly nonlinear with decreasing distance.

4.5. Conclusions
In this chapter, the controlled vibrations of a contactless control technique for the trans-
lational motions of a magnetic pendulum subjected to electromagnetic forcing and pivot
point excitation are studied. Numerical simulations are validated and calibrated against
experiments on a lab scale, as elaborated in Chapter 3. A modified PD controller is em-
ployed to enforce a desired motion to the suspended mass by regulating the intensity and
polarity of an electromagnet. Thekey advantage of thismodification is that the use of state-
dependent gains reduces the need for meticulous tuning.

The technique is successful for two different control modes: the desired motion of the
masswith a fixed pivot and the fixed global positionwith amoving pivot point. Two impor-
tant control parameters are identified: the saturation of the controller and the separation
distance of the twomagnets. It is noted that the swifter the transitions between the twopo-
larities during the control, the longer the time where the electromagnet operates at its full
capacity, leading to an inferior response. The relative distance between the magnets plays
an equally crucial role. When the magnets operate in closer proximity, the performance
of the control is significantly improved (lower error and less saturation). Controllability
curves are derived analytically to indicate areas of efficient control. These curves serve as
nomographs through which the optimum distance between the magnets can be deduced
for different combinations of excitation (external excitationor desiredmotion). Resonance
is exploited by the controller when a desired harmonic motion is imposed, while this be-
haviour is successfully subdued when the controller aims at a fixed position. For the latter
control mode, transient response is of great importance for the overall efficiency of the
control of the system as it leads to large errors and high saturation levels, which attenuate
when steady-state is reached. It is important, therefore, to set an additional criterion for
the maximum acceptable error during the transient.

The power required can be also indicative of the optimum choice of initial separation
distance for themagnets: with the power of the actuation force being in favour of an inter-
mediate distance, while the electrical power suggests smaller distances as the least energy-
demanding. In terms of force amplitude exerted by the actuator, the estimated order of
magnitude is comparable to an active tugger line control system, but with a crucial dif-



4.5. Conclusions

4

61

ference: both repulsive and attracting forces are possible, thus allowing for more control
authority.

In short, the contactless control technique successfully exploits magnetic interaction
to impose a desired motion pattern to a suspended mass. The findings of this chapter fo-
cus on themost—intuitively—important degree of freedom of the floating crane-payload
dynamical system: the translational vibration of a load in the plane parallel to the seawater
level, highlighting the controller’s potential. To further develop the technique, particularly
for the intended application in OWT installations, it is necessary to address the control-
lability and control design of additional vibrational modes. This topic is explored in the
following chapters.





5
Contactless magnetic control of

the torsional vibrations of a
hanging monopile

During the installation stageofOWTcomponents, another significant vibrationmodearisesin the formof rotationaround the shaft (vertical axis) of the component. This rotationposes
challenges in aligning the pieces accurately, thereby prolonging the overall time needed for
component assembly. To investigate a non-contact method to attenuate this vibration, a
novel control algorithm strategy is developed. The dynamical system under consideration
involves a hanging cylinder rotating around its longitudinal axis.

Critical to the successfuldeploymentof offshore turbines is the installationprocess and,
more specifically, the temporary suspension of the components before their connection to
the already installed structure; such as the connection of an OWT tower to the transition
piece (TP) of a monopile foundation [101]. Throughout this stage, external environmen-
tal excitation or asymmetries in control actuation forces, e.g. active tugger line systems,
can induce undesirable vibrations of the suspended component. In conjunction with the
translational vibration control of a suspended load introduced in Chapter 4, the vibrations
around the longitudinal axis become noteworthy, influencing the overall effectiveness and
duration of the installation process. The precise control of this mode is pivotal, especially
for connections that necessitate highprecision, such as thewidely usedbolted flange joints.
Controlling this vibration of the tower during installation can ensure the accurate align-

Part of this chapter has been published in:
P. Atzampou, P. C. Meijers, A. Tsouvalas, and A. V. Metrikine, “Non-contact electromagnetic control of torsional
vibrations of a rigid cylinder,”Nonlinear Dynamics, vol. 113, no. 3, pp. 2001–2016, 2025
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ment required for a safe and effective assembly of OWT components. In this chapter, a
contactless rotational control technique is developed, utilising electromagnetic interaction
between twomagnets, incorporatingmagnetically-induced damping andmotionmanipu-
lation principles.

This chapter commences with an overview of the state of the art in rotational control,
encompassing technological advancements reported across various engineering fields and
scales. Then, the dynamical system is introduced, emphasizing the nonlinear properties
of magnet-to-magnet interaction that form the foundation for the proposed control algo-
rithm. A detailed control design is presented and implemented in various control modes,
demonstrating the effectiveness of the technique in energy dissipation and the precise con-
trol of the cylinder’s rotation.

5.1. State of the art inmagnetic rotational control
Magnetically induced dissipation finds application across diverse industries in the form
of magnetic braking, demonstrating its efficacy in controlling the motion of rotating sys-
tems. This method encompasses two techniques: electromagnetic induction-based and
magnetic attraction-basedbraking. Electromagnetic actuators areemployed inactivemag-
netic bearings for controlling the rotation of ferromagnetic objects in rotating machin-
ery [102–106]. In the automobile sector, Puttewar et al. [107] elucidated electromagnetic
brakes that utilize attractive forces to pull the armature, effectively arresting the rotatory
motion of the system. Ou et al. [108] introduced a novel design of eddy current magnetic
brakes, driven by Faraday’s law of induction and the Lorentz force formula for descent de-
vices using arrays of permanent magnets. This technique is extended to upright magnetic
braking for building elevators [109], railway vehicles [110] and seismic vibration control of
civil engineering structures [111, 112]. However, in applications such as the installation of
OWT, where the components requiring control are made of ferromagnetic materials (e.g.
steel), eddy currents are not a viable alternative for efficient rotation braking, as their ef-
fectiveness depends heavily on the electrical conductivity properties of thematerial. More-
over, the use of electromagnetic actuators capable of changing the magnetic field’s direc-
tion and extracting energy through interaction with a magnetic object has not been thor-
oughly investigated yet for motion attenuation purposes.

Rotational control has major advancements through the use of magnetic interactions.
In biomedical applications, studies have been conducted on the precise control of the mo-
tion (translation and rotation) of micro-magnets in arbitrary 3D paths using a group of
permanent magnets that could rotate with the help of motors modifying the magnetic
field [113–115]. Mahoney & Abbott [116] explored the 5-degree-of-freedom manipulation
(motion and orientation control) of a magnetic device using a single rotating permanent
magnet attached to a robotic arm actuator. The aerospace industry has also leveraged rota-
tional magnetic control for satellites, namely for attitude control and stabilization. In this
setting, the control is basedon the interactionof threeorthogonal current-drivenmagnetic
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coils with the Earth’smagnetic field [117, 118]. Despite themultiple degrees of freedomand
the high level of controllability exhibited, these applications pertain to systems of smaller
scales, ranging frommicro [119] to nano-scale [120].

Thepresent chapter introduces and investigates the efficient contactless rotational con-
trol of a cylinder around its shaft (longitudinal axis). The control relies on the interaction
between a permanentmagnet attached to the cylinder and an electromagnetic actuator po-
sitioned at a fixed distance from the cylinder’s surface, similar to the translational control.
Through manipulation of the orientation of the magnetic field of the actuator, fundamen-
tal characteristics of the system can be altered, including its natural frequency (through
magnetically-imposed stiffness [121, 122]) and the equilibriumposition. Threedistinct con-
trol modes are addressed herein:

1. Damping control: Motion attenuation of a rotating cross-section of a cylinder through
magnetic interaction, introducing a nonlinear dissipative force to the dynamical sys-
tem;

2. Active rotation control: Active rotational control and the imposition of a desired angle
for the cross-section of the cylinder;

3. Active torsional vibrations control: Imposition of a time-varying desired rotation.

5.2.Dynamical system&Governing equations
A sketch of a floating offshoreOWT installation operation is presented in Figure 5.1a. Here,
the degree of freedom that the controller will address is the rotation around the longitudi-
nal axis of the tower (𝜙). In order to create the base case for the proof of concept of the
control technique, the aforementioned system is transformed into a simplified, yet equiv-
alent, scaled-down system, which is presented in Figure 5.1b. The equivalent dynamical
system is comprised of a ring of total mass𝑚, wall thickness 𝜏𝑟, and outer radius 𝑅 that is
free to rotate around its origin. The studied configuration resembles a cross-section of the
suspended tower (as observed from above), while the rotational spring element with stiff-
ness 𝑘𝑠 represents the stiffness of the attached cables of the crane. The set-up pertains to
a single degree of freedom system with two unknown states, namely the angle of rotation
𝜙 and the angular velocity 𝜙̇. A permanent magnet (PM) is attached to the circumference
of the ring at 𝜙 = 0∘ (static equilibrium, referring to the system’s resting position in the
absence of anymagnetic forcing), coinciding with the equilibrium of the uncontrolled sys-
tem. The dipole moment 𝑚⃗𝑐 describes the orientation and the strength of the PM. While
the strength of the dipole moment of the PM (𝑀𝑐) is constant, the orientation is forced to
follow the rotation of the ring 𝜙 (Figure 5.1b). An electromagnetic actuator (EM) is placed
on the global x-axis at a given distance 𝑑 from the PM. The dipole moment of the EM is
given as 𝑚⃗𝑓 and its polarity as𝑀𝑓. The orientation of the magnetic dipole of the electro-
magnetic actuator is represented by the angle 𝜃 as shown in Figure 5.1b. The parameters
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of the set-up are quantitatively presented in Table 5.1. The selected values correspond to
a full-scale offshore crane-tower system, scaled down to 1/100 to facilitate the laboratory
experiments [123].
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Figure 5.1: (a) Full-scale dynamical systemof a tower installationwith the torsional degree of freedomnotated, (b)
Schematic diagram of the lab-scale analogue dynamical system. The ring resembles a cross-section of the tower,
while the rotational spring represents the stiffness of the crane cable suspension.

Table 5.1: Set-up parameters of the SDOF system.

𝑚 [kg] 𝑅 [mm] 𝜏𝑟 [mm] 𝑘𝑠 [Nmm/∘] 𝐼𝑧 [kg mm2] 𝜔𝑛 [rad/s] 𝑓𝑛 [Hz]

0.2 20.0 2.0 50 36.2 37.2 5.9

The equation of motion (EOM) that governs the angular position of the rotating ring
derived by means of the Euler-Lagrange method (Chapter 2, Equation (2.5)) reads:

𝐼𝑧𝜙̈ + 𝑘𝑠𝜙 = 𝑇, (5.1)

where 𝐼𝑧 is the mass moment of inertia of the ring around its centre, and 𝑇 is the total ex-
ternal torque acting on the system. The undamped natural frequency (𝑓𝑛) of the dynamical
system is equal to

𝑓𝑛 =
𝜔𝑛
2𝜋 =

1
2𝜋√

𝑘𝑠
𝐼𝑧
, (5.2)

while the chosen numerical values are given in Table 5.1.
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In the absence of an additional damping mechanism, the external torque 𝑇 is equal to
the torque induced by the magnetic interaction, which is calculated as follows:

𝑇 = −𝜕𝑊𝑚
𝜕𝜙 , (5.3)

where𝑊𝑚 is the contribution of the two interacting magnetic dipoles to the potential en-
ergy. 𝑊𝑚 is equal to

𝑊𝑚 = −𝑚⃗𝑐 ⋅ 𝐵⃗𝑓𝑐, (5.4)

inwhich 𝐵⃗𝑓𝑐 is themagnetic field generated by the EMat the location of the PMon the ring.
The external torque can be expressed as

𝑇 = 𝑘̂ ⋅ 􏿴𝑇𝑚 + 􏿴𝑟𝑐 × 𝐹⃗𝑚􏿷􏿷 , (5.5)

where 𝑘̂ represents the unit vector of the z-axis (perpendicular to the xy-plane), 𝑟⃗𝑐 denotes
the vector from the centre of the cylinder to the location of the EM. The expressions for
the force 𝐹⃗𝑚 (exerted by one dipole on another, [124]) and the torque 𝑇𝑚 (acting around the
centre of the dipole generated to align it to the field lines, [125]) are given by

𝑇𝑚 = 𝑚⃗𝑐 × 𝐵⃗𝑓𝑐, (5.6a)

𝐹⃗𝑚 = ∇⃗ 􏿴𝑚⃗𝑐 ⋅ 𝐵⃗𝑓𝑐􏿷 , (5.6b)

with 𝐵⃗𝑓𝑐 being equal to

𝐵⃗𝑓𝑐 = −
𝜇0
4𝜋∇⃗

𝑚⃗𝑓 ⋅ 𝑠⃗
𝑠3 . (5.7)

The vector representing the separation distance between the two dipoles is denoted as 𝑠⃗
(Figure 5.1b). It is noted that the circumflex ̂ indicates a unit vector, and a plain character
indicates the magnitude of a vector (e.g. 𝑠⃗ = 𝑠 𝑠̂).

Figure 5.2 illustrates themagnetic field 𝐵⃗𝑓𝑐 generated by theEM, representedby arrows
depicting the field lines and their respective directions. These arrows correspond to nor-
malized values of 𝐵⃗𝑓𝑐 in space, appearing uniform in size. The contour background of the
figure indicates the areas of higher magnetic field strength, with its peak centred at the
EM’s position. Additionally, white concentric circles and white (round-tip) arrows repre-
sent the ring and the orientation of the magnetic dipoles of both the EM and PM respec-
tively. Figure 5.2a demonstrates the magnetic field generated when the two dipoles are
aligned with positive polarities, i.e. the magnets attract each other. An interesting prop-
erty of the system is observedwhen the field of the EM is subjected to rotation by a positive
(counter-clockwise) angle. In the absence of the linear spring (𝑘𝑠 = 0) and in the presence of
linear damping (𝑇𝑑 = −𝑐𝑑𝜙̇with 𝑐𝑑 > 0), the system rotates and eventually comes to rest at
a new static equilibrium position, in this case corresponding to a negative angle (and vice-
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versa for a negative rotation of the EM dipole), as depicted in Figure 5.2b. The PM dipole
adjusts its orientation to align with the external magnetic field lines.

(a) 𝜃 = 0∘ (b) 𝜃 = 40∘

Figure 5.2: Spatial distribution of the magnetic field generated by the electromagnetic actuator for different ori-
entations of its field 𝜃.

5.3. Potential energy&Equilibriumposition
To further investigate this property, analysis of the potential energy of the dynamical sys-
tem is essential. The total potential energy of the system is a summation of the potential
energy of the spring (𝑊𝑠) and the magnetic interaction (𝑊𝑚), and reads

𝒰 =𝑊𝑠 +𝑊𝑚, (5.8)

with:
𝑊𝑠 =

1
2
𝑘𝑠𝜙2. (5.9)

The dynamical system without an external magnet has a static equilibrium dictated solely
by the spring element, namely at 𝜙 = 0∘. Due to the interaction of the two magnets, there
is an additional contribution on the potential energy 𝑊𝑚 (substituting Equation (5.7) to
Equation (5.4)), which reads

𝑊𝑚 = −𝑚⃗𝑐 ⋅ 𝐵⃗𝑓𝑐 (5.10a)

=
𝜇0𝑀𝑐𝑀𝑓

4𝜋𝑠3

⎛
⎜⎜⎜⎜⎝cos (𝜃 − 𝜙) +

􏿴3𝑅 cos (𝜃 − 𝜙) − 3 cos (𝜃) (𝑅 + 𝑑)􏿷 􏿴cos (𝜙) (𝑅 + 𝑑) − 𝑅􏿷
𝑠2

⎞
⎟⎟⎟⎟⎠ ,

(5.10b)

where 𝑠 is calculated by

𝑠 = √(𝑅 sin (𝜙))
2 + (𝑅 + 𝑑 − 𝑅 cos (𝜙))2, (5.11)
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and the magnetic dipoles are given by

𝑚⃗𝑓 =𝑀𝑓

⎡
⎢⎢⎢⎣
cos (𝜃)
sin (𝜃)

⎤
⎥⎥⎥⎦ and 𝑚⃗𝑐 =𝑀𝑐

⎡
⎢⎢⎢⎣
cos (𝜙)
sin (𝜙)

⎤
⎥⎥⎥⎦ . (5.12)

Evaluating Equation (5.10a) using the Taylor series expansions of the trigonometric
terms of 𝜙 up to the second order around 𝜙 = 0∘ yields

𝑊𝑚 = 𝐾𝑚1 𝜙2 + 𝐾𝑚2 𝜙 + 𝐶, (5.13)

with:

𝐾𝑚1 =
𝜇0𝑀𝑐𝑀𝑓

4𝜋𝑑5 (6𝑅2 + 6𝑅𝑑 + 𝑑2) cos(𝜃), (5.14a)

𝐾𝑚2 =
𝜇0𝑀𝑐𝑀𝑓

4𝜋𝑑5 (3𝑅𝑑 + 𝑑2) sin(𝜃), (5.14b)

𝐶 = −
𝜇0𝑀𝑐𝑀𝑓

2𝜋𝑑5 𝑑2 cos(𝜃). (5.14c)

The truncated series representationof thepotential energy𝑊𝑚 (Equations (5.13) and (5.14))
illustrates thepresenceof couplednonlinear contributionsof the rotationsof the twodipoles
to the potential energy of the system. The magnitude of the magnetically induced poten-
tial energy is proportional to the product of the dipole strengths (𝑀𝑓𝑀𝑐) and decays as the
distance between the twomagnets (𝑑) increases.

The equilibrium position of the rotating dynamical system (𝜙𝑒) is determined by

𝜕𝒰
𝜕𝜙 |𝜙=𝜙𝑒 = 0→ 2𝐾𝑚1𝜙𝑒 + 𝐾𝑚2 + 𝑘𝑠𝜙𝑒 = 0. (5.15)

Solving for 𝜙𝑒 yields

𝜙𝑒 = −
𝐾𝑚2

(2𝐾𝑚1 + 𝑘𝑠)
. (5.16)

It is noted that the equilibrium position is governed by the magnetic interaction when the
following condition holds:

𝑘𝑠/𝐾𝑚1 ≪ 2. (5.17)

In this case, 𝑘𝑠 canbedropped fromEquation (5.16) and the closed-formprediction formula
for 𝜙𝑒 becomes

𝜙𝑒 = −
1
2 􏿶

3𝑅𝑑 + 𝑑2
6𝑅2 + 6𝑅𝑑 + 𝑑2 􏿹 tan(𝜃𝑒), (5.18)

where 𝜃𝑒 represents the respective external magnetic field orientation angle to impose the
new equilibrium.
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Figure 5.3a shows thenonlinearmagnetic potential energygivenbyEquation (5.10a) for
different ranges of the angles 𝜃 and 𝜙, illustrating the potential wells for different angles
of rotation of the EM.The equilibriumpositions are determined by the localminima of the
potential energy. The area with the lowest potential energy (stable equilibrium positions)
is located in the centre of the plot, confirming that the deepest potential well (and thus
most stable equilibriumposition) is in fact𝜙𝑒 = 0∘. This equilibrium corresponds to an EM
dipole orientation angle 𝜃𝑒 = 0∘. This scenario corresponds to the perfect alignment of the
field lines in attraction. However, when the EM dipole is rotated (𝜃 ≠ 0∘), the position of
the stable equilibrium shifts, validating the observation made in Figure 5.2. The observed
rule is that a positive rotation of 𝜃𝑒 results in a negative (but not linearly proportional to 𝜃𝑒)
angle 𝜙𝑒 as equilibrium position for the system, and vice-versa.

(a) (b)

Figure 5.3: (a) Potential energy of the dipole𝑊𝑚 for different angles 𝜃 and 𝜙 for 𝑑 = 30mm, (b) Fitting functions
for the prediction of the new equilibrium point 𝜙𝑒 and corresponding external magnetic field orientation 𝜃𝑒 for
different 𝑑.

In Figure 5.3a, the white dotted line connects the lowest points of the potential wells.
All these points correspond to the modified equilibrium position 𝜙𝑒 for each respective 𝜃𝑒.
Figure 5.3b displays these lines for different distances 𝑑, alongside the formula predict-
ing the equilibrium positions as given by Equation (5.18). The latter approximation, as
expected, provides a good prediction of the equilibrium positions around 𝜙 = 0∘, namely
for −6∘ < 𝜙𝑒 < 6∘. Therefore, a function that provides a better fit to the data reads

𝜙𝑒 = 𝐴(𝑑) arctanh (𝐵(𝑑) 𝜃𝑒), (5.19)

where for 𝑑 = 30mm, the coefficients of the function are equal to 𝐴 = 22.22∘ and 𝐵 =
−0.0092 /∘. It is noted that the range of the desired fixed angles in Figure 5.3b is −40∘ <
𝜙𝑒 < 40∘. This interval corresponds to the range of stable equilibrium angles 𝜙𝑒, namely
the adequately deep local minima of the potential (Figure 5.3a). Thus, Equation (5.19) is
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chosen to describe the relation between the equilibria and the orientation of the external
field in the numerical simulations.

5.4.Damping control of rotational vibrations
Damping control involves attenuating the vibrations of the system (resulting from non-
trivial initial conditions) to reach the static (intrinsic) equilibrium. The control is based
on the introduction of an energy dissipationmechanism into the system using contactless
means, namely the magnetic interaction of the PM on the ring and the EM. This control
mode is important to initiate the development of the rotation control algorithmenvisioned
in offshore wind installations. The full-scale counterpart of thismode is the attenuation of
the torsional vibrations of a cross-section of a suspended cylindrical structure (resembling
an OWTmonopile or tower).

5.4.1. Analysis of the linearizedEOMaround the intrinsic static equilibrium
To devise a control algorithm for the case where the equilibrium of the system aligns with
the desired resting position (control set-point), namely when 𝜙𝑒 = 0∘ and 𝜃𝑒 = 0∘, it is
essential to examine the linearizedEOM(valid for small angles𝜙) as givenbyEquation (5.1),
Equation (5.3) and Equation (5.13),

𝐼𝑧𝜙̈ + (2𝐾𝑚1 + 𝑘𝑠)𝜙 + 𝐾𝑚2 = 0, (5.20)

with 𝐾𝑚1 and 𝐾𝑚2 given by Equation (5.14a) and Equation (5.14b), respectively.
The magnetic interaction between the two dipoles contributes to the stiffness of the

system through an additional term 𝐾𝑚1 . The coefficient 𝐾𝑚1 (for |𝜃| < 90∘) is positive when
the product of dipole strengths𝑀𝑐𝑀𝑓 is positive. Additionally, 𝐾𝑚2 is a term independent
of𝜙, and its sign is determined by either the orientation 𝜃 or the polarity𝑀𝑓 of the electro-
magnetic dipole when𝑀𝑐 > 0.

5.4.2. Control strategy
Motion attenuation within the system can be achieved through a damping mechanism.
Coulomb friction is a non-linear dissipative force characterized by the following form [126]:

𝐷 = 𝜇𝑠 sgn (𝑣), (5.21)

where 𝜇𝑠 represents the kinetic friction coefficient and 𝑣 denotes the velocity. This force
acts as a constant force with a sign opposing the velocity of the system. By examining
Equation (5.14b), a force resembling Coulomb friction can be introduced into the system
(through 𝐾𝑚2 ) either by alternating the polarity𝑀𝑓 or by modifying the orientation of the
external field 𝜃.
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Considering thepolarity of the actuator as the control variable of the system leads to the
adoption of the following expression: 𝑀𝑓 =𝑀𝑓0 sgn(𝜙̇), where𝑀𝑓0 corresponds to the ini-
tial absolute value of the strength of the EM. Additionally, the orientation angle𝜃 is chosen
to be equal to 𝜃 = 𝜃0, where 𝜃0 can be any arbitrary, but small, non-zero angle. While this
orientation ensures that the damping term 𝐾𝑚2 is not eliminated (see Equation (5.14b)), it
conflicts with the optimal orientation for the intrinsic equilibrium, according towhich the
two dipoles are aligned to impose 𝜙𝑒 = 0∘. It is noted that𝑀𝑓 also dictates the sign of the
additional magnetically-induced stiffness 𝐾𝑚1 . To avoid the occurrence of negative stiff-
ness, which could lead to instability, the stiffness coefficients must satisfy the following
condition:

max(|𝐾𝑚1 |) <
𝑘𝑠
2
→𝑀𝑓0𝑀𝑐 <

2𝜋𝑑5𝑘𝑠
𝜇0(6𝑅2 + 6𝑅𝑑 + 𝑑2)

, (5.22)

in which, for the given system parameters,𝑀𝑓0𝑀𝑐 < 0.88 is required. Selecting any elec-
tromagnetic strength within this specified range results in a stiffness ratio of 𝑘𝑠/𝐾𝑚1 > 2,
opposing the condition in Equation (5.17) for a magnetically-governed response, leading
to an overall impractical control solution.

Thus, in order to avoid instability and ensure practical controllability, the control vari-
able is chosen to be the orientation of the field generated by the EM, which is allowed to
fluctuate around 𝜃𝑒 = 0∘ with a certain predefined small step ±Δ𝜃. The sign of Δ𝜃 is deter-
mined by the direction of the angular velocity 𝜙̇, resulting in 𝜃 following the rule

𝜃 = Δ𝜃 sgn (𝜙̇). (5.23)

For each time step, the controller selects from a number of predefined cases depending
on the error from the desired angular position (𝑒 = 𝜙𝑒 − 𝜙). The control cases are:

• Case 0: No action taken (𝑀𝑓, 𝜃 = 0∘), when the damping control is successful and the
attenuated response is within negligible amplitude bounds (𝑒 < 0.5∘ and 𝑒̇ < 50∘/𝑠),
and

• Case 1: Positive EM rotation (𝑀𝑓, 𝜃 = +Δ𝜃), or

• Case 2: Negative EM rotation (𝑀𝑓, 𝜃 = −Δ𝜃).

Figure 5.4 illustrates the damping control strategy scheme adopted based on the afore-
mentioned cases and the phase-space quadrants, ensuringmotion attenuation. The small
fluctuation of the EMdipole orientation aims to generate a torque that opposes themotion
of the system, by introducing a force resembling Coulomb friction.

In the examined control scenario, the system initiates from non-trivial initial condi-
tions (𝜙0, 𝜙̇0). The desired equilibrium position 𝜙𝑒 is set to zero. Euler Forward numerical
integration is used to solve the full nonlinear equations of the system, with a time step
equal to Δ𝑡 = 2 × 10−5 s, which corresponds to a control frequency 𝑓𝑠 = 50 kHz. The dynam-
ical system’s parameters for the damping control mode are given in Table 5.2.
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Table 5.2: System parameters for the damping control mode.

𝑀𝑓𝑀𝑐 [A2m4] 𝑑 [mm] 𝜙𝑒 [∘] 𝜃𝑒 [∘] 𝜙0 [∘] 𝜙̇0 [∘/s] Δ𝜃 [∘]

5 30 0 0 -10 -100 5
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θ = - Δθ

Case 1:

Case 2:Case 2:
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mc
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Legend:

Figure 5.4: Phase portrait of the damping control scheme detailing the control cases per quadrant.

5.4.3. Damping control results
Figure 5.5a presents the relevant time traces of the controlled motion juxtaposed with the
uncontrolled (Δ𝜃 = 𝐾𝑚2 = 0) and linearlydamped (Δ𝜃 = 0∘ and𝐾𝑚2 = 𝑐𝑑𝜙̇with 𝑐𝑑 = 0.4Nmms/∘)
responses. The controller shows a high level of performance with respect to the attenua-
tion of the rotation angle𝜙 and the angular velocity 𝜙̇. The presence of nonlinear damping
in the controlled response of the system is apparent from the linear decay of oscillations
compared to the exponential decay of the linearly damped response. The linear envelope
confirms the presence of Coulomb friction in the system [90].

In the time series of the power (𝑃 = 𝑇𝜙̇) shown in Figure 5.5a, kinetic energy is both ex-
tracted and added to the system, which is attributed to the spring-like force introduced to
the system by the additional stiffness terms. It is noted that the extraction of energy solely
arises from fluctuations in the sign of Δ𝜃, which manifest as small-amplitude disconti-
nuities present in the peaks of the torque 𝑇. Furthermore, the contribution of magnetic
interaction to the stiffness is evident in the change of the natural frequency of the system
when comparing the uncontrolled and controlled response. Finally, the magnetic torque
required for control is of low amplitude and, as expected, opposes rotation.

The dissipation of motion is explicitly depicted in Figure 5.5b, where the phase por-
trait of the controlled response and the different control cases are illustrated as an inward-
spiralling path, contrasting the circular trajectory of the equivalent uncontrolled free vi-
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bration. This spiral pattern signifies the presence of damping in the system. Notably, the
system states effectively converge to the equilibrium position, 𝜙 = 0∘ with a small steady-
state error of 𝑒 ≈ 0.4∘. For reference, a linearly damped response with a similar decay rate
further illustrates the nonlinear nature of the magnetically induced damping.

(a)

(b)

Figure 5.5: Damping control system’s response: (a) Times series of the rotation𝜙 and the angular velocity 𝜙̇ of the
ring, the actuation torque 𝑇, the orientation 𝜃, and the power of themagnetic interaction 𝑃, (b) Phase portrait of
the system’s response in the damping control mode.



5.5. Active rotation control

5

75

5.5. Active rotation control
Active rotation control is defined as the imposition of a desired constant angle 𝜙𝑒 of the
ring while attenuating the transient response of the system to a set of initial conditions.
The desired constant angular position does not coincide with the system’s static equilib-
rium. Thismode combines the damping control with active equilibriummanipulation. In
real installations, sucha controllerwouldbe advantageous for component connections that
require high precision, such as the bolted flanged connections between the tower and the
monopile of an offshore wind power generator.

5.5.1. Analysis of the linearizedEOMaround thedesired equilibrium
A similar control strategy to the damping control can be applied to this control mode, pro-
vided that the following transformation is applied:

𝜙 = 𝜙̄ + 𝜙𝑒, (5.24)

where 𝜙̄ represents the angular positionof thePMrelative to thedesired equilibrium frame
of reference, as depicted in Figure 5.6.

mc

y

x

ϕ=0

ϕ
ϕ ϕ=ϕe

Figure 5.6: Definition of the global 𝜙 and relative 𝜙̄ angle of rotation.

Substituting Equation (5.24) into the magnetic potential energy𝑊𝑚 Equation (5.10a)
and expanding the subsequent trigonometric terms of 𝜙 up to the second order around
the relative equilibrium 𝜙̄ = 0∘, under the assumptions that 𝜙𝑒 is small, yields

𝐼𝑧 ̈𝜙̄ + (2𝐾𝑚1 + Δ𝐾𝑚1 + 𝑘𝑠)𝜙̄ + (𝐾𝑚2 + Δ𝐾𝑚2 ) = 0, (5.25)

where 𝐾𝑚1 and 𝐾𝑚2 are given by Equations (5.14a) and (5.14b) respectively, while

Δ𝐾𝑚1 = −
𝜇0𝑀𝑐𝑀𝑓

4𝜋𝑑6 𝜙𝑒 (45𝑅3 + 63𝑅2𝑑 + 21𝑅𝑑2 + 𝑑3) sin(𝜃), (5.26a)

Δ𝐾𝑚2 = +
𝜇0𝑀𝑐𝑀𝑓

4𝜋𝑑5 𝜙𝑒 (12𝑅2 + 12𝑅𝑑 + 2𝑑2) cos(𝜃) = 2𝐾𝑚1𝜙𝑒. (5.26b)
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To impose anewequilibrium that differs from the inherent equilibriumof the systemwith-
out the magnetic interaction, an additional contribution to the magnetic and spring stiff-
ness is introduced denoted as Δ𝐾𝑚1 . According to Equation (5.26a), Δ𝐾𝑚1 acts as a positive
contribution to the stiffness, as 𝜙𝑒 and the respective 𝜃𝑒 of rotation of the field of the elec-
tromagnet have opposite directions. This overall positive additional stiffness prevents the
introduction of instability to the dynamical system. Similar to the damping control pre-
sented in Section 5.4.2, a dissipative force is introduced to the system through the state-
dependent term 𝐾𝑚2 + Δ𝐾𝑚2 . Note that both additional terms introduced are explicitly de-
pendent on 𝜙𝑒 (Equation (5.26)).

Substituting the equilibrium position 𝜙𝑒 (Equation (5.16)) as derived by the linearized
EOM into Equation (5.26b) yields

Δ𝐾𝑚2 = −
2𝐾𝑚1𝐾𝑚2
2𝐾𝑚1 + 𝑘𝑠

. (5.27)

Thus, according to the analysis of the linearised EOMand potential, the state-independent
term Δ𝐾𝑚2 is present only when 𝑘𝑠 > 0.

5.5.2. Control strategy
Similar to the damping control, the angle of rotation of the electromagnetic field 𝜃 serves
as the control variable and it follows the rule:

𝜃 = 𝜃𝑒 + Δ𝜃 sgn (𝜙̇), (5.28)

where 𝜃𝑒 corresponds to the orientation angle required to impose the new desired equilib-
rium. This value is determined by solving Equation (5.19) for the desired𝜙𝑒 and the param-
eters of the system.

Provided that the desired angle of rotation of the ring does not coincide with the static
equilibrium of the system, the methodology outlined in Section 5.3 becomes instrumen-
tal. Here, for the initial angle of the EM holds: 𝜃 = 𝜃𝑒 ≠ 0∘. The specific value of 𝜃𝑒 is
determined by evaluating Equation (5.19) with the prescribed distance 𝑑 and desired new
equilibrium angle 𝜙𝑒. The dynamical system’s parameters for the active control mode are
given in Table 5.3.

This control mode consists of two separate actions: the imposition of the new desired
equilibrium position and the attenuation of the system’s response to the initial conditions.
The torque generated by the rotatingmagnetic field of the actuator consists of a static com-
ponent due to the constant desired angle 𝜃𝑒 and the additional contribution arising from
themodification of this angleΔ𝜃. The controller is required to extract (𝑃 < 0) or add (𝑃 > 0)
energy as necessary to stabilize the system at the chosen new equilibrium position. There-
fore, the controller can choose to act according to predefined cases for each time step de-
pending on the error from the desired angular position (𝑒 = 𝜙𝑒 − 𝜙 = −𝜙̄). include:
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• Case 0: No action taken (𝑀𝑓,𝜃 = 𝜃𝑒), when the controlwas successful and the attenu-
ated response is within certain acceptable amplitude bounds (𝑒 < 1.5∘ and 𝑒̇ < 150∘/𝑠),
and

• Case 1: Positive EM rotation Δ𝜃 (𝑀𝑓, 𝜃𝑒 + Δ𝜃), or

• Case 2: Negative EM rotation Δ𝜃 (𝑀𝑓, 𝜃𝑒 − Δ𝜃).

Figure 5.7 illustrates the active control strategy scheme adopted based on the afore-
mentioned cases and the phase-space quadrants, ensuring the condition: 𝜙 ≈ 𝜙𝑒. The
controller generates a torque opposite to the system’s rotation when the PM deviates from
the desired reference angle, with the intention of restoring it to the new equilibrium. The
nonlinear EOM is solved through the Euler forward numerical integrationwith a time step
equal to Δ𝑡 = 2 × 10−5 s which corresponds to a control frequency 𝑓𝑠 = 50 kHz.

Table 5.3: System parameters for active control mode.

𝑀𝑓𝑀𝑐 [A2m4] 𝑑 [mm] 𝜙𝑒 [∘] 𝜃𝑒 [∘] 𝜙0 [∘] 𝜙̇0 [∘/s] Δ𝜃 [∘]

50 30 20 -78.3 -10 -100 5
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Mf  = Mf0
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Legend:

Figure 5.7: Phase portrait of the active control scheme detailing the control cases per quadrant.

5.5.3. Active rotational control results
The time traces of the controlled motion are presented in Figure 5.8a. The controller suc-
cessfully imposes the new equilibrium with minimal residual error from the desired ref-
erence. Moreover, a satisfactory level of motion attenuation is achieved, as evidenced by
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the rotation angle 𝜙 and angular velocity 𝜙̇ time series, exhibiting the characteristic linear
decay indicative of a Coulomb friction dissipative force being present. The efficiency of the
nonlinear magnetically-imposed damping becomes evident when compared with the lin-
early damped response of similar decay rate (𝜃 = 𝜃𝑒 and𝐾𝑚2 = 𝑐𝑑𝜙̇with 𝑐𝑑 = 0.4Nmms/∘).

(a)

(b)

Figure 5.8: Active control system’s response: (a) Times series of the rotation 𝜙 and the angular velocity 𝜙̇ of the
ring, the actuation torque 𝑇, the rotation 𝜃, and the power of themagnetic interaction 𝑃, (b) Phase portrait of the
system’s response in the active control mode.
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The power 𝑃 plot in Figure 5.8a shows that energy is added and subtracted through-
out the simulation, with the slight dominance of negative cycles within the power time
signature validating the additional dissipation needed to eliminate the influence of the ini-
tial conditions. The nonlinear response of the SDOF system is also observed in the uncon-
trolled case, particularly in terms of the angular position 𝜙, attributed to the interaction
of the system with the static component of the EM field. When the electromagnet is acti-
vated in static mode (namely in the uncontrolled case: 𝑀𝑓 = 𝑀𝑓0 , 𝐾𝑚2 = 0, and 𝜃 = 𝜃𝑒), it
establishes the new equilibrium of the system through a nonlinear adjustment of stiffness,
leading to oscillations around 𝜙𝑒.

The phase portrait of the actively controlled response of the system is presented in Fig-
ure 5.8b. The shape of trajectories is indicative of a dissipative system. It is evident that the
damped oscillations of the system converge to the new stable equilibrium with the small
error of 𝑒 ≈ 0.8∘. The nonlinear nature of the static field constantly exerted by the actuator
is responsible for the distorted shape of the uncontrolled phase portrait closed loop, which
would be circular in the absence of this magnetic interaction.

As anticipated, the control’s performance depends highly on the properties of the two
magnets and their separation distance. Therefore, an informed choice of𝑀𝑓𝑀𝑐 and 𝑑 can
improve the controlled response of the system. In Figure 5.9a, different magnet strengths
𝑀𝑓 (or equivalently different ratios 𝑘𝑠/𝐾𝑚1 ) are demonstrated for the samedistance, desired
reference and initial conditions. Increasing the strength of the electromagnet reduces the
duration of the transient response (the time interval between the initiation of the simula-
tion and the convergence to the desired angle). Moreover, the steady-state error 𝑒 from the
desired angle of rotation 𝜙𝑒 is reduced by increasing𝑀𝑓. It is noted that for 𝑘𝑠/𝐾𝑚1 > 2
(Equation (5.17)), the response is primarily governed by the linear spring, with only a mi-
nor shift in the frequency and equilibriumposition compared to theuncontrolled response,
where only the linear spring is active.

Similar conclusions can be drawn when varying the separation distance 𝑑, while the
strength and initial conditions are kept constant (Figure 5.9b). Decreasing the separation
distance 𝑑 results in a response with a steeper decay rate. However, due to the non pro-
portional relation of the distance to the ratio 𝑘𝑠/𝐾𝑚1 , it is imperative to consider upper
and lower bounds for the separation distance according to transient behaviour and safety
specifications. For instance, a separation distance 𝑑 = 20mm despite exhibiting the low-
est steady-state error from the desired resting position, the response is dominated by the
strong magnetic forces, resulting in large rotational angles during the transient response
before the system eventually yields to the dissipative forces.

Equally important for the control efficiency is the size of the fluctuation step Δ𝜃 of the
control variable 𝜃. Figure 5.9c illustrates the controlled responses of the system for various
adjustments of the external magnetic field orientation angle while maintaining the same
dipole-to-dipole interaction strength. The effectiveness of the control (demonstrated by a
good level of motion attenuation with a short transient) is directly proportional to Δ𝜃.
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In Figure 5.9d, the controlled response of the system is depicted for both the presence
(𝑘𝑠 ≠ 0) and absence (𝑘𝑠 = 0) of the spring. Despite the restriction that arises from the anal-
ysis of the linearized equations (Equation (5.27)), the control algorithm effectively imposes
the new desired equilibrium. It is important to note that although the control strategy is
deduced and designed through the analysis of the linearized analytical equations, the nu-
merical simulations consider the full nonlinear system. The nonlinearity of the system is
crucial for the efficiency of the control, allowing it to be effective for higher 𝜙𝑒 and inde-
pendent of the spring when the magnetic interaction is strong enough to impose the new
equilibrium.

(a) (b)

(c) (d)

Figure 5.9: Comparison of the controlled response of the system for the same initial conditions and varied: (a)
magnetic strength𝑀𝑓 with a constant 𝑑 = 30mm, (b) separation distances 𝑑 with a constant𝑀𝑓 = 50Am

2, (c) 𝑑
with a constant𝑀𝑓 = 50Am2, and (d) spring stiffness 𝑘𝑠 with a constant𝑀𝑓 = 50Am

2.
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5.6. Active torsional vibration control
Provided the successful imposition of a different equilibrium point than the intrinsic, an
additional control mode can be explored to fully exploit the relationship between the exter-
nal field orientation and stable equilibrium 𝜙𝑒. This mode involves controlling rotation by
selecting a desired trajectory for the cylinder’s angular position 𝜙. Such time-varied mo-
tion has practical applications in another critical stage of turbine installation: monopile
installation.

Recently, an innovative vibratory installation technique for tubular piles is introduced,
Gentle Driving of Piles (GDP). It is characterized by the simultaneous application of low-
frequency axial vibrations and high-frequency torsional vibrations, designed to improve
the installationefficiencywhile reducingunderwaternoise emissions [127]. In thismethod,
axial pile penetration is achieved through vibrations applied at the pile head, utilising a
novel pile-driving apparatus.

5.6.1. Analysis of the linearizedEOMfor adesiredmotionpattern
In this section, the ability of the controller tomagnetically induce high-frequency torsional
motion is examined. The desired motion is described by a harmonic oscillatory signal,
which reads

𝜙𝑒 = 𝐴 sin (𝜔𝑡), (5.29)

where 𝐴 and 𝜔 represent the amplitude and frequency of the desired torsional vibration,
respectively. Themotion of the controlled system is given by Equation (5.20), as previously
derived.

In order to achieve effective control, the response of the system during steady-state
should be approximately equal to the desired trajectory, namely 𝜙 ≈ 𝜙𝑒 = 𝐴 sin (𝜔𝑡). Sub-
stituting this condition into the equation of motion yields

𝐼𝑧𝜙̈𝑒 + (2𝐾𝑚1 + 𝑘𝑠)𝜙𝑒 + 𝐾𝑚2 = 0, (5.30)

with the coefficients 𝐾𝑚1 and 𝐾𝑚2 defined by Equations (5.14a) and (5.14b).
Similarly to the active rotation control scheme, the control rule for the orientation of

the external magnetic field 𝜃 is formulated as

𝜃 = 𝜃𝑒 + Δ𝜃 sgn (𝜙̇𝑒), (5.31)

where 𝜃𝑒 is predicted by Equation (5.19) for the desired equilibrium angle 𝜙𝑒 and is given
by

𝜃𝑒 =
1
𝐵 tanh 􏿶

𝜙𝑒
𝐴 􏿹. (5.32)
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Substituting Equation (5.32) and the coefficients 𝐾𝑚1 and 𝐾𝑚2 into the equation of mo-
tion (Equation (5.30)), an expression for the dipole strength product𝑀𝑓𝑀𝑐 is obtained:

𝑀𝑓𝑀𝑐 =
4𝜋𝑑5
𝜇0

𝐴 sin (𝜔𝑡) 􏿴𝐼𝑧𝜔2 − 𝑘𝑠􏿷

2𝑅1𝐴 sin (𝜔𝑡) cos 􏿵−
2𝐴𝑅1
𝑅2

􏿸 + 𝑅2 sin 􏿵−
2𝐴𝑅1
𝑅2

􏿸
, (5.33)

with 𝑅1 = 6𝑅2 + 6𝑅𝑑 + 𝑑2 and 𝑅2 = 3𝑅𝑑 + 𝑑2.
Assuming time moments 𝑡 = 𝑛𝑇/2 = 𝑛𝜋/𝜔 with 𝑛 ∈ 𝒵, the maximum combined

strength required to achieve the desired torsional vibration is obtained. Figure 5.10a plots
𝑀𝑓𝑀𝑐 over a wide range of excitation frequencies and varying separation distances be-
tween the interacting magnets. The magnetic strength depends nonlinearly on 𝑑 and 𝑓
(where 𝑓 = 𝜔/2𝜋), with higher frequencies and larger distances requiring stronger mag-
netic fields to maintain effective control in the steady-state regime. Different conclusions
arise when comparing the strength product 𝑀𝑓𝑀𝑐 across frequencies for varying ampli-
tudesof thedesired torsionalmotion; higheramplitudes (𝐴) require strongerdipole strengths
for effective control. It should be noted that for the local minima observed, the desired
vibration frequency 𝑓 coincides with the natural frequency of the free and uncontrolled
system 𝑓𝑛 (Table 5.1).

(a) (b)

Figure5.10:Magneticdipole strength for efficient torsional vibrations control for a rangeof excitation frequencies
𝑓 with: (a) different distance between the magnets 𝑑 and 𝐴 = 5∘, (b) different amplitudes of desired rotation 𝐴
and 𝑑 = 30mm.

5.6.2. Active torsional vibration control results
The parameters of the controlled system studied in this section are listed in Table 5.4. The
strength of the two interactingmagnetic dipoles is deduced from Figure 5.10. The time se-
ries of the angular displacement of the rotating ring 𝜙 for different separation distances
is shown in Figure 5.11a. The controller successfully imposes harmonic motion in terms
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of amplitude, phase, and frequency, compared to the system’s free response. As expected,
the controlled response consists of a brief transient followed by a steady-state component.
The error and the duration of the transient depend on the distance 𝑑, with smaller dis-
tances yielding shorter transients and lower errors. Although the control is efficient for
𝑑 < 40mm, optimizing the distance between the magnets can minimize power consump-
tion𝑃, as shorter distances generate higher interaction torques and power during the tran-
sient response. Similar insights are drawn from the analysis of translational control in the
previous chapter.

Table 5.4: System parameters for the controlled vibrations mode.

𝑀𝑓𝑀𝑐 [A2m4] 𝑑 [mm] 𝐴 [∘] 𝑓 [Hz] 𝜙0 [∘] 𝜙̇0 [∘/s] Δ𝜃 [∘]

500 [20, 30, 40] 5 50 -10 -100 5

The control performance is further demonstrated by the divergence of the controlled
response ellipses from the desired motion pattern (dotted line) in the phase portrait in
Figure 5.11b. The uncontrolled response of the system, in the absence of the magnetic in-
teraction, is illustrated by the dashed line, whereas the controlled response is presented
by the continuous lines. The best fit to the desired motion occurs at the shortest sepa-
ration distance 𝑑. Furthermore, the performance of the controller for the different dis-
tances 𝑑 confirms the prediction of Figure 5.10a for the selected magnetic dipole strength
𝑀𝑓𝑀𝑐 = 500A2m4.
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(a)

(b)

Figure 5.11: Torsional controlled vibrations system’s response: (a) Times series of the rotation 𝜙 and the angular
velocity 𝜙̇ of the ring, the actuation torque 𝑇, the orientation 𝜃, and the power of the magnetic interaction 𝑃, (b)
Phase portrait of the system’s response in the torsional vibration control mode.
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5.7. Conclusions
Thischapterhas treated thedevelopmentof aproof-of-concept contactless rotation control
technique for cylindrical structures rotating around their longitudinal axis, with a specific
focus on a potential application in offshore wind turbine installations.

The proposed controller exploits magnetic interaction between two magnets: one per-
manent magnet mounted on the structure and an electromagnetic actuator, with the con-
trol variable being the orientation of themagnetic dipole of the latter. Bymanipulating the
magnetic field in this way, fundamental characteristics of the system, including the natu-
ral frequency and the stable equilibrium position, can be modified. Even though the con-
trol strategy is designed by analysing the linearized controlled system, it demonstrates effi-
ciency in controlling the full nonlinear systemsolvedusing anumerical simulationmethod.

High controllability is exhibited in the control modes studied. The first control mode
attenuates the rotational motion of the system by fluctuating the orientation of the exter-
nal magnetic field, effectively generating a dissipative torque to the system. This energy
dissipation is introduced through amagnetically-imposed term resembling Coulomb fric-
tion. The second control mode imposes a new stable equilibrium position to the system,
combining attenuationwith active control of the rotation. The third controlmode expands
on the active control imposing a time-variant desired torsional vibration to the cylinder.
A small residual error from the reference and a swift transient response is reported in the
active control results. The control performance depends on an informed selection of the
separation distance, the fluctuation step of the dipole orientation and the ratio between
the stiffness of the magnetic interaction and the linear spring.

Following the successful control of two critical vibrational modes, each addressed in-
dividually in the previous two chapters, it is now imperative to investigate their combined
control design. This involves analysing the complexities and implications arising from the
coupling of these two degrees of freedom within the dynamics of a suspended cylinder by
a floating crane. This will be a matter of discussion in the upcoming chapter.





6
Magnetic control of coupled

translational & torsional motions
of suspended loads

Following the independent validation of the two most critical vibrational modes of a sus-pended load, thedynamicsof simultaneouscontrol are examined. Thesevibrationalmodes,
translational and torsional, dominate the dynamical response of the payload during the
floating offshore turbine deployment and significantly impact the assembly accuracy.

To investigate this, the lab-scale pendulum analogue (discussed in Chapter 4) is aug-
mented with a cylindrical mass that is free to rotate around its shaft (longitudinal axis), in
a similar manner as the system studied in the previous chapter. The new configuration
is analysed through numerical simulations, exploring the controllability of a two-degree-
of-freedom dynamical system. The design approach for controlling translational and tor-
sional motion adheres to the methodologies detailed in previous chapters.

This chapter first introduces the dynamical system, emphasizing the magnetic cou-
pling, then presents the control design with a focus on stability requirements. Finally, the
controlled response of the system is demonstrated for selected initial conditions and exter-
nal disturbances. Special attention is given to the efficiency of the combined control and
its impact on the system’s dynamical behaviour, including the nonlinear coupling effects
frommagnetic interactions.

Part of this chapter has been published in:
P. Atzampou, P. C. Meijers, A. Tsouvalas, and A. V. Metrikine, “Motion control of suspended loads via magnetic
interaction,” in Nonlinear Systems - Practical Applications and Contemporary Challenges, (soon to be published), Inte-
chOpen, 2025
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6.1. Governingequationsofacontrolledplanartorsionalmagnetic
pendulum

Thefundamentals of the concurrent control are studiedusinganelementary coupledmodel,
as illustrated in Figure 6.1. The dimensions and properties of the system are given by Ta-
ble 5.1 (Chapter 5), for a pendulum arm of ℓ = 1m. In principal, the set-up integrates the
two SDOF systems reported in previous chapters. The control design requires the action
of two separate electromagnetic actuators: one controlling the rotation of the mass in xz-
plane (translation) and the other in xy-plane (torsional rotation). In the real practical appli-
cation, the suspended mass is an elongated cylindrical structure (e.g., an OWT monopile
foundation). Such geometry allows for an advantageous placement of contactless control
points on different heights along its length on one side of the load, ideally on the float-
ing vessel’s deck. For simplicity, in this preliminary study of the combined control, two
permanent magnets are attached to opposite sides of the cylindrical mass, represented by
magnetic dipoles.
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Figure 6.1: Schematic of the pendulum set-up for the combined control of its translational and torsional degree
of freedom.

The placement of the dipoles, depicted in Figure 6.1, may be favourable for the visual
representation of the point mass problem. However, this arrangement infers potential in-
teractions between themagnetic fields of themounted dipoles or direct interference from
one actuator affecting the field of the other as experienced by the targeted fixed magnet.
Nevertheless, these effects are neglected in the current analysis, as such interactionswould
not occur in practical applications, due to adequate separation distance between the con-
trol points and respective actuators (along the structure’s z-axis).

The first step in deriving the equations of motion for the dynamical system involves
analytically expressing the position of the suspendedmass concerning the three spatial co-
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ordinates. The position vector of the mass (𝑃⃗𝐺) with respect to the global reference system
is given by

𝑃⃗𝐺 = 𝑃⃗ + ℎ⃗ =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

ℓ sin (𝜓)
0

ℓ cos (𝜓)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
+

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

ℎ
0
0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
, (6.1)

where 𝑃⃗ represents the coordinates of the centre of gravity (COG) of the cylindrical load
in the local reference system xyz. Note that the suspended load is adequately small to be
considered a point mass in the derivations. The motion of the pivot is described by ℎ =
𝐴ℎ sin (Ω𝑡).

The coordinates of themagnetsmounted on themass are denoted as 𝑃⃗𝑐𝑡 and 𝑃⃗𝑐𝑓 for the
translational and the torsional control, respectively, and are expressed as

𝑃⃗𝑐𝑡 = 𝑃⃗𝐺 −

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

𝑅 cos (𝜙)
𝑅 sin (𝜙)

0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
and 𝑃⃗𝑐𝑓 = 𝑃⃗𝐺 +

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

𝑅 cos (𝜙)
𝑅 sin (𝜙)

0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
. (6.2)

Twoelectromagnetic actuators are placed at afixeddistance on either side of the load, 𝑑𝑡 for
the translational and 𝑑𝑓 for the torsional controller. The position vectors of the actuators
𝑃⃗𝑡 and 𝑃⃗𝑓 are

𝑃⃗𝑡 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

−𝑅 − 𝑑𝑡
0
ℓ

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
and 𝑃⃗𝑓 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

𝑅 + 𝑑𝑓
0
ℓ

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
, (6.3)

while they describe the coordinates of the translational and torsional actuators, respec-
tively.

The kinetic (𝒦) and potential (𝒰) energy of the dynamical system are given by

𝒦 =
1
2
𝑀||⃗̇𝑃𝐺||2 +

1
2
𝐼𝑧𝜙̇2, (6.4a)

𝒰 =𝑊𝑚 +𝑀𝑔􏿴ℓ − 𝑘⃗ ⋅ 𝑃⃗𝐺􏿷 +
1
2
𝑘𝑠𝜙2, (6.4b)

with the 𝑘⃗ representing the unit vector in the vertical direction (z-axis), 𝐼𝑧 the moment of
inertia of the mass around the z-axis, and 𝑘𝑠 being analogous to the stiffness provided by
the suspension cable and experienced by the mass rotating in this direction.

In Equation (6.4b),𝑊𝑚 is the contribution of the pairs of interacting magnetic dipoles
to the potential energy of the system𝒰 and is equal to

𝑊𝑚 = −􏾜𝑚⃗𝑐𝑛 ⋅ 𝐵⃗𝑛, (6.5)

in which 𝐵⃗𝑛 is the magnetic field exerted by the EM (𝑚⃗𝑛) to the location of the respective
PM on the cylindrical point mass (𝑚⃗𝑐𝑛), where the general subscript notation 𝑛 is either 𝑡
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for the translational or 𝑓 for the torsional control. Themagnetic field vector 𝐵⃗𝑛 reads

𝐵⃗𝑛 = −
𝜇0
4𝜋∇⃗

𝑚⃗𝑛 ⋅ 𝑠⃗𝑛
𝑠3𝑛

. (6.6)

The vector representing the separation distance between the two dipoles is denoted as 𝑠⃗𝑛
(Figure 6.1b). Themagnitude of 𝑠𝑛 is calculated by the following norm:

𝑠𝑛 = ||𝑃⃗𝑛 − 𝑃⃗𝑐𝑛||. (6.7)

Referring to Figure 6.1b, the vectors representing the four magnetic dipole moments are
given by

𝑚⃗𝑡 =𝑀𝑡

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

1
0
0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
and 𝑚⃗𝑐𝑡 = −𝑀𝑐𝑡

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

cos (𝜙)
sin (𝜙)
0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
for the translational control, and (6.8)

𝑚⃗𝑓 =𝑀𝑓

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

cos (𝜃)
sin (𝜃)
0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
and 𝑚⃗𝑐𝑓 =𝑀𝑐𝑓

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

cos (𝜙)
sin (𝜙)
0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
for the torsional control, (6.9)

where 𝜃 is the orientation angle of the torsional actuator’s magnetic field.
Similarly to Equation (5.10a), the magnetic potential energy 𝑊𝑚, once evaluated, re-

sults in a nonlinear trigonometric expression. In order to analyse the dynamics of the cou-
pling, the trigonometric terms of𝜙 and𝜓 are replaced by their corresponding Taylor series
expansions up to the second order around the equilibrium points 𝜙 = 𝜓 = 0∘. The contri-
bution from the magnetic interaction can then be concisely rewritten as:

𝑊𝑚 = −𝐾𝑚1 𝜓 + 𝐾𝑚2 𝜙 + 𝐾𝑚3 𝜓2 + 𝐾𝑚4 𝜙2 + 𝐾𝑚5 𝜓𝜙 + 𝐶, (6.10)

with the coefficients:

𝐾𝑚1 = 3ℓ 􏿶
𝑀𝑐𝑡𝑀𝑡𝜇0
2𝜋(𝑑𝑡 + ℎ)4

+
𝑀𝑐𝑓𝑀𝑓𝜇0
2𝜋(𝑑𝑓 − ℎ)4

cos (𝜃)􏿹 (6.11a)

𝐾𝑚2 =
𝑀𝑐𝑓𝑀𝑓𝜇0
4𝜋(𝑑𝑓 − ℎ)4

(3𝑅 + 𝑑𝑓 − ℎ) sin (𝜃) (6.11b)

𝐾𝑚3 = 3ℓ2 􏿶
𝑀𝑐𝑡𝑀𝑡𝜇0
𝜋(𝑑𝑡 + ℎ)5

−
𝑀𝑐𝑓𝑀𝑓𝜇0
𝜋(𝑑𝑓 − ℎ)5

cos (𝜃)􏿹 (6.11c)

𝐾𝑚4 =
𝑀𝑐𝑓𝑀𝑓𝜇0
4𝜋(𝑑𝑓 − ℎ)5

􏿴(𝑑𝑓 − ℎ)2 + 6𝑅2 + 6𝑅𝑑𝑓 − 6𝑅ℎ􏿷 cos (𝜃) −
𝑀𝑐𝑡𝑀𝑡𝜇0
4𝜋(𝑑𝑡 + ℎ)4

(3𝑅 + 𝑑𝑡 + ℎ) (6.11d)

𝐾𝑚5 = 3ℓ 􏿶
𝑀𝑐𝑓𝑀𝑓𝜇0
4𝜋(𝑑𝑓 − ℎ)5

(4𝑅 + 𝑑𝑓 − ℎ) sin (𝜃)􏿹 (6.11e)
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𝐶 = −
𝑀𝑐𝑓𝑀𝑓𝜇0
2𝜋(𝑑𝑓 − ℎ)3

cos (𝜃) + 𝑀𝑐𝑡𝑀𝑡𝜇0
2𝜋(𝑑𝑡 + ℎ)3

. (6.11f )

The Lagrangian (ℒ) of the system is formulated as

d
d𝑡 􏿶

𝜕ℒ
𝜕⃗̇𝑞 􏿹

− 𝜕ℒ𝜕𝑞⃗ = 0 withℒ = 𝒦 −𝒰 and 𝑞⃗ = 􏿮𝜓,𝜙􏿱
T
, (6.12)

in which 𝑞⃗ describes the vector of the two unknown states of the system. Evaluating Equa-
tion (6.12) using the expression fromEquation (6.10), yields the following equations ofmo-
tion:

𝑀ℓ2𝜓̈ +𝑀𝑔ℓ𝜓 = −𝑀ℎ̈ℓ + 𝑇𝑡 (6.13a)

𝐼𝑧𝜙̈ + 𝑘𝑠𝜙 = 𝑇𝑓, (6.13b)

where the external magnetic torques are equal to

𝑇𝑡 = −
𝜕𝑊𝑚
𝜕𝜓 = +𝐾𝑚1 − 2𝐾𝑚3𝜓 − 𝐾𝑚5𝜙 (6.14a)

𝑇𝑓 = −
𝜕𝑊𝑚
𝜕𝜙 = −𝐾𝑚2 − 2𝐾𝑚4𝜙 − 𝐾𝑚5𝜓. (6.14b)

Themagnetic interactioncouples the twodegreesof freedom𝜓and𝜙, through thecoupling
term 𝐾𝑚5 in the magnetic potential energy contribution (Equation (6.10)). Specifically, the
external torques introduce magnetically induced stiffness-like terms, which interconnect
the equations of motion through the stiffness matrix. Consequently, Equation (6.13) can
be reformulated intomatrix form to emphasize the contributions induced by themagnetic
interaction as follows:

M ⃗̈𝑞 + K 𝑞⃗ = 𝑇, (6.15a)
⎡
⎢⎢⎢⎣
𝑀ℓ2 0
0 𝐼𝑧

⎤
⎥⎥⎥⎦
⎡
⎢⎢⎢⎣
𝜓̈
𝜙̈

⎤
⎥⎥⎥⎦ +

⎡
⎢⎢⎢⎣
𝑀𝑔ℓ + 2𝐾𝑚3 𝐾𝑚5

𝐾𝑚5 𝑘𝑠 + 2𝐾𝑚4

⎤
⎥⎥⎥⎦
⎡
⎢⎢⎢⎣
𝜓
𝜙

⎤
⎥⎥⎥⎦ = −

⎡
⎢⎢⎢⎣
𝑀ℓℎ̈ − 𝐾𝑚1

𝐾𝑚2

⎤
⎥⎥⎥⎦ , (6.15b)

in which the bold charactersM andK denote the mass and stiffness matrices, respectively.
The coupling present in the off-diagonal elements of the stiffness matrix is attributed ex-
clusively to torsion, as 𝐾𝑚5 contains important parameters of the torsional control.

6.2. Control strategy
Following the control schemes introduced in Chapter 4 and Chapter 5 which addressed the
twoDOFs individually, translational vibrations are controlledbyadjusting the strengthand
polarity of the dipole𝑀𝑡, while the orientation of the magnetic field of𝑀𝑓 is employed to
control the torsional rotation of the point-mass cylinder. In Equation (6.15b), the terms
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𝐾𝑚1 and 𝐾𝑚2 serve as the controlled external forces acting on the system. The magnetic
strength of the translational controller is governed by a PD control equation, expressed as

𝑀𝑡 = 𝐾𝑝 𝑒 + 𝐾𝑑 𝑒̇, with 𝑒 = 𝜉 − ℓ𝜓 − ℎ, (6.16)

where the PD gains are constant values with 𝐾𝑝,𝐾𝑑 > 0 and 𝜉 represents the desired trans-
lational motion. The control rule for the torsional mode is defined by

𝜃 = 𝜃𝑒 + Δ𝜃 tanh (𝛽𝜙̇), withΔ𝜃 = const., (6.17)

where 𝜃𝑒 is the orientation angle that corresponds to the desired new equilibrium 𝜙𝑒, and
Δ𝜃 is the chosen fluctuation step for the total orientation 𝜃. Moreover, the parameter 𝛽
controls the steepness of the transition between the values around zero. As 𝛽 approaches
infinity, the control function converges to the standard sgn(..) function, while still provid-
ing a smooth and differentiable approximation.

6.3. Stability requirements
While the signs of the dipoles of the torsional control and the mounted dipole 𝑀𝑐𝑡 are
known and taken into account in the derivations, 𝑀𝑡 is subject to an alternating polar-
ity dictated by the error (𝑒) and the error’s rate of change (𝑒̇). Moreover, the strength is a
controlled variable and, as numerically described in Equation (6.16), introduces additional
stiffness (through the 𝐾𝑝𝜓) and damping (𝐾𝑑𝜓̇) terms to the system. Therefore, it is diffi-
cult to deduce one concise rule for the stability of the system in terms of stiffness due to
the presence of time-varying functions in the stiffness coefficient in Equation (6.15b).

To ensure a stable response, a condition concerning themagnetic strength of the trans-
lational actuator must be satisfied. This condition directly affects the stability of the con-
trolled dynamical system. Instability is undesirable as it results in an increasing amplitude
of the response, which, within the proposed control scheme, can reduce the separation dis-
tance between the magnets. Such a reduction could potentially lead to the ”failure” of the
control, as one of the pairs of magnetic dipoles may yield to the attracting forces and stick
to each other.

To assess the stability of the system, the natural frequencies 𝜔𝑛 need to be calculated.
These frequencies are determined by solving the eigenvalue problem [129]. The character-
istic equation is given as

det 􏿴K − 𝜔2𝑛M􏿷 = 0, (6.18)

in whichK andM are the stiffness andmass matrices as defined in Equation (6.15b). Non-
trivial, real, and positive roots of𝜔2𝑛 correspond to the squared natural frequencies of a sta-
ble system. However, if at least one𝜔𝑛 has a positive imaginary part, or equivalently if𝜔2𝑛 <
0, the system falls within the unstable regime. For reference, the natural frequencies of the
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uncontrolled system, derived from themodal analysis, are equal to: 𝜔𝑛 = [3.13, 26.38] rad/s,
which correspond approximately to 𝑓𝑛 ≈ [0.50, 4.20] Hz.

For equal separation distances 𝑑𝑡 = 𝑑𝑓, a desired stable equilibrium 𝜙𝑒 = 0∘, and equal
magnetic dipole strengths𝑀𝑓 = 𝑀𝑐𝑓 = 𝑀𝑐𝑡, the natural frequencies 𝜔2𝑛 are plotted against
different magnetic strength ratios𝑀𝑡/𝑀𝑓 in Figure 6.2. Since the desired equilibrium po-
sition for the rotation around the z-axis alignswith the intrinsic equilibriumof the system,
the corresponding orientation becomes 𝜃𝑒 = 0∘. Furthermore, the fluctuation angle Δ𝜃 is
an apriori selected small angle (as per the control rule presented inEquation (6.17)). Thus, it
is reasonable to assume cos (𝜃) ≈ 1 and sin (𝜃) ≈ 𝜃. Now, the only time-varying variable of
the system is the pivot point motion. Therefore, it is important to examine the changes in
the natural frequencies derived for three distinct values of ℎ. For ℎ = 0, the system remains
stable for𝑀𝑡/𝑀𝑓 ≤ −1 (Figure 6.2a). However, the stability range broadens when the pivot
moves away from the torsional actuator (Figure 6.2c). Conversely, when the distance be-
tween the two translational dipoles increases (ℎ > 0, Figure 6.2b), the range shifts toward
lower ratios. In order to compensate for the attractive forces of the torsional dipoles and
the additional leverage of a smaller 𝑑𝑓, the translational actuator must increase its (abso-
lute) strength by over threefold to maintain a stable response.

The commondenominator in the Figure 6.2 is the fact the ratio remains negative across
all three amplitudes of suspension motion ℎ. This is a logical condition for the stability
of the system, since when 𝑀𝑡 is positive, the dipoles have opposite polarities, resulting
in repulsion. This configuration represents a potentially unstable state for the pendulum,
creating an unstable equilibrium for 𝜙 = 0∘ as shown in Figure 6.3a. In contrast, when
the controller’s dipole strength is negative, the dipoles align to produce attractive forces
on both sides. This configuration creates a stable state, characterized by a single global
potential well (Figure 6.3b).

Inspecting 𝐾𝑚1 as given by Equation (6.11a), two distinct torque actions are observed:
one direct, exerted by the translational controller, and another indirect, generated by the
horizontal componentsof theattractive forcebetween themagneticdipoles of the torsional
controller. For an effective controlled response, the translational controller should coun-
teract the additional torque (around the pivot point) induced by the torsional control. It is
important to note that the translational control torque does not directly influence the mo-
tion in the xy-plane, except for the excitation amplitude at the pivot, as outlined in Equa-
tion (6.11b).

Therefore, it is suspected that the time trace of𝑀𝑡 will have a non-zero average value,
let it be𝑀𝑡0 , around which the translational control variable will fluctuate with respect to
the error and suspensionmotion. The amplitude of𝑀𝑡0 arises from themain prerequisite
for the stability of the system, neutralising the torque generated by𝑀𝑓 in Equation (6.11a)
, which yields

𝐾𝑚1 = 0→
𝑀𝑡0
𝑀𝑓

= − cos (𝜃) (𝑑𝑡 + ℎ)
4

(𝑑𝑓 − ℎ)4
. (6.19)
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(a) For ℎ = 0 (b) For ℎ < 0

(c) For ℎ > 0

Figure 6.2: Equilibrium stability indicators for various relative strength ratios𝑀𝑡/𝑀𝑓 and different pivot point
motion amplitudes ℎ.

6.4. Controllability range
To ensure the efficiency of the torsional control and update the prediction formula for the
torsional control scheme, the equilibrium position 𝜙𝑒 is derived with relation to the exter-
nal dipole orientation 𝜃 and reads

𝜕𝑊𝑚
𝜕𝜙 = 0→ 𝜙𝑒 = −

𝐾𝑚5𝜓𝑑 + 𝐾𝑚2
𝑘𝑠 + 2𝐾𝑚4

. (6.20)

The equilibrium position of the rotating mass is now a function of various time-varying
parameters of the system, namely 𝜙𝑒 → 𝑓(𝜓𝑑, ℎ,𝜃𝑒), where 𝜓𝑑 is the desired angular dis-
placement of the suspendedmass. Thus, deriving a closed-formequation to aprioripredict
the suitable external orientation of the field of the torsional controller is no longer possible.
This calculation is incorporated into the numerical solver, resulting in a time-varying 𝜃𝑒(𝑡).
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(a) Repulsion: 𝑀𝑡𝑀𝑐𝑡 < 0 (b) Attraction: 𝑀𝑡𝑀𝑐𝑡 > 0

Figure 6.3: Normalized magnetic potential over its maximum value𝑊𝑚/𝑊𝑚𝑎𝑥 against 𝜙 for various angles 𝜃 and
𝜓 = ℎ = 0. Themagnetic dipoles are equal to𝑀𝑓 = −𝑀𝑐𝑡 =𝑀𝑐𝑓 > 0, with initial separation distances set as 𝑑𝑡 = 𝑑𝑓.

However, the relation of the desired equilibrium position 𝜙𝑒 to the external field orien-
tation 𝜃𝑒 defines the controllability range of the torsional rotational control. In order to
estimate the expected range, certain assumptions can be set. First, the translational con-
troller is successful in attenuating the motion of the pivot point, maintaining the position
of the suspended mass at 𝜓 = 𝜓𝑑 = 0 ∘ in xz-plane with regard to the global reference sys-
tem. Second, the strength of the translational actuator, even though a function of time, is
chosen to have a fixed value, namely to equate to𝑀𝑡 = 𝑀𝑡0 as derived in Equation (6.19).
The equilibrium position is governed by the magnetic interaction when:

𝑘𝑠/𝐾𝑚4 ≪ 2. (6.21)

Figure 6.4amaps the potential energywells𝑊𝑚(𝜙) for various orientations of the exter-
nal torsional actuator’s static magnetic field 𝜃, calculated by numerically solving the fully
nonlinear expression for𝑊𝑚. The deepest points of these wells are marked by the white
dotted line, indicating that the relation between the desired new equilibrium 𝜙𝑒 and the
angle 𝜃𝑒 is formed. This line corresponds to the case where the pivot point excitation ℎ is
set to zero.

The functiongivenbyEquation (5.19) canbefitted to these equilibriumpoints asplotted
in Figure 6.4b, defining a controllability range of −20∘ < 𝜙𝑒 < 20∘. However, when the
pivot point excitation varies over time, such as with a harmonicmotion ℎ = 𝐴ℎ sin (Ω𝑡), the
prediction curve shifts as the amplitude𝐴ℎ changes. Figure 6.4b displays the two extreme
values of the pivot point motion. When the suspension point moves closer to the torsional
actuator, controllability increases slightly. Conversely, when the pivot moves further away,
controllability decreases. Notably, the inclination of the curve for these boundary cases
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does not change proportionally, reflecting the nonlinear nature of magnetic interactions
with distance.

(a) (b)

Figure6.4: Estimation of the equilibrium𝜙𝑒 in presence of a staticmagnetic field for different orientations𝜃. The
magnetic dipoles are equal to𝑀𝑓 = −𝑀𝑐𝑡 =𝑀𝑐𝑓 > 0, assuming𝑀𝑡 = −𝑀𝑓, with initial separation distances set as
𝑑𝑡 = 𝑑𝑓.

Another condition that might interfere with both stability and controllability pertains
to saturation limits of the actuators, whichwere of importance in translational control pre-
sented in Chapter 4, but have not been considered in this chapter for simplicity.

6.5. Controlledresponseofamagneticpendulumtotranslational
and torsional vibrations

This section examines two distinct cases of controlled vibrations:

1. Disturbance rejection: Attenuation of the dynamic response of the pendulum transla-
tional and torsionalmotionswhile subjected to an external excitation of its pivot and
non-trivial initial conditions;

2. Desired translational motion & torsional motion attenuation: Imposition of a desired mo-
tion pattern to the suspendedmass𝑀 in 𝑥𝑧-plane and attenuation of torsional vibra-
tions in 𝑥𝑦-plane.

6.5.1. Disturbance rejectionof translational& torsional vibrations
Thefirst controlmode to be studied pertains to themotion attenuation of the translational
and torsional vibrations. Thedesiredpositionof the suspended load is chosen tobe𝜓 = 𝜙 =
0∘. The parameters of the controlled system are presented in Table 6.1.

An adaptive, variable-order solver for ordinary differential equations (ODEs), MAT-
LAB’s built-in solver ode113 is employed to handle the given coupled system. Unlike solvers
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Table 6.1: System parameters for the combined controlled vibrations.

𝑀𝑓𝑀𝑐𝑓 [A
2m4] 𝑀𝑐𝑡 [Am

2] 𝑑𝑓 [mm] 𝑑𝑡 [mm] 𝐴ℎ [mm] 𝑓ℎ [Hz] 𝜙0 [∘] 𝜙̇0 [∘/s]

5 -1 40 40 5 0.6 20 0

specificallydesigned for stiff equations, this solver reliesonacombinationofAdams-Bashforth-
Moulton and variable-order methods, allowing it to efficiently manage both non-stiff and
mildly stiff dynamics by adjusting step size and order automatically [130]. Due to the com-
plex coupling in the system and varying time scales across the degrees of freedom, ode113
provides a balance of stability and accuracy without requiring a fully stiff solver.

For the translational control, the PD controller gains are determined heuristically to
minimize error and enhance the response of the controller. Thus, in this exemplary case,
the proportional gain is set as 𝐾𝑝 = 3 × 104 Am and the derivative gain as 𝐾𝑑 = 30Am s.
Note that the gain values differ from those used in Chapter 4, as the standard PD control
is employed here, with the control input being the dipole strength rather than the electro-
magnet voltage. While the modified PD controller could also be applied, its effect can be
equivalently achieved by using higher gain values to enhance the controller’s sensitivity to
deviations from the desired set-point [96].

Provided that the desired equilibriumof the torsionalmotion coincideswith the intrin-
sic equilibrium of the system, the control rule given in Equation (6.17) becomes

𝜃 = Δ𝜃 tanh (𝛽𝜙̇), (6.22)

with the steepness coefficient 𝛽 = 1 and the orientation alteration step Δ𝜃 = 5∘. Both con-
trollers are activated at 𝑡𝑠 = 2 s from the start of the simulation. This delay may lead to
a more intricate transient response, aligning with the real application where vibrations
would be present before the controllers are activated.

Figure 6.5 displays the controlled (solid line), desired (dotted line) and uncontrolled
response of the system (dashed line). More specifically, Figure 6.5a demonstrates the ef-
fectiveness of the PD translational controller, achieving minimal steady-state error and a
quick, smooth transient response, as indicated by the displacement and velocity time se-
ries. To minimize the residual steady-state error, the integral gain of the PID controller
can be introduced, effectively addressing the accumulated discrepancy from the desired
position. Notably, the control variable𝑀𝑡, upon a successful translational control settles
at𝑀𝑡 = −𝑀𝑡0 = −𝑀𝑓, as predicted by Equation (6.19).

The controlled response of the torsional degree of freedom is depicted in Figure 6.5b.
In this case, the attenuation of motion is more gradual than in the translational response,
displaying a damping mechanism similar to Coulomb friction, which is evident by the lin-
ear decay of the oscillations. To reduce the duration of the decay, a stronger electromagnet
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(a) Controlled response for translational vibrations (b) Controlled response for torsional vibrations

(c) Effective actuation torque 𝑇 for torsional and trans-
lational control

Figure 6.5: Combined control efficiency metrics for motion attenuation.

𝑀𝑓 should be used. Alternatively, the closer proximity of the two interacting dipoles could
yield similar favourable results as explored in Figure 5.8.

On a general note, the different frequencies of the oscillation observed in the steady-
state responses of the two degrees of freedom reflect the natural frequencies of the free,
uncontrolled system.

In Figure 6.5c, the two control torques exerted on the load are presented. The torque
time series resembles the shape of the translational displacement and torsional angle time
series. The highest amplitudes are observed for the translational torque 𝑇𝑡, which exhibits
higher variation in the steady-state. Interestingly, the range of the translational torque is
two orders of magnitude greater than that of the torsional torque, highlighting the differ-
ing control demands across the two degrees of freedom.
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6.5.2.Desired motion for the translational & motion attenuation for the tor-
sional vibrations

In this control mode, the system properties, initial conditions, and external excitation pa-
rameters remain consistent with those outlined in Table 6.1. The distinction lies in the
translational vibration’s control setpoint, nowdefinedasaharmonicoscillation: 𝜉 = 𝐴 sin (𝜔𝑡),
where the amplitude 𝐴 = 5mm and the frequency 𝑓 = 0.3Hz < 𝑓𝑛. This low-frequency os-
cillation alignswith the anticipated vesselmovement induced bywave action relative to the
fixed installation position of the offshore wind turbine.

(a) Control response for translational vibrations (b) Control response for torsional vibrations

(c) Effective actuation torque 𝑇 for torsional and trans-
lational control.

Figure 6.6: Combined control efficiency metrics for torsional damping and desired translational motion.

Figure 6.6 stimulate similar observationswith the disturbance rejection combined con-
trol result of the previous section. Here, however, the translational controller succeeds in
imposing a time-varying function to the displacement of the suspended load, as shown in
Figure 6.6a. Furthermore, a distinct, sharp peak in 𝑇𝑡 is observed in the effective actuation
torque time series, representing an instantaneous adjustment in phase and frequency due
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to the controller’s activation. The control objective of the translational actuator is to sus-
tain a specific oscillatory motion, requiring a consistent torque amplitude throughout the
simulation to achieve the desired displacement profile.

The performance of the torsional actuator is not negatively affected by the imposed os-
cillations of the load in xz-plane. On the contrary, the dissipation of the rotation is nearly
twice as effective compared to the disturbance rejection mode. This observation suggests
that as long as the translational control effectively manages the load position—and conse-
quently the separation distance of the two torsional dipoles—the torsional control main-
tains its efficiency. This coupling ensures that both controllers contribute positively to the
system’s controllability.

6.6. Conclusions
In the present chapter, the combined control of two key degrees of freedom—translation
and torsion—is analysed, building on the separate control strategies detailed in previous
sections. The coupling presented due to the simultaneous action of the two actuators is
reflected in the additional non-diagonal terms in the stiffness matrix of the system. The
equilibrium position depends not only on the magnetic interaction but also on the exci-
tation and the angular position of the pendulum in xz-plane. Moreover, the mean ampli-
tude of the translational control is dictated by the chosen amplitude of the torsional actu-
ator dipole, necessary to counteract the attraction forces exerted by the torsional dipole
arrangement on the suspended load.

Using the previously established control schemes, the controllability and efficiency of
the combined control approach are evaluated under two modes: disturbance rejection for
both translational and torsionalmotions, and desiredmotion for translational control cou-
pledwith damping control for torsionalmotion. In both scenarios, the controllers perform
effectively, significantly reducing vibrations, with the translational response showing a
rapid transition to the target steady state. The success of the combined control lies primar-
ily in the precise motion control applied by the translational actuator, which determines
the separation distance of the torsional dipoles—a critical factor in achieving efficient tor-
sional control.

The controllability range of the torsional vibrations in the combined control is both
time-dependent and narrower compared to the case where the torsional actuator operates
independently. Aligning the torsional actuatorwith the system’s natural rotational equilib-
rium simplifies the control, making the optimal static orientation of the controller’s mag-
netic field zero, regardless of external excitation or the other degree of freedom. The per-
formance of the torsional controller can be further optimised bymodifying the separation
distance, magnetic strength, and orientation step of the external magnetic dipole.

Furthermore, the stability of the systemunder combined control relies onmaintaining
the separation distances between the mounted magnets and their respective controllers
within a safe and allowable range to prevent the magnets from clashing. Additionally, the



6.6. Conclusions

6

101

operational limits of the actuators, whichhavenot been addressed in this chapter,may also
impact both stability and controllability.

Thesubsequent chapter isdevoted topresenting theplanaroscillationsof the combined
control of a hanging distributedmass on full-scale, utilising the insights andmechanisms
explored thus far.





7
Contactless magnetic control of a

suspended monopile during
installation

Subsequent to the successful implementation of position and rotation control of a point-mass pendulum, the dynamical systemunder consideration in this chapter reflects amore
realistic installation configuration. This upgraded set-up features a suspended distributed
cylindrical mass, providing a more accurate representation of the hanging OWT compo-
nent, and introducing additional vibrationmodes.

A control strategy is devised for the full-scale setup, incorporating the methodologies
established in previous chapters. The design incorporates an exemplary actuator arrange-
ment tailored tomeet the controllability requirements and achieve efficient control during
the free suspension phase of the installation process. The scenario studied here serves as a
practical exploration of the design while allowing for a direct comparison of the overall ef-
ficiency with traditional tugger line position control systems. Additionally, a detailed eval-
uation of the forces and strengths required by the individual magnet pairs is conducted,
offering valuable insights into the feasibility and effectiveness of the contactless installa-
tion in operational conditions.

This chapter begins by presenting the full-scale data gathered during an offshore cam-
paign, aiming at identifying the dominant environmental loads and the order of magni-
tude of the suspended tower’s motion during installation. A full-scale simulated dynamic
systemof the tower installation is presented, accompanied bymodal analysis results detail-
ing mode shapes and natural frequencies. To ensure the controllability of the system, an
exemplary efficient actuator arrangement is selected. Various controlmodes are evaluated
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to examine the performance of contactless control amidst the increased complexity arising
from additional degrees of freedom. The advancements achieved through the contactless
control design are emphasized, demonstrating its potential to enhance the efficiency and
effectiveness of complex offshore installation processes.

7.1. FloatingOWT installations
Floating installations of offshorewind turbines are particularly susceptible to environmen-
tal loads from wind and waves, which can significantly affect operations. Notably, wave
loads inducepronouncedmotionat the crane tipduring installationactivities [131],withdy-
namic positioning systems only mitigating horizontal vessel movements, leaving roll mo-
tion largely unaddressed [29, 132]. These motions can introduce challenges to installation
precision and efficiency.

The vessel’s rigid-body dynamics primarily dictate the crane tipmotion on floating ves-
sels, whereas elastic deformation of the crane plays a relatively minor role compared to
jack-up vessels, as concluded by de Kruif and Rossin (2021). The influence of the crane on
the vessel’s motion is minimal; however, as payload weights increase substantially, the in-
teraction between crane-load and vessel dynamics transitions to a two-way relationship,
potentially requiring additional stability checks during control system design [133].

One effective approach tomitigate undesired payload oscillations is to employweather
orientation for floating vessels, which improves feasibility and reduces operational costs
[29]. Nonetheless, persistent vessel-induceddisturbancespose further challenges for crane
operations. These disturbances, acting on the crane-payload subsystem—a classic under-
actuated system with insufficient independent controls for its degrees of freedom—can
exacerbate payload pendulation, increasing the risk of collisions and operational failures
[134].

Critical phases duringOWT installations are the lifting, lowering andmatingof compo-
nents, where the geometry and undesired pendulation of the suspended load play a signifi-
cant role [135]. Tugger lines are oftenused to control these oscillations, enablingoperations
in broaderweather conditions. Active and damping tugger lines ([30, 136], respectively) ap-
ply precise tensile forces directly to the load in an attempt to reduce its motion. Limiting
the actuator usage is possible when it is combined with the vessel’s dynamic positioning
system [133]. However, beyond the control design itself, the effectiveness of the tugger
line also depends on factors such as winch capacities and human intervention, which are
challenging to integrate into numerical models [137]. This limitation highlights opportuni-
ties for further exploration of other motion compensation control techniques, such as the
one proposed here.
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Figure 7.1: Semi-submersible crane vessel (HMC-Sleipnir) during the offshore campaign for the projectDOT6000-
FOX in the Princes Amaliawindpark [43].

7.2.DOT6000-FOXoffshore campaign
The project ”Floating Installation Offshore XXL Wind Turbines” (DOT6000-FOX), funded
by theNetherlandsEnterpriseAgency (RVO), aimed toassess the cost-effectivenessofheavy-
lift vessels foroffshorewind turbine installationcompared to conventionalmethods, broad-
ening the industry’s installation capabilities. As part of this initiative, the first-ever float-
ing installation of a full OWT was successfully carried out in October 2021 at the Princess
AmaliaWindFarm in theNetherlands. Thebottom-founded turbinehadacapacityof 2.75MW.
Furthermore, a novel connection method for OWT components, the slip-joint, was tested
on full-scale during the campaign. This boltless yet secure connection reduces the instal-
lation time and adheres to strict regulations regarding precision and oscillation control
during a successful mating process [138].

The project consortium includedDelft Offshore Turbine B.V. (DOT), responsible for the
OWT;HeeremaMarine Contractors Nederland SE (HMC), using Sleipnir, the largest semi-
submersible HLV to date; and Delft University of Technology (TU Delft), which developed
custom sensors to monitor the motion of turbine components during the offshore cam-
paign (Figure 7.1).

The sensor units were designed and developed in partnership with the Técnico Solar
Boat (TSB) team from the Instituto Superior Técnico in Portugal and provided a signifi-
cant advantage by allowing synchronization with onboard measurement systems. Wind,
wave, and tugger line loads as well as hoisting cable length data weremeasured during the
campaign by an array of radars and sensors, which were strategically located on the ves-
sel as shown in Figure 7.2a. These included anemometers for wind andwave radars for sea
statemeasurements. Themotionmeasurementswereperformedusing the custommotion
tracking modules placed at different key locations of the crane-payload system.
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Figure 7.2: (a) Schematic diagram of the tower installation: 1. Floating vessel, 2. Heavy lift crane, 3. Lifting
block/hook, 4. Active (damping) tugger line, 5. Wind turbine tower, 6. Monopile head and 7. Passive (manual)
tugger line. Symbols indicate motion sensors, wind sensors, and wave radars. (b) Tugger lines attached to the
OWT tower during installation: The active tugger line is attached to the hook block and the passivemanual tugger
line is attached to the lower part of the tower.

This offshore campaign provided valuable insights into the installation of an OWT, ad-
dressing the limited availability of full-scale application data in the public domain. Scal-
ing challenges inherent to physical testing arise due to the differing scaling laws for wind
and wave loads, leading to inconsistencies referred to as the ”Dilemma in Model Testing”
[139]. By analysing the collectedmeasurements, this study overcomes these challenges, of-
fering adetailed examinationof the full-scale dynamics of anOWTtower installationusing
a floating vessel [140].

The stage of the OWT installation that is reported here pertains to the set-down phase,
during which the tower is suspended by the crane and gradually lowered towards the foun-
dation (monopile). A schematic illustration of this operation is presented in Figure 7.2a.
Fundamentally, the systemcomprises the floating crane vessel and the suspended load sub-
system that resembles a triple pendulum. Theconstituent elements of this triple pendulum
are the crane cable and the block hook, as well as the sling linking the hook to the attach-
ment point of the suspended load. This load corresponds to a hollow cylindrical structure
representing theOWT tower. Thenumerical values for the parameters defining this system
are listed in Table 7.1.
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To mitigate external disturbances caused by wind and waves, two tugger line systems
were deployed during the installation operation (Figure 7.2b). An active tugger line was
attached to the hook block to dampen the block’s motion, thereby reducing the vibrations
of the suspended tower. In addition, a set of passive tugger lines was connected directly to
the tower above its centre of gravity. These passive tugger lines were secured to a cleat and
manually operated by the crew to further stabilize the tower during installation.

Table 7.1: Overview of the system parameters.

Parameter Notation Value Unit

Crane Tip Height 𝐻𝑘 180 m
Tower Height 𝐿 74 m
Average Tower Diameter 𝐷T 3.6 m
Average TowerThickness * 𝜏T 30 mm
Tower Mass 𝑀 226 ton
Block Mass 𝑚 45 ton
Sling Length ℓ𝑠 10.6 m
Passive Tugger Length 𝐿PT 20 m
Passive Tugger Diameter 𝑑PT 64 mm
Passive Tugger Young’s Modulus 𝐸PT 113 GPa

7.2.1. Analysis of the towermotionsduring installation
In the following, the dataset from one of the two separate lifts is presented to examine the
impact of varying external environmental excitations and lowering speeds on the response
of the overall dynamical system. During the lowering process, the crane’s orientation and
boom angle were held constant, with the hoisting length being the only parameter that
varied as the tower was lowered towards the monopile. The time series of the cable length
is presented in Figure 7.3a.

For the in-plane motion of the two components of the tower-block system, the power
density spectra are analysed to identify the frequency range that contributes most signif-
icantly to the tower’s motions. Figure 7.3b illustrates the power density spectra derived
from sensor measurements to identify the excitations that contribute to the observed am-
plitudes. Theacceleration spectra at three critical locations of the crane-payload system (𝑠𝛼)
are presented, alongside thewave (𝑠𝑤) and active tugger line (𝑠𝐹) spectra. The analysis iden-
tifies the primary contributors to the motions of the crane-payload system, linking them
to the excitation of its various natural frequencies. The wave action on the vessel emerges
as the dominant source of motion, a conclusion further validated by Figure 7.3c, which
presents the resulting positional cumulative standard deviation (𝜎𝑝), determined from the
measured data for the motion of the hook block and upper tower.

Although the direct action of the wind excites the second mode of the system through
vortex-induced vibrations, its contribution to the overall motion is relatively small. These

*Educated approximation with reference to a turbine of similar geometry as detailed in [141].
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findings are corroborated by the frequency-domain analyses conducted by Domingos et al.
[142], which highlight thatwave loads predominantly constrain the installationworkability.
Workability is defined as the percentage of time during which operational limits are not
exceeded. Notably, tower motion tends to decrease with increasing tower size, and sling
length has a minimal effect on the overall dynamics [142].

(a) (b)

(c) (d)

Figure 7.3: (a) Payout length as a function of time during the tower installation, (b) Power density spectra for the
in-plane accelerations, thewave radar, and the active tugger line force asmeasuredduringLift 1. The translational
accelerations in the 𝑥𝑦 plane are denoted as 𝑎𝑥 and 𝑎𝑦 for the 𝑥- and 𝑦-axis, respectively. The abbreviations PS and
SBdenote the port side and starboard side of the vessel, respectively. (c) Cumulative standarddeviation spectrum
of the hook-block and upper tower during Lift 1. (d) Time series of the gyroscope measurement for the rotation
around z-axis of the tower, and the corresponding power density spectrum for the upper and lower tower sensor
data.

Toquantify the rotational vibrationof the towerduring installation, Figure 7.3dpresents
the time series of the gyroscope measurements around the z-axis of the tower, along with
the corresponding power density spectrum for the upper and lower tower sensor data. The
rotation around the longitudinal axis of the tower is uniform, as expected for a rigid body
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when measured at two different heights. The oscillations are primarily present at the fre-
quency of the wave action.

(a) (b)

Figure 7.4: (a) Active and passive tugger line orientation, (b) Time-frequency plot of the active tugger tension
during Lift 1. The dashed vertical lines denote the moments when the tower was lowered. For each component,
the corresponding power density spectrum is presented on the left-hand side.

The motion of the system is restricted by the use of tugger lines. In Figure 7.4, the
spatial tugger line placement is presented alongside the orientation of the axes selected as
the frame of reference. The measured active tugger tension ranges from 0kN to 100 kN
and is excited at the wave frequency.

Thepresented full-scalemeasurements reveal thevibrationalmodes that aremostpreva-
lent during floating installations, emphasizing the degrees of freedom (DOFs) that experi-
ence the highest amplitudes and therefore require direct control. These DOFs are the rota-
tions of the payload around its three local axes and the associated displacements resulting
fromthesemotions (6DOFsof a rigidbody). Thisobservationalignswithnumerically simu-
lated results of the dynamic response of anOWTsuspendedby a floating crane, as reported
by [37]. In that work, the estimated maximum amplitudes for the surge, sway, heave, roll,
pitch, and yaw motions of the OWT (rigid body DOFs) were 0.59m, 1.99m, 0.31m, 2.18∘,
0.94∘, and 8.42∘, respectively.
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7.3.Numerical simulationof anOWTtower installation
In this section, a numerical simulation is presented to model the installation of the full-
scale OWT tower, with a focus on the component’s response during the lifting and suspen-
sion phases. This simulation builds upon the findings reported during the DOT6000-FOX
offshore campaign. The objective is to develop a control scheme aimed at mitigating un-
desired vibrations of the component, employing the magnet-to-magnet contactless tech-
niques extensively explored throughout this thesis.

7.3.1. Equations ofmotionof a suspendedOWT
The triple pendulum depicted in Figure 7.5 consists of an inextensible cable of length ℓℎ
supporting amass𝑚 representing the hook block, a (sling) rope of length ℓ𝑠 connecting the
block to the suspension point of a thin-walled cylinder with total mass𝑀, which is evenly
distributed along its length 𝐿. This configuration features seven degrees of freedom in 3D,
corresponding to the rotational angles of the pendulum components in the three planes:
𝑥𝑧-, 𝑦𝑧-, and 𝑥𝑦-plane. The equations of motion governing the 3D system are presented in
Appendix A, derived based on the methodology applied to a similar crane-payload system
as described in [47].

Assuming that the rotation angles remain small, the motions in the 𝑥𝑧- and 𝑦𝑧-planes
decouple. As a result, the three-dimensional motion can be approximated as the superpo-
sition of the motions of two planar triple pendula. With this simplification, the analysis
focuses on developing a control strategy for a single planarmodel, with the understanding
that a similar methodology can be applied to the other plane.

For the planar dynamical system, the degrees of freedom include the pendulum angle
of the point mass, 𝜂, the sling angle, 𝜁, and the rotational angle of the cylindrical payload
around its top suspension point, 𝜓. Additionally, the cylinder’s rotation about its longi-
tudinal 𝑧-axis, 𝜙, representing torsional motion in rigid body dynamics, constitutes the
remaining unknown state of the system. The configuration is illustrated in Figure 7.5.

For simplicity, the tower is modelled as a cylindrical rigid body with a uniform diam-
eter of 2𝑅. This assumption facilitates the derivation of the equations of motion and the
system’s analysis by reducing the complexity associated with the varying geometry of an
offshore wind turbine tower (tapered cylinder), while still capturing the essential dynam-
ics of the structure.

The vessel, despite utilising dynamic positioning, is influenced by wave and current
forces,which translate into crane tipmotion, ℎ⃗. In this planar representation, themotion ℎ⃗
comprises two components, ℎ𝑥& ℎ𝑧. This study focuses solely on the horizontal component
(ℎ𝑥 = ℎ), under the assumption that the crane’s heave compensationmechanism effectively
attenuates a significant portion of the undesired heave motion of the payload. To simplify
the simulation of the system, the following assumption has been applied: The cable of the
hook and sling aremodelled as rigid,massless elements during the derivation of theEOMs.
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Figure 7.5: Schematic of the numerical model set-up: (a) Crane-payload configuration in 𝑥𝐺𝑧𝐺-plane, (b) Cylin-
drical mass rotation in 𝑥𝑦-plane.

To characterize the motion of the system, the positional vectors of its components are
expressed in the global frame of reference (𝑥𝐺𝑦𝐺𝑧𝐺) as follows:

𝑃⃗ℎ𝐺 = 𝑃⃗ℎ + ℎ⃗ =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

ℓℎ sin (𝜂)
0

ℓℎ cos (𝜂)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
+

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

ℎ
0
0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
, (7.1a)

𝑃⃗𝑠𝐺 = 𝑃⃗ℎ𝐺 + 𝑃⃗𝑠 = 𝑃⃗ℎ𝐺 +

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

ℓ𝑠 sin (𝜁)
0

ℓ𝑠 cos (𝜁)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
, (7.1b)

𝑃⃗𝑐𝐺 = 𝑃⃗𝑠𝐺 + 𝑃⃗𝑐 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

𝑛𝐿 sin(𝜓)
0

𝑛𝐿 cos(𝜓)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
, (7.1c)

where 𝑃⃗𝑐, 𝑃⃗𝑠, and 𝑃⃗ℎ denote the position vectors of the cylinder’s point of interest, the sling
rope endpoint, and the hook mass, respectively, relative to the local frame of reference
(𝑥𝑦𝑧). The parameter 𝑛 indicates the fraction of the cylinder’s length at the point of inter-
est, measured from its suspension point. For example, at the cylinder’s centre of gravity
(COG), 𝑛 = 0.5.

The kinetic𝒦 and potential𝒰 energy of the dynamical system are given by

𝒦 =
1
2
𝑀􏿐⃗̇𝑃𝑐𝐺􏿐

2
+
1
2
𝑚􏿐⃗̇𝑃ℎ𝐺􏿐

2
+
1
2
𝐼𝑦(𝜓̇)2 +

1
2
𝐼𝑧(𝜙̇)2, (7.2a)
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𝒰 =𝑀𝑔􏿴ℓℎ + ℓ𝑠 + 𝐿 − 𝑘̂𝑃⃗𝑐𝐺􏿷 +𝑚𝑔 􏿴ℓℎ − 𝑘̂𝑃⃗ℎ𝐺􏿷 +
1
2
𝑘𝑠(𝜙)2, (7.2b)

where 𝑘̂ represents the unit vector of the vertical 𝑧-axis, 𝐼𝑦 and 𝐼𝑧 are themoments of inertia
for the rotation of the cylinder around the respective axes. 𝑃⃗𝑐𝐺 correspond to the position
vector of the COG of the cylinder.

The Lagrangian (ℒ = 𝒦 −𝒰) of the system is formulated as

d
d𝑡 􏿶

𝜕ℒ
𝜕⃗̇𝑞 􏿹

− 𝜕ℒ𝜕𝑞⃗ = 0 withℒ = 𝒦 −𝒰 and 𝑞⃗ = 􏿮𝜓, 𝜂, 𝜁,𝜙􏿱
T
, (7.3)

in which 𝑞⃗ describes the vector of the four unknown states of the system. Evaluating Equa-
tion (7.3) using the expressions from Equation (7.2), yields the following nonlinear equa-
tions of motion:

􏿶
𝑀𝐿2
4

+ 𝐼𝑦􏿹 𝜓̈ +
𝑀𝑔𝐿
2

sin (𝜓) + 𝑀𝐿ℓℎ
2

cos (𝜂 − 𝜓)𝜂̈ + 𝑀𝐿ℓ𝑠
2

cos (𝜁 − 𝜓)𝜁̈ (7.4a)

= +
𝑀𝐿ℓℎ
2

sin (𝜂 − 𝜓)𝜂̇2 + 𝑀𝐿ℓ𝑠
2

sin (𝜁 − 𝜓)𝜁̇2 − 𝑀𝐿
2
cos (𝜓)ℎ̈

(𝑀 +𝑚) ℓ2ℎ𝜂̈ + (𝑀 +𝑚)𝑔ℓℎ sin (𝜂) +
𝑀𝐿ℓℎ
2

cos (𝜂 − 𝜓)𝜓̈ +𝑀ℓℎℓ𝑠 cos (𝜂 − 𝜁)𝜁̈ (7.4b)

= −𝑀𝐿ℓℎ
2

sin (𝜂 − 𝜓)𝜓̇2 +𝑀ℓℎℓ𝑠 sin (𝜂 − 𝜁)𝜁̇2 − (𝑀 +𝑚)ℓℎ cos (𝜂)ℎ̈

𝑀ℓ2𝑠 𝜁̈ +𝑀𝑔ℓ𝑠 sin (𝜁) +
𝑀𝐿ℓ𝑠
2

cos (𝜁 − 𝜓)𝜓̈ +𝑀ℓℎℓ𝑠 cos (𝜂 − 𝜁)𝜂̈ (7.4c)

= −𝑀𝐿ℓ𝑠
2

sin (𝜁 − 𝜓)𝜓̇2 +𝑀ℓℎℓ𝑠 sin (𝜂 − 𝜁)𝜂̇2 −𝑀ℓ𝑠 cos (𝜁)ℎ̈

𝐼𝑧𝜙̈ + 𝑘𝑠𝜙 = 0 (7.4d)

7.3.2.Modal analysis
Themodal analysis can only be performedon a linear system. Therefore, the displacements
of the hanging components are assumed to be small relative to the pendulum lengths, en-
abling the use of the small angle approximation (sin (𝑞) ≈ 𝑞 and cos (𝑞) ≈ 1). Under this
assumption, the linearised versions of the nonlinear equations ofmotion in Equation (7.4)
are reformulated into a matrix representation as follows:

M ⃗̈𝑞 + K 𝑞⃗ = 𝑇, (7.5a)
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

𝑀𝐿2

4
+ 𝐼𝑦

𝑀𝐿ℓℎ
2

𝑀𝐿ℓ𝑠
2

0
𝑀𝐿ℓℎ
2

(𝑀 +𝑚) ℓ2ℎ 𝑀ℓℎℓ𝑠 0
𝑀𝐿ℓ𝑠
2

𝑀ℓℎℓ𝑠 𝑀ℓ2𝑠 0
0 0 0 𝐼𝑧

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

𝜓̈
𝜂̈
𝜁̈
𝜙̈

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
+

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

𝑀𝑔𝐿
2

0 0 0
0 (𝑀 +𝑚)𝑔ℓℎ 0 0
0 0 𝑀𝑔ℓ𝑠 0
0 0 0 𝑘𝑠

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

𝜓
𝜂
𝜁
𝜙

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(7.5b)
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= −

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

𝑀𝐿
2

(𝑀 +𝑚)ℓℎ
𝑀ℓ𝑠
0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
ℎ̈,

whereM and K are the mass and stiffness matrices, respectively.
The natural frequencies of the system can, now, be determined by solving the eigen-

value problem [129]:
det 􏿴K − 𝜔2𝑛M􏿷 = 0, (7.6)

with the non-trivial, real, and positive solutions 𝜔𝑛 yielding the natural frequencies. To
obtain the magnitude of the natural frequencies in Hz, the following well-known identity
is used: 𝑓𝑛 = 𝜔𝑛/2𝜋. Four modes of motion are identified, corresponding to the degrees
of freedom of the dynamical system: three pendulummodes and one torsional vibrational
mode, illustrated alongside their respective natural frequencies in Figure 7.6.

(a) Mode 1, 𝑓1 = 0.043Hz (b) Mode 2, 𝑓2 = 0.088Hz

(c) Mode 3, 𝑓3 = 0.091Hz (d) Mode 4, 𝑓4 = 0.420Hz

Figure 7.6:Modal shapes of the suspended cylinder triple pendulum.
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7.4. Control design
7.4.1. Arrangement of the actuators
As the torsional degree of freedom (𝜙) is decoupled from other degrees of freedomwith re-
spect to both inertia and stiffness, it requires a dedicated independent control torque (𝑇𝑓,
Figure 7.7). To control the rotational degree of freedom (𝜓) in the 𝑥𝐺𝑧𝐺-plane, a proposed
strategy involves generating torque around the cylinder’s centre of gravity by applying two
forces at different heights on the suspended load (𝐹𝑡1 & 𝐹𝑡2, Figure 7.7). Note that the rota-
tion angle𝜓 results in the translation of the suspended load in the plane, and therefore the
two actuators are referred to as translational controllers.

The forcing configuration, depicted in Figure 7.7, is designed to ensure full controllabil-
ity of the system’s vibrations. The proposed configuration (blue arrows) is adopted due to
its added advantage of directly influencing the motion of the suspended payload. This ar-
rangement effectively facilitates the control of various potential modes of motion, such as
the even-number vibrational modes (Figure 7.6). It should be noted that the conventional
approach tomotion compensation during the offshore campaign involves an active tugger
line directly attached to the hook block and a passive tugger to control the motions of the
hanging tower (Figure 7.4a). This conventional approach may only indirectly control the
torsional vibrations around the longitudinal axis of the cylinder.

η

ζ
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ϕ

xG

zG

Ft2

Ft1

T f

Figure 7.7: Proposed control configuration for full system controllability. The configuration of the control forces
is represented by the blue arrows.

As established in the introduction, the heave motion of the suspended component is
not explicitly controlled in this study, as it is assumed to be sufficiently compensated by
the crane’s active heave compensation system. The present study focuses on a representa-
tive snapshot of the installation process—specifically, the lifting phase in which the com-
ponent remains freely suspended. During this phase, themagnetic actuators are assumed
to be fixed at predetermined locations along the length of the payload. In a more realistic
scenario involving the lowering of the component, the spatial control of the vertical posi-
tion of the externalmagnetic actuators, aswell as the distributionof themounted recipient
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Figure 7.8: Actuator arrangement for torsional and translational control.

magnets at varying heights, would require careful consideration to ensure continuous and
effective control.

7.4.2. Control strategy
The control setup adheres to the scheme introduced in the combined control approach
(Chapter 6) and the selected control arrangement. This arrangement includes two actua-
tors for translational control (in-plane rotation) and one actuator for torsional vibration
control, and it is detailed in Figure 7.8. The translational controllers regulate the strength
and polarity of twomagnetic dipolemoments,𝑀𝑡1 &𝑀𝑡2 , while the orientation of themag-
netic field of a third dipole moment,𝑀𝑓, is employed to manipulate the torsional rotation
of the suspended cylinder.

The vectors representing the four translational magnetic dipole moments are given by

𝑚⃗𝑡𝜅 =𝑀𝑡𝜅

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

1
0
0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
and 𝑚⃗𝑐𝑡𝜅 = −𝑀𝑐𝑡𝜅

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

cos (𝜙)
sin (𝜙)
0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
, (7.7)

where the subscript 𝜅 = 1 or 2 indicates the locations of the twomagnetic forces applied on
the cylinder. The magnetic strength of each translational controller is governed by a PID
control equation, expressed as:

𝑀𝑡𝜅 = 𝐾𝑝𝜅 𝑒 + 𝐾𝑖𝜅 􏾙𝑒d𝑡 + 𝐾𝑑𝜅 𝑒̇, with 𝑒 = 𝜉 − 𝑛𝜅𝐿𝜓 − ℎ, (7.8)
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where the PID gains are constant values with 𝐾𝑝,𝐾𝑖,𝐾𝑑 > 0, and 𝜉 represents the desired
translational motion (relative motion of the vessel with respect to a stationary point, e.g.
a monopile support structure). The general subscript notation 𝜅 is either 1 for the lower
tower or 2 for the upper tower translational controller. Since the desired motion pertains
to a desired stationary target position, 𝜉 = 0m, the integral gain of the controller plays a
critical role in eliminating any potential offset error in the system’s steady-state response.

The concurrent action of the two PID-driven forces aims to generate a torque around
the centre of gravity of the suspended structure, ensuring that the cylinder remains as ver-
tical as possible withminimal error. The arm of each individual torque is denoted as 𝑛1 for
the force applied on the lower tower and 𝑛2 for the force on the upper tower, representing
the two distinct magnetic dipole pairs.

Themagnetic dipole moments of the torsional control pair are expressed as

𝑚⃗𝑓 = −𝑀𝑓

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

cos (𝜃)
sin (𝜃)
0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
and 𝑚⃗𝑐𝑓 = −𝑀𝑐𝑓

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

cos (𝜙)
sin (𝜙)
0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
. (7.9)

In line with Equation (6.17) (Chapter 6), the control rule for the torsional mode is defined
by

𝜃 = Δ𝜃 tanh (𝛽𝜙̇), withΔ𝜃 = const., (7.10)

where 𝜃 is the orientation angle that corresponds to the desired equilibrium 𝜙𝑒 = 0∘, and
Δ𝜃 the chosen fluctuation step for the total orientation 𝜃. The parameter 𝛽 controls the
steepness of the transition between the values around zero.

Themethodologycanbeemployed for thederivationof themagnetically-induced torques,
which act as external forcing to the system (Equation (6.5) to Equation (6.7)). The fully non-
linear equations of the system (Equation (7.4)) are rewritten with the additional terms to
account for the magnetic interaction:

􏿶
𝑀𝐿2
4

+ 𝐼𝑦􏿹 𝜓̈ +
𝑀𝑔𝐿
2

sin (𝜓) + 𝑀𝐿ℓℎ
2

cos (𝜂 − 𝜓)𝜂̈ + 𝑀𝐿ℓ𝑠
2

cos (𝜁 − 𝜓)𝜁̈ (7.11a)

=
𝑀𝐿ℓℎ
2

sin (𝜂 − 𝜓)𝜂̇2 + 𝑀𝐿ℓ𝑠
2

sin (𝜁 − 𝜓)𝜁̇2 − 𝑀𝐿
2
cos (𝜓)ℎ̈ + 𝑇𝜓

(𝑀 +𝑚) ℓ2ℎ𝜂̈ + (𝑀 +𝑚)𝑔ℓℎ sin (𝜂) +
𝑀𝐿ℓℎ
2

cos (𝜂 − 𝜓)𝜓̈ +𝑀ℓℎℓ𝑠 cos (𝜂 − 𝜁)𝜁̈ (7.11b)

= −𝑀𝐿ℓℎ
2

sin (𝜂 − 𝜓)𝜓̇2 +𝑀ℓℎℓ𝑠 sin (𝜂 − 𝜁)𝜁̇2 − (𝑀 +𝑚)ℓℎ cos (𝜂)ℎ̈ + 𝑇𝜂

𝑀ℓ2𝑠 𝜁̈ +𝑀𝑔ℓ𝑠 sin (𝜁) +
𝑀𝐿ℓ𝑠
2

cos (𝜁 − 𝜓)𝜓̈ +𝑀ℓℎℓ𝑠 cos (𝜂 − 𝜁)𝜂̈ (7.11c)

= −𝑀𝐿ℓ𝑠
2

sin (𝜁 − 𝜓)𝜓̇2 +𝑀ℓℎℓ𝑠 sin (𝜂 − 𝜁)𝜂̇2 −𝑀ℓ𝑠 cos (𝜁)ℎ̈ + 𝑇𝜁

𝐼𝑧𝜙̈ + 𝑘𝑠𝜙 = 𝑇𝜙 (7.11d)
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The additional magnetically-induced terms are defined by

𝑇 = 􏿮𝑇𝜓 𝑇𝜂 𝑇𝜁 𝑇𝜙􏿱
T
= − 􏿯 𝜕𝑊𝑚

𝜕𝜓
𝜕𝑊𝑚
𝜕𝜂

𝜕𝑊𝑚
𝜕𝜁

𝜕𝑊𝑚
𝜕𝜙 􏿲

T
, (7.12)

where the total potential energy due to the magnetic interactions𝑊𝑚 is given by

𝑊𝑚 = −𝑚⃗𝑐𝑓 ⋅ 𝐵⃗𝑓 −
2
􏾜
𝜅=1
𝑚⃗𝑐𝑡𝜅 ⋅ 𝐵⃗𝑡𝑛𝜅, (7.13)

in which 𝐵⃗𝑓 and 𝐵⃗𝑡𝜅 are the magnetic fields exerted by the EMs (𝑚⃗𝑓 or 𝑚⃗𝑡𝜅 ) to the location
of the respective dipoles on the cylindrical mass (𝑚⃗𝑐𝑓 or 𝑚⃗𝑐𝑡𝜅 ).

7.4.3. Stability requirement
Evaluating Equation (7.13) using the Taylor series expansions of the trigonometric terms
of 𝜙,𝜓, 𝜂, 𝜁 up to the second order around the equilibrium position 0∘ yields

𝑊𝑚 = 𝐾1𝜙2 + 𝐾2𝜙 + 𝐾3𝜓2 + 𝐾4𝜓 + 𝐾5𝜂2 + 𝐾6𝜂 + 𝐾7𝜁2 + 𝐾8𝜁 + 𝐶, (7.14)

where the coefficients 𝐾1 to 𝐾8 and 𝐶 are functions of the dipole moment magnitudes, the
fluctuation angle the initial distances of themagnets, the geometry of the cylindrical struc-
ture and the crane tip motion. The full expressions of these coefficients can be found in
Appendix B.

Evaluating Equation (7.11d) using Equation (7.14), a stability requirement is derived
from the torsional equation of motion, expressed as

𝐼𝑧𝜙̈ + (𝑘𝑠 + 2𝐾1)𝜙 = −𝐾2 → 𝑘𝑠 > −2𝐾1, (7.15)

in which the coefficient 𝐾1 is given by

𝐾1 = −
𝑀𝑐𝑡1𝑀𝑡1𝜇
4𝜋(𝑑1 + ℎ)5

􏿴(𝑑1 + ℎ)2 + 6𝑅(𝑑1 + ℎ) + 6𝑅2􏿷 (7.16a)

−
𝑀𝑐𝑡2𝑀𝑡2𝜇
4𝜋(𝑑2 + ℎ)5

􏿴(𝑑2 + ℎ)2 + 6𝑅(𝑑2 + ℎ) + 6𝑅2􏿷

+
𝑀𝑐𝑓𝑀𝑓𝜇
4𝜋(𝑑𝑓 + ℎ)5

􏿴(𝑑𝑓 + ℎ)2 + 6𝑅(𝑑𝑓 + ℎ) + 6𝑅2􏿷

𝐾1 =(−𝑀𝑡1 −𝑀𝑡2 +𝑀𝑓) ̃𝐾1, (7.16b)
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where ̃𝐾1 =
𝜇

4𝜋(𝑑+ℎ)5 􏿴(𝑑 + ℎ)
2 + 6𝑅(𝑑 + ℎ) + 6𝑅2􏿷 with 𝑑1 = 𝑑2 = 𝑑𝑓 = 𝑑 and the mounted mag-

netic dipole moments𝑀𝑐𝑡1 =𝑀𝑐𝑡2 =𝑀𝑐𝑓 = 1. The final stability condition reads

(𝑀𝑡1 +𝑀𝑡2 −𝑀𝑓) <
𝑘𝑠
2 ̃𝐾1

. (7.17)

This condition implies that the magnetic dipole actuators for translation should be either
equal to or weaker in strength than the torsional actuator.

7.5. Controlled response
The full nonlinear system is solved numerically in the time domain using MATLAB’s func-
tion ode45, an explicit Runge-Kutta numerical method with a variable step. The dynamical
system’s parameters are listed in Table 7.2. In addition, the initial conditions for the planar
rotations are trivial, namely 𝜂0 = 𝜁0 = 𝜓0 = 𝜂̇0 = 𝜁̇0 = 𝜓̇0 = 0. The desired position of the
suspended cylinder is the global equilibriumposition, defined as𝜙 = 𝜓 = 0∘. An acceptable
(operationally safe) limit is set for all planar rotational angles to remainwithin the range of
[−1∘, 1∘]. The magnitude of the torsional magnetic dipole moment is chosen to be equal to
𝑀𝑓 = 1011 Am

2.

Table 7.2: System parameters for the full-scale controlled vibrations.

𝑀𝑐𝑡1,2 ,𝑀𝑐𝑓 [Am
2] 𝑑𝑡1,2 , 𝑑𝑓 [m] 𝐾𝑝1 [N/m] 𝐾𝑖1 [N/ms] 𝐾𝑑1 [Ns/m] Δ𝜃 [∘]

1 1 1011 109 1011 5

𝜙0 [∘] 𝜙̇0 [∘/s] 𝐾𝑝2 [N/m] 𝐾𝑖2 [N/ms] 𝐾𝑑2 [Ns/m] 𝑘𝑠 [N/m]

10 0 1012 1010 1012 106

Figure 7.9: Amplitude time series and frequency content of the crane tip excitation signal.
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A realistic signal is prescribed as external excitation for the pivot point ℎ of the triple
pendulum. This signal corresponds to a full-scale time series derived in Chapter 4 from
the simulation of an OWT tower installation performed by the fictional semi-submersible
vessel Prometheus ([44]). The simulation utilized a JONSWAP spectrum characterized by a
significant wave height 𝐻𝑠 = 3m and a peak period 𝑇𝑝 = 8 s. The crane tip response is
depicted in Figure 7.9, with its frequency content in close agreement with results recorded
during the offshore campaign (Figure 7.3c).

7.5.1. Torsional vibrations
Figure 7.10 illustrates the response of the suspended cylinder with respect to the torsional
mode of vibration,𝜙. The torsional controller effectively attenuates themotion induced by
the non-trivial initial conditions, guiding the system to the desired position of 𝜙 = 0∘. The
envelope of the decaying motion (the line connecting the motion peaks) exhibits a slightly
curved and gradual descent, as the torsional control employs a smoother approximation
of the Coulomb friction scheme (Equation (7.10)). This behaviour is mirrored in the time
series of the controller’s magnetic field orientation, 𝜃, which closely follows the decaying
angular velocity, as anticipated.

The integration of the mechanical power, 𝑃𝑓 = 𝑇𝑓𝜙̇, over the entire simulation yields
the cumulative torsional actuation energy, which is 𝐸𝑓,tot = −15.2 kJ. The negative sign
indicates that energy was extracted from the system, which is consistent with the chosen
control approach. The transient response is just over a minute, which is considered brief
given the total duration of tower set-down (20min).

7.5.2. Translational vibrations
The controlled response of the cylinder with respect to its movement in the 𝑥𝑧-plane is de-
tailed in Figure 7.11. The displacements of key points on the cylindrical payload are pre-
sented: 𝑋𝑐1 and𝑋𝑐2 correspond to the positions of themounted permanentmagnets, while
𝑋𝑒 and 𝑋𝑒,𝑛𝑐 represent the response of the free end of the cylinder with and without the
application of magnetic forces, respectively. The results demonstrate effective vibration
attenuation, with motion at all measured points converging to the desired position, 𝜉 =
𝑥𝑛 = 0m in the global reference frame.

A minor offset is observed in the displacement of the two points below the centre of
gravity (𝑋𝑐1 and 𝑋𝑒), reaching a maximum value of −0.10m in steady state. This small er-
ror could be reduced by slightly increasing the integral gain 𝐾𝑖,1 of the PID controller. The
displacement error corresponds to a slight negative tilt of the cylinder (towards the con-
trollers), as reflected in the angle time series in Figure 7.11b. Here, the mean value of the
angle 𝜓 is slightly negative but remains within acceptable bounds of ±1∘.
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Figure 7.10: Controlled torsional vibrations of the crane-payload system: Time series of (a) angular displacement
𝜙, (b) angular velocity 𝜙̇, (c) orientation angle 𝜃, and (d) control actuation power 𝑃𝑓.

In termsofmagneticdipole strengths, theelectromagnetand its correspondingmounted
magnet at 𝐿1 = 0.8𝐿maintain a nearly constant combineddipole strength of approximately
𝑀𝑡1𝑀𝑐𝑡 ≈ 0.04TA

2m4. By contrast, themagnetic pair at 𝐿2 = 0.2𝐿 displays amore dynamic
response in its effort to stabilize the cylinder. This is expected because the arm of the force
with respect to its centre of rotation results in a smaller torque at this location necessi-
tating higher force amplitudes, with a mean combined dipole strength of approximately
𝑀𝑡2𝑀𝑐𝑡 ≈ 0.06TA2m4. The magnetic strengths of the dipoles adhere to the stability crite-
rion outlined in Equation (7.17), namely𝑀𝑓 > 𝑀𝑡1 +𝑀𝑡2 .

The polarities, as determined by the mean values of the time series, indicate the two
translational actuators generate repulsive forces. In the present control configuration, re-
pulsion translates to a positive torque on the cylinder around its attachment point (tower
top). The power demand for both actuators is shown in Figure 7.11d, revealing similarmag-
nitudes. However, the upper actuator (𝑀𝑡2 ) requires slightly more effort to generate the
necessary control torque.
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Figure 7.11: Controlled translational vibrations of the crane-payload system: Time series of (a) displacement of
different locations on the cylinder against the desired position 𝜉, (b) angular displacements of the three compo-
nents of the system against the uncontrolled response of the suspended cylinder, (c) magnetic dipole combined
strength required𝑀𝑡𝑀𝑐𝑡 , and (d) mechanical actuation power 𝑃𝑡 for the two translational controllers.

Thetwomagnetic control torques are compared inFigure 7.12a. The torsional controller
exerts a torque that is one order of magnitude smaller than the total translational torque.
Additionally, while the torsional torque tends to zero once the control objective is achieved,
the translational control torque decreases more gradually, eventually oscillating around a
steady-state value. This steady-state torque amplitude is approximately−120 kNm, reflect-
ing a negative non-trivial value required to maintain the desired position.

The torques can be converted into actuation forces, enabling a direct comparison with
the tension forces employed in conventional motion attenuation systems for suspended
offshore loads, such as tugger lines. Figure 7.12b illustrates the time series of these forces,
which vary depending on the actuator. For the torsional controller, the maximum force
observed is approximately 𝐹𝑓,𝑚𝑎𝑥 ≈ −21 kN. For the translational controllers, forces are ap-
plied at two different heights on the cylinder. The lower tower experiences a maximum
force of 𝐹𝑡1,𝑚𝑎𝑥 ≈ −40 kN with a mean value of 𝐹𝑡1,𝑎𝑣𝑔 ≈ −12 kN, while the upper tower ex-
periences a significantly higher maximum force of 𝐹𝑡2,𝑚𝑎𝑥 ≈ −338 kN with a mean value of
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𝐹𝑡2,𝑎𝑣𝑔 ≈ −141 kN. These forces correspond to controlling a suspended load weighing ap-
proximately 2260 kN. Even for these high forcing amplitudes, the ratio of the control force
over the weight of the object remains low, with a maximum of approximately 15%.

A direct comparison of actuation results can be made with the offshore campaign of
this project, as described earlier in the chapter, where an active tugger line attached to the
crane’s hook block had a capacity of 100 kN. However, this actuator’s action was supple-
mented by manually handled passive tugger lines, as illustrated in Figure 7.4a, rendering
the precise determination of its total capacity uncertain.

Furthermore, in the literature, tension forces of a comparable order of magnitude or
higher are reported for floating offshore installations utilising tugger line systems. For ex-
ample, Ren et al. [143] document the installation of a single bladeweighing 177.4 kN,where
its motion is controlled using three active tugger lines, each maintaining a mean tension
of approximately 50 kN. This corresponds to a required force-to-weight ratio of 28%.

Andersen studied a lifting operation involving various configurations of tugger line sys-
tems under different environmental conditions [144]. In this study, for the free suspension
of an offshore payloadweighing 2000kN, two tugger lines, eachwith amaximumcapacity
of 100 kN, were employed to control vibrations. This resulted in a required force-to-weight
ratio of 10%. Although the actuation forces and the suspended load’s mass in Andersen’s
work are comparable to those considered here for the contactless technique, it is important
to note a key distinction: the load geometry in [144] was significantly simpler, i.e. it was
modelled as a lumped mass. In contrast, the distributed mass in the present work intro-
duces additional vibrational modes, making the control problemmore complex.

Other studies have explored the integrated control of suspended offshore loads using
active tugger systems combined with dynamic positioning (DP) control [133, 145]. In these
operations, DP systems primarily address low-frequency motions, while wave-induced
motions are managed by motion-compensation equipment, such as an active tugger line
attached to the hook block. The authors found that employing integrated controllers re-
duced the reliance on motion-compensation devices across all evaluated wave conditions.
Specifically, a 100 kN active tugger line was sufficient to control themotion of a hook block
and a suspended load weighing 1200 kN and 6000kN, respectively, modelled as a point-
mass double pendulum. This suggests that investigating the combined use of the contact-
less motion control technique with the vessel’s DP system could potentially reduce the ac-
tuation forces required for efficient control, further enhancing system performance.

Figure 7.12c showsanexemplary redistributionof themagnetic strengthsof thedipoles.
These strengths are divided almost equally amongst the interacting magnets resulting in
the same combined magnetic strength (product of the magnetic dipole strengths). The
mounted dipoles are permanent magnets with fixed magnetic strength. For the torsional
actuator, the magnetic strength is predefined and matches the fixed strength of its cor-
responding permanent magnet on the cylinder. In contrast, the translational actuators
exhibit a time-varying magnetic strength, governed by the PID controllers, which adjust
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based on the error relative to the desired set point. Themagnetic field exerted by the three
distinct actuators at the locationsof themountedmagneticdipoles isdepicted inFigure 7.12d,
aligningwith the representativedistributionofmagnetic strength illustrated inFigure 7.12c.
Themagnetic field component 𝐵𝑥 is calculated by [146]:

𝐵𝑥 = −
𝜇0
4𝜋

⎛
⎜⎜⎜⎜⎝
𝑀𝑡1
𝑠𝑡13

− 3
𝑀𝑡1 (⃗𝑠𝑡1 ⋅ 𝑖⃗)2

𝑠𝑡15

⎞
⎟⎟⎟⎟⎠−
𝜇0
4𝜋

⎛
⎜⎜⎜⎜⎝
𝑀𝑡2
𝑠𝑡23

− 3
𝑀𝑡2 (⃗𝑠𝑡2 ⋅ 𝑖⃗)2

𝑠𝑡25

⎞
⎟⎟⎟⎟⎠−
𝜇0
4𝜋

⎛
⎜⎜⎜⎜⎝
𝑀𝑓

𝑠𝑓3
+ 3

𝑀𝑓 (⃗𝑠𝑓 ⋅ 𝑖⃗)2

𝑠𝑓5

⎞
⎟⎟⎟⎟⎠ . (7.18)

(a) (b)

(c) (d)

Figure 7.12: Time series of relevant control parameters: (a) Total actuation torques, (b) Actuator forces, (c) Dipole
strengths, and (d) Magnetic field component 𝐵𝑥 at the location of the three magnets mounted on the cylinder.

7.6. Conclusions
In this chapter, thedevelopmentof anumericalmodel for controllinga full-scale suspended
OWT tower using a floating crane was presented. Initially, the physical offshore campaign
is detailed, analysing the tower’s response during one of the lifting phases of the instal-
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lation. The wave action is identified as the primary source of disturbance. The methods
employed for attenuating undesired vibrations of the suspended load involved a passive
tugger line attached to the tower and an active tugger line controlling the motion of the
hook block.

By adopting the small-angle approximation, the equations ofmotion of a full 3D crane-
payload system are simplified to two sets of planar pendulums. In each plane, there are
three degrees of freedom: the hook pendulum angle, sling rope angle, and cylindrical pay-
load angle. Next to that, one additional degree of freedom is relevant: the torsional angle
around the payload’s shaft. The derived equations of motion and subsequent modal analy-
sis reveal the natural frequencies andmode shapes of the crane-payload system.

Building on the control techniques developed in earlier chapters, a control scheme is
proposed to attenuate the motion of the tower. The scheme employs three actuators: one
dedicated to mitigating torsional vibration and two targeting the planar motion. They are
positionedat specificheights along the cylinder’s length: oneactuator at the centre and two
actuators symmetrically placed on either side of the centre of gravity. This arrangement
facilitates effective control of all vibrationmodes.

The control scheme successfully mitigates undesired motions of the suspended load
causedbywave-induced crane excitations and initial conditions. Bothplanar and torsional
motions stabilize at a steady state withminimal deviations from the desired position. Key
factors influencing the control performance include the distance between interactingmag-
nets and the tuning of PID controller gains, particularly the proportional gain, which is
critically linked to the torsional actuator’s effectiveness. Furthermore, the placement of
the interaction points on the cylinder is crucial. While these points are constrained to the
upper and lower towers (to generate a torque around the centre of mass), their exact posi-
tions significantly impact the magnitude of the required actuator force due to their effect
on the arms of the resulting control torques.

In addition to attenuating motion, the two translational actuators compensate for the
constant attracting force generated by the orientation of the torsional controller. The tor-
sional control is less demanding in terms of force magnitude, as its main objective is to
counteract the effects of the initial conditions. Since the crane tipmotion does not directly
excite the torsional vibrations, and the translational control remains effective, the coupling
induced by magnetically-generated stiffness is not destabilising.

Regarding the resulting control forces, their magnitudes are of the same order as, yet
lower than, the tension amplitudes typically required by conventional offshore tugger line
control systems. Moreover, the direct control they introduce adds an additional level of
controllability to the system. The maximum force values occur during the brief transient
responsephase,with the ratioof control force to theobject’sweight remaining low, peaking
at approximately 15%.

This chapter concludes the proof-of-concept investigation of a contactless technique
for controlling suspended loads through magnet-to-magnet interactions. The full-scale
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results further validate the effectiveness of this contactless motion control approach in ef-
ficiently managing themotion of the suspended component, thereby enabling amore pre-
cise and effective installation process.





8
Conclusions & Recommendations

As offshore wind turbines continue to increase in size tomeet the ever-growing energy de-mands, heavy lift vessels with dynamic positioning capabilities are increasingly employed
to install larger turbines in deeper waters. However, the success of these floating installa-
tions is often compromised by harsh offshore conditions, which result in undesired wave-
induced motions of the crane-payload system. Thus, effective control of suspended loads
is crucial for ensuring operational safety and installation efficiency.

Current motion compensation methods, such as active tugger lines, gripper frames,
and crane motion compensators, typically rely on indirect control methods, mechanical
attachments and human intervention. Due to the tight installation tolerances and the lim-
itedworkability windows offshore, there exists a notable opportunity for further investiga-
tion into motion control methods, with non-contact techniques offering a promising area
of research beyond the conventional approaches employed in the industry. The proposed
method in this thesis leverages magnet-to-magnet interactions between the suspended
component andanarrangementof electromagnetic actuators, utilizingboth attractive and
repulsive forces to achieve robust and reliable motion control.

8.1. Conclusions
The present thesis examined this contactless technique by investigating a set of dynamic
system analogues through both experimental and numerical approaches, thereby provid-
ing a proof-of-concept for the proposedmethod.

Chapter 2 outlined the theoretical foundations of the methodologies used in the the-
sis. A review of the state-of-the-art in magnetically excited and controlled pendula, high-
lighted the potential of the use of magnet-to-magnet interactions to enhance motion con-
trollability. A simplified crane-load analogue is then introduced, capturing the essential
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dynamics of the system. To simulate magnetic interactions, each magnet is modelled as a
magnetic dipole.

Leveraging these foundations, in Chapter 3, an experimental setup and a mathemati-
cal model are developed to validate the contactless motion control concept. The external
forces acting on the pendulum were identified and calibrated against physical experimen-
tal data. The damping force was represented by Coulomb’s friction, while the magnet in-
teraction followed an empirical nonlinear relationshipwith distance, consistent with an el-
ementary dipole-to-dipolemodel. To validate the numericalmodel, forced vibrationswere
applied using an electromagnetic actuator with varying frequencies and amplitudes. The
model successfully captured the system’s dynamic behaviour, with minor discrepancies
attributed to two primary nonlinearities: the friction force, which is influenced by mem-
ory effects and the physical experiment’s conditions, and the operational constraints of the
electromagnetic actuator, such as delays in polarity switching due to themagnetization of
the magnet core.

With themodel accurately calibrated and the interaction betweenmagnets quantified,
Chapter 4 explored thecontrolled responseof the system, examining thecontrol technique’s
limitations and influential parameters in greater detail. A modified PD controller reg-
ulated the motion by dynamically adjusting the intensity and polarity of an electromag-
net. The technique was effective in two control modes: maintaining a desiredmotion with
a fixed pivot and stabilizing a fixed global position with a moving pivot (disturbance re-
jection). Two key control parameters were identified: the saturation of the electromag-
netic actuator and the separation distance between the magnets. Faster polarity transi-
tions reduced the electromagnet’s operational capacity, leading to poorer responses, while
a smaller separation distance significantly improved control performance with lower er-
rors and reduced saturation. These findings highlight the importance of setting upper and
lower bounds for the separation distance to prevent saturation and control failure due to
magnetic impact.

Analytical controllability curves were derived to optimize the magnet separation dis-
tance for various excitation conditions. Resonance behaviour was leveraged in the desired
motion but was effectively suppressed in the disturbance rejection controlmode. The tran-
sient response in the latter mode proved critical, as large errors and high saturation levels
occurred until steady-state was reached, necessitating constraints on acceptable transient
errors. Power considerations also influenced the optimal magnet separation choice, with
mechanical actuation power favouring intermediate distances and electrical power sug-
gesting smaller separations as more energy-efficient. The force amplitudes were on par
with conventional tugger line control systems, but the ability to use both repulsive and at-
tractive forces offered greater control.

Chapter 5 addressed another significant vibrationmode, the torsional rotation around
the shaft of the component, prevalent during the mating installation stage of OWT com-
ponents, where aligning the pieces properly introduces challenges to the duration of the
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overall installation. A proof-of-concept for a contactless rotation control for cylindrical
structures is developed. The proposed controller leverages magnetic interactions between
a mounted permanent magnet and an electromagnetic actuator, but this time, the orien-
tation of its magnetic field was the main control variable.

Thecontrol strategy,while based on linearised systemanalysis, proved effective inman-
aging the full nonlinear system through numerical simulations. Three control modes were
explored: thefirst attenuates rotationbygenerating adissipative torque throughamagnet-
ically induced term resembling Coulomb friction; the second sets a new stable equilibrium
position; and the third actively imposes a time-varying torsional vibration. Control perfor-
mance depends on factors such as the magnet separation distance, the dipole orientation
change, and the interplay betweenmagnetic and spring stiffness.

The combined control of torsional and translational vibrations is investigated in Chap-
ter 6, exploring the challenges and interactions between these degrees of freedom in a
suspended point mass pendulum, integrating the separate control strategies developed in
previous chapters. These degrees of freedom are coupled via the system’s magnetically in-
duced stiffness. Magnetic interactions of both controllers thus influence the equilibrium
positions.

The performance and controllability of the combined control approach were evaluated
under two scenarios: disturbance rejection for both translational and torsional motions,
and desiredmotion control for translation combined with damping control for torsion. In
both cases, the controllers effectively reduce vibrations, with translational control achiev-
ing a quick transition into the steady-state regime. The stability and success of the com-
bined control method are primarily attributed to the translational actuator’s ability to pre-
cisely control the separation distance of the torsional dipoles—a crucial factor for efficient
torsional control. However, the controllability range for torsional vibrations in the com-
bined system is narrower and time-dependent compared to stand-alone torsional control,
studied in Chapter 5.

Chapter 7 presented a full-scale numerical model for controlling a suspended OWT
tower from a floating crane, validated by analysing an offshore lifting phase. The proposed
control schemeuses three actuators: one for torsional control and two for translational con-
trol, positioned along the cylinder’s height. The method successfully mitigates undesired
motions caused by crane excitation and initial conditions, stabilizing both planar and tor-
sional rotations with minimal deviations. Apart from the separation distance of the inter-
acting magnetic dipoles, other key performance factors include the PID controller tuning
and the placement of actuators. The magnetically induced control forces are comparable
to, or lower than, the conventional offshore tugger line forces while offering enhanced con-
trollability of different vibrational modes.

Concluding this thesis and upon presenting a proof-of-concept analysis, the contact-
less techniqueproposeddemonstrates effectivemotioncontrol throughmagnet-to-magnet
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interactions, thus potentially enabling more precise, safe and efficient offshore installa-
tions.

8.2. Recommendations&Future outlook
In view of the findings presented in this study, the following recommendations and areas
for future investigation are proposed to advance the development and application of the
contactless motion control technique:

• Magnetization Interference:
While this thesis does not consider the payload as ferromagnetic, the effects of the
presence of ferromagnetic material around the mounted magnets should be inves-
tigated. Understanding the interference caused by the magnetization of such mate-
rials is crucial. Additionally, the feasibility of employing the contactless attractive
forces on a ferromagnetic pendulummass, without the use of a permanent magnet,
should be studied as an alternative approach, akin to the tension applied by active
tugger lines.

• Advanced Control Strategies:
Further research should focus on developing and testing more advanced control al-
gorithms for regulatingmagnetic parameters, includingpolarity, strength, andfield
orientation. A systematic study of time-varying separation distances, dynamically
adjusted to optimize control performance andminimize power consumption, could
also yield significant improvements in efficiency and reliability.

• Optimization of the Control Arrangement:
Expanding the study to the full 3D problem is essential to comprehensively under-
stand the system’s dynamics and optimize the actuator configurations. Minimizing
the number of requiredmagnetic actuators while maintaining a satisfactory level of
performance is an important goal. For instance, the attractive forces generated by
the torsional controller could potentially be repurposed to induce the desired torque
around the centre of mass, simplifying the actuator design.

• Environmental Loads and Installation Phases:
Theeffectsof environmental loads, suchaswaveandcurrentaction, andwind-induced
vibrations (e.g., vortex-induced vibrations), should be incorporated into future stud-
ies. These factors are particularly critical during different installation phases, such
as free suspension, semi-submersion, and penetration stages for bottom-founded
installations. Additionally, a contactless alternative to gripper frames should be ex-
plored to mitigate impact-induced defects on the structure during installations un-
der rough sea conditions.

• Holistic Crane-Vessel Interaction Simulations:
A holistic simulation integrating the crane-payload system, controllers, and a float-
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ing vessel should be conducted. This would allow for a detailed investigation of the
coupling effects between dynamic positioning system and crane-payload controlled
motions. Moreover, the potential for heave parametric resonance should be assessed
to determine whether it is adequately mitigated by existing crane heave compensa-
tion systems.

• ContactlessMotion Control Experimental Campaign:
Conducting physical experiments of the contactless techniquewith a suspended dis-
tributedmass ona floating cranemechanical analogue (e.g. tower cranemountedon
hexapod base) at lab- andmeso-scales could provide valuable insights for further re-
fining the control schemes. Additionally, integrating spatial actuators (robotic arms
or drones) to maintain the desired separation distance during operation would im-
prove the controllability of the system, addressing both fine and coarse control re-
quirements.

By addressing these areas, future studies can further advance the contactless motion
control technique and enhance its practical application, particularly for challenging off-
shore operations like the installation of large wind turbines (Figure 8.1).
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Figure 8.1: Floating vessel OWT installation with contactless motion control.
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A
Governing equations of a
suspended OWT tower

The triple pendulum illustrated in Figure A1 has seven degrees of freedom (DOFs), corre-
sponding to the various angles of the pendulum components in two planes, namely the xz-
and yz-planes. These include the point mass pendulum angles, 𝜂𝑥 and 𝜂𝑦, the sling angles,
𝜁𝑥 and 𝜁𝑦, and the rotational angles of the cylinder around its top point,𝜓𝑥 and𝜓𝑦, in the re-
spective planes. The seventhDOF pertains to the torsional rotation𝜙 around the cylinder’s
longitudinal axis.

Thecoordinates that describe themotionof thependulumaregiven in termsof its three
moving components as follows:

𝑃⃗ℎ =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

ℓℎ sin (𝜂𝑥)
ℓℎ cos (𝜂𝑥) sin (𝜂𝑦)
ℓℎ cos (𝜂𝑥) cos (𝜂𝑦)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
+

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

ℎ𝑥
ℎ𝑦
ℎ𝑧

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
, (A.1a)

𝑃⃗𝑠 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

ℓ𝑠 sin (𝜁𝑥)
ℓ𝑠 cos (𝜁𝑥) sin (𝜁𝑦)
ℓ𝑠 cos (𝜁𝑥) cos (𝜁𝑦)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
+ 𝑃⃗ℎ, and (A.1b)

𝑃⃗𝐿 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

𝐿
2
sin (𝜓𝑥)

𝐿
2
cos (𝜓𝑥) sin (𝜓𝑦)

𝐿
2
cos (𝜓𝑥) cos (𝜓𝑦)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
+ 𝑃⃗𝑠, (A.1c)

where 𝑃⃗𝐿, 𝑃⃗𝑠 and 𝑃⃗ℎ are the position vectors of the hanging cylinder, the sling endpoint,
and hookmass, respectively.
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Figure A1: Schematic of the triple 3D pendulum of the crane-payload sub-system.

The kinetic𝒦 and potential𝒰 energy of the dynamical system are given by

𝒦 =
1
2
𝑀􏿐⃗̇𝑃𝐿􏿐

2
+
1
2
𝑚􏿐⃗̇𝑃ℎ􏿐

2
+
1
2
𝐼𝑧 ⃗̇𝜙

2
+𝒦𝜔, (A.2a)

𝒰 =𝑀𝑔􏿴ℓℎ + ℓ𝑠 + 𝐿 − 𝑘⃗𝑃𝐿􏿷 +𝑚𝑔 􏿴ℓℎ − 𝑘⃗𝑃ℎ􏿷 +
1
2
𝑘𝑠𝜙2, (A.2b)

where 𝑘⃗ represents the unit vector of the vertical z-axis. 𝒦𝜔 represents the rotational ki-
netic energy of the hanging load [147] and can be expressed as

𝒦𝜔 =
1
2
𝐼𝑥(𝜓̇𝑦)2(cos𝜓𝑥)2 +

1
2
𝐼𝑧(𝜓̇𝑦)2(sin𝜓𝑥)2 +

1
2
𝐼𝑦(𝜓̇𝑥)2, (A.3)

where 𝐼𝑥, 𝐼𝑦, and 𝐼𝑧 are the moments of inertia of the rotation of the cylinder around its
three axes.

For the derivation of the equation ofmotion, the Lagrangianℒ is formulated as follows:

d
d𝑡 􏿶

𝜕ℒ
𝜕𝑞̇ 􏿹 −

𝜕ℒ
𝜕𝑞 = 0, and 𝑞⃗ = 􏿮𝜓, 𝜂, 𝜁,𝜙􏿱

T
(A.4)

where ℒ = 𝒦 − 𝒰. To simplify the simulation of the system, the following assumptions
are made: 1) the cable lengths of the hook (ℓℎ) and sling (ℓ𝑠) are considered rigid mass-
less elements in the derivation, and 2) the displacements of the hanging components are



A

149

small compared to the lengths of thependulum, resulting in the small angle approximation
(sin (𝑞) ≈ 𝑞 and cos (𝑞) ≈ 1). With assumptions, evaluating Equation (A.4) gives the follow-
ing linearized equations of motion (EOMs) of the free vibrations of the dynamical system:

⎛
⎜⎜⎜⎝
⎡
⎢⎢⎢⎣
𝐼𝑦
𝐼𝑥

⎤
⎥⎥⎥⎦ +

𝑀𝐿2
4

⎞
⎟⎟⎟⎠
⎡
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𝜓̈𝑥
𝜓̈𝑦

⎤
⎥⎥⎥⎦ +

𝑀𝐿ℓℎ
2

⎡
⎢⎢⎢⎣
𝜂̈𝑥
𝜂̈𝑦

⎤
⎥⎥⎥⎦ +

𝑀𝐿ℓ𝑠
2

⎡
⎢⎢⎢⎣
𝜁̈𝑥
𝜁̈𝑦

⎤
⎥⎥⎥⎦ +

𝑀𝐿
2
𝑔
⎡
⎢⎢⎢⎣
𝜓𝑥
𝜓𝑦

⎤
⎥⎥⎥⎦ = −

𝑀𝐿
2

⎡
⎢⎢⎢⎣
ℎ̈𝑥
ℎ̈𝑦

⎤
⎥⎥⎥⎦ , (A.5a)

(𝑀 +𝑚) ℓ2ℎ
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⎡
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𝜂̈𝑦

⎤
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2
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𝜓̈𝑦
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⎥⎥⎥⎦ = −𝑀ℓ𝑠

⎡
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⎥⎥⎥⎦ , (A.5c)

𝐼𝑧𝜙̈ + 𝑘𝑠𝜙 = 0. (A.5d)





B
Linearised magnetically-induced

potential energy

The potential energy of the magnetic interaction linearised around the global equilibrium
position 𝜂 = 𝜁 = 𝜓 = 𝜙 = 0∘ is formulated as

𝑊𝑚 = 𝐾1𝜙2 + 𝐾2𝜙 + 𝐾3𝜓2 + 𝐾4𝜓 + 𝐾5𝜂2 + 𝐾6𝜂 + 𝐾7𝜁2 + 𝐾8𝜁 + 𝐶, (B.1)

where the coefficients are given by

𝐾1 = −
𝑀𝑐𝑡1𝑀𝑡1𝜇
4𝜋(𝑑1 + ℎ)5

􏿴(𝑑1 + ℎ)2 + 6𝑅(𝑑1 + ℎ) + 6𝑅2􏿷 (B.2a)

−
𝑀𝑐𝑡2𝑀𝑡2𝜇
4𝜋(𝑑2 + ℎ)5

􏿴(𝑑2 + ℎ)2 + 6𝑅(𝑑2 + ℎ) + 6𝑅2􏿷

+
𝑀𝑐𝑓𝑀𝑓𝜇
4𝜋(𝑑𝑓 + ℎ)5

􏿴(𝑑𝑓 + ℎ)2 + 6𝑅(𝑑𝑓 + ℎ) + 6𝑅2􏿷

𝐾2 =
𝑀𝑐𝑓𝑀𝑓𝜇
4𝜋(𝑑𝑓 + ℎ)4

sin (𝜃) 􏿴𝑑𝑓 + ℎ + 3𝑅􏿷 (B.2b)

𝐾3 =
𝑀𝑐𝑡1𝑀𝑡1𝜇
4𝜋(𝑑1 + ℎ)5

􏿴12𝑛12𝐿𝑐
2􏿷 +

𝑀𝑐𝑡2𝑀𝑡2𝜇
4𝜋(𝑑2 + ℎ)5

􏿴12𝑛22𝐿𝑐
2􏿷 −

𝑀𝑐𝑓𝑀𝑓𝜇
4𝜋(𝑑𝑓 + ℎ)5

cos (𝜃) 􏿴3𝐿𝑐
2􏿷 (B.2c)

𝐾4 = −
𝑀𝑐𝑡1𝑀𝑡1𝜇
4𝜋(𝑑1 + ℎ)4

(6𝑛1𝐿𝑐) −
𝑀𝑐𝑡2𝑀𝑡2𝜇
4𝜋(𝑑2 + ℎ)5

(6𝑛2𝐿𝑐) +
𝑀𝑐𝑓𝑀𝑓𝜇
4𝜋(𝑑𝑓 + ℎ)5

cos (𝜃) (3𝐿𝑐) (B.2d)
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4𝜋(𝑑1 + ℎ)5
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2􏿷 (B.2e)

𝐾6 = −
𝑀𝑐𝑡1𝑀𝑡1𝜇
4𝜋(𝑑1 + ℎ)4
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4𝜋(𝑑𝑓 + ℎ)4

cos (𝜃) (6ℓℎ) (B.2f )
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𝐾7 =
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cos (𝜃). (B.2i )

( B.2j )
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