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Summary

During the last decades renewable sources of enkeyg become increasingly
important as an alternative to fossil fuels. Amdnthe different renewable sources,
wind has emerged as a cost effective alternativeceoand the wind industry has
become a large international business. Wind tusbiaee increasingly being placed
offshore where wind conditions are generally magadiicial. As a downside, however,
offshore wind farms are more expensive in termsineestment costs as well as
operation and maintenance (O&M) costs when compdecedpplication on land.
Meanwhile, offshore wind farms are being erectethéx offshore where environmental
conditions are rougher. This creates an additiari@llenge for O&M, since the
currently applied method to access these wind neshis ship-based (ship bow to ladder
on wind turbine) and only allows for safe transfarsmild wave conditions, up to a
significant wave heightHs) of approximately 1.5m. As a result, offshore wiadms in
rough wave climates will encounter decreased atibyswhich in turn will lead to
long downtimes and loss of revenue.

The accessibility of offshore wind turbines cansignificantly increased if safe access
is enabled in wave conditions with a significantveveheight of up to approximately
2.5m. Such increased accessibility does requirevalraccess system. The new system
proposed in this thesis is named “Ampelmann” anabées safe transfer of personnel
and goods by providing a motionless transfer dethk @essel. This deck is mounted on
top of a so-called Stewart platform which is oftesed for flight simulators and can
provide motions in all six degrees of freedom ussig hydraulic cylinders. Such a
Stewart platform is mounted on the ship’s deck. Keep the transfer deck on the
Stewart platform motionless, a sensor continuonsasures the motions of the ship’s
deck. The cylinders of the Stewart platform aressgjiently controlled in such a way
that a stable and motionless transfer deck is bemegted, from which a gangway
provides access to the fixed offshore structuree @bjective of the research of which
the results are presented in this thesis was toeptbat the use of an Ampelmann
system can increase the safe accessibility of oféskvind turbines significantly.

As a start it had to be examined whether the diffetechnologies combined in the
Ampelmann system, i.e. the Stewart platform andionosensor, would allow for a
sufficiently fast and accurate motion control t@ate a motionless upper deck on a
moving vessel. To research this, a series of snalgel tests have been performed using
a small Stewart platform in combination with a matisensor and custom-made
software. This proof of concept was conducted Ist folacing the system on top of
another, larger, Stewart platform (used to “simeilahip motions) to test and enhance
the system performance by fine-tuning of the cdstrdhereafter, the system was



mounted on a 4 meter vessel which was placed iaveWwasin in which the vessel was
excited by regular and irregular waves. These staléel tests proved the Ampelmann
concept: obtaining a motionless transfer deck @nafoa moving vessel. The results of
this proof-of-concept phase justified continuingthwithe next phase: creating a
prototype.

This prototype, the Ampelmann Demonstrator, waprmve its capability of safely
transferring personnel in real offshore conditioRsior to the development of the
Ampelmann Demonstrator, the following system reguients were stated:

* High safety standards

e Ship-based system, applicable on a wide rangessels
* No special appurtenances required on the windrarbi
* Provide accessibility in sea states uplto= 2.5m.

To create an inherently safe Ampelmann systefajlaperational safety philosophy
was adopted, implying that after a single compofihire the operation must continue
normally for at least one minute: enough time toptete a transfer operation safely
and return the platform to its safe state. To askhe safety-based design of the
Ampelmann Demonstrator, four main requirements idgatified:

«  Stewart platform motion range

e Stewart platform motion integrity
e Safe operational procedure

e Structural integrity.

The design of the Stewart platform should be shel it provides sufficient motion
range to enable compensation of vessel motionednssates oHs=2.5m. A design
process was developed to determine the Stewafoptas architecture best apt for the
prototype, the Ampelmann Demonstrator. This wasedbwy first determining a large
number of possible architectures for a cylindeolstrlength of 2m and limited top and
base frame dimensions. A calculation procedure pa&$ormed for each proposed
platform architecture to determine its motion rangeditionally, the extreme axial
cylinder forces were determined for all architeesjrthe architectures leading to the
largest cylinder loads have been discarded singe laylinder forces are associated
with larger cylinder dimensions which in turn leéa higher costs. Ultimately the
platform architecture with the largest heave motrange was considered the most
appropriate for the Ampelmann Demonstrator. Theabiglur of this architecture was
studied for use on different types of vessels thhomotion simulations. It was found
that the chosen Stewart platform design could pi@whotion compensation in a sea
state ofHs=2.5m when mounted on vessels with a length afat!50m.



For adequate motion compensation, the motions geaviby the Stewart platform
have to be exact and timely and may not be hampayeahy component failure. All
non-structural critical components of the Stewdatfprm were therefore designed to be
redundant to comply with the fail-operational sgfghilosophy. This redundant set-up
allows the system to ride through any componehiriifor at least 60 seconds. As soon
as such a component fails the Ampelmann Safety NeEmant System (ASMS) detects
this failure and immediately takes mitigating measuisolate the failure and switch to
the redundant component. In addition the operatowarned to finish the operation
within one minute. The system was proven to bedpérational through an extensive
series of tests.

Furthermore an operational procedure has been atkfin enable safe personnel
transfers. While trained operators command the Amaen system in accordance with
the operational procedure, the ASMS continuouslyitoos all system functionalities
and warns the operator in case a component faimpromises the system’s
redundancy. Safe and easy access from the Ampeltremsfer deck to a landing point
on a wind turbine is made possible by a custom-ngaehgway. This Telescopic Access
Bridge (TAB) incorporates three degrees of freedehich enable the operator to
position the tip of the gangway against any emdsdalgnding point. The free floating
functions of the TAB ensure contact with the lagdpoint even when encountering
small transfer platform motions and serve as atgdéature to keep the gangway tip
pressed against the landing point in case of amgamey. The safety of the operational
procedure has been confirmed by onshore and o#dists.

To verify the structural integrity of the Ampelmaiemonstrator, the design and
fabrication of the system and its structural congia have been evaluated by the
certification authority Lloyd’s Register. For theegign appraisal this presented a
practical problem since no specific design codasted for an Ampelmann system.
Based on the Code for Lifting Appliances in a MarlBnvironment, six load cases were
specifically outlined for the Ampelmann system;dhdoad cases were agreed upon by
Lloyd’'s Register to be used for the design apptaBased on the design, fabrication
and an overload test a full certificate was issumihfirming the Ampelmann
Demonstrator’s structural integrity.

The Ampelmann Demonstrator development phase ha&n lmompleted by a
successful transfer demonstration at the Offshomedpark Egmond aan Zee (OWEZ).
A second Ampelmann system was built in 2009 andrtveoe in the first half of 2010.
These four systems are commercially available @ lbeen applied in offshore wind
projects as well as oil- and gas projects. By tmarmer of 2010, the four Ampelmann
systems have jointly performed over 25.000 persotraasfers in sea states of up to
Hs<=2.8m. The next step for the Ampelmann is to beluse its originally envisaged

\Y



task to significantly increase the accessibility asfshore wind turbines in order to
increase uptime, power production and revenues. Aimpelmann technology has
proven to be a safe method to transfer personnieted offshore structures, providing
access in sea states with a significant wave heifjbtrer 2.5 metres, making offshore
access as easy as crossing the street.

Vi
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1. Introducing Offshore Wind Energy,
Maintenance and Access

1.1 The Wind Energy Industry

1.1.1Introduction

Due to the increasing demand for energy, the growinvironmental awareness and
fossil fuels generally having increasing and uristgtrices, renewable sources of
energy have become of increasing importance over I#st decades. Presently
hydropower, wind energy, biomass energy, geotheanaltgy and solar photovoltaics
contribute to the global electricity generation rajside fossil fuels. Generating
electricity from wind using turbines has evolvednir small domestic and agricultural
applications in the early 1970's to an internatlomailtibillion euro business today.
Throughout these decades, technological improvesnbate steadily been reducing
total costs, making onshore wind energy currentdgt @wompetitive with fossil fuels
when situated in locations with sufficient wind eeities. The most noticeable
technological development is the explosive growittucbines both in rotor diameter as
well as power capacity, as shown with trend lime§igure 1.1. Although the increase
in rotor diameter appears to have stalled, the mawi rated power capacity of wind
turbines is still expected to increase. At this reamthe largest commercially available
wind turbine has a rated capacity of 6 MegawattlyE2009, the installed wind power
capacity worldwide was 121 Gigawatt with an anngedwth of over 20%. Europe
currently accounts for over 50% of this total itis capacity. [1]

[m] Mw]

160 8
M Rotor Diameter [m]
M Rated Power Capacity [MW]

120

80

40

0} j ' y
1975 1980 1985 1990 1995

T T T 10
2000 2005 2010 2015

Figure 1.1 Growth in turbine sizes [2][3]



1.1.20ffshore Wind Energy

With the turbines getting larger in size and goachtions onshore being limited, wind
energy has been making its move towards offsharatitons since 1990. Wind turbines
onshore are known to cause resistance amongsbfhagbion due to noise nuisance and
aesthetic issues. Placing wind turbines offshoreidsv these disadvantages, while
allowing the turbines to benefit from the highendispeeds at sea. In addition, wind at
sea is less turbulent which reduces the fatigudsloand the lower wind shear offshore
allows for the use of lower hub heights than onshdhese advantages have led to the
construction of several wind farms offshore, cutlsewith a total installed capacity of
over 1 Gigawatt. By the end of 2010, a total insthtapacity of around 3.5 Gigawatt is
estimated at the European offshore locations [gjure 1.2 illustrates the current status
and planned growth of offshore wind farms.
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Figure 1.2Overview of offshore wind farms in Europe:
operational and under construction (October 2009)

1.1.3Costs of Wind Energy

Moving wind energy generation from onshore to adfghlocations comes at a price.
The total costs of wind energy can be separatedtimb types of costs: the investment
costs and the operation and maintenance (O&M) cohis investment costs include the
costs of turbine, foundation, grid connection amstallation. The O&M costs comprise
costs of regular maintenance, repairs and spats. pre investment costs for a wind
farm offshore are considerably higher than onshaenajnly due to the required



integration with the electrical grid, larger and macomplex support structures and
expensive installation methods. According to a 280y of the European Wind
Energy Association (EWEA) [3], the investment co&is an onshore wind energy
facility typically vary between 1.00 and 1.35 nali €/ MW, whereas the investment
costs for a new offshore wind farm are expectedbdoin the range of 2.00 to 2.20
million €/ MW at a near-shore, shallow water sit&V/[EA estimates O&M costs to be
under or close to 10 €/MWh for onshore turbineshvétrated power of 500kW and
more, and around 16 €/MWh in offshore conditiors¢es maintenance activities in the
harsh offshore environment are generally more cusame and thus more expensive.
However, estimates of O&M costs are still very wegictable.

Using the above quoted values, a simple estimatieeofosts of an offshore wind farm
can be made. As an example, a cost calculatioroidded here for a wind farm with a
rated capacity of 100 MW and a lifespan of 20 yaarboth onshore and offshore
conditions. Since the O&M costs have been state@/MWWh, these costs will depend
on the power output. To estimate the annual powéput of a wind farm, a capacity
factor must be assumed. The capacity factor (CHefsed as the ratio of the average
delivered power to the theoretical maximum powetpou The capacity factor is
typically higher offshore as a direct result of thigher wind speeds. For offshore
conditions, EWEA uses an estimated CF of 37.5% T8 same calculations can be
performed for a 100MW onshore wind farm, using ad®R7.5% [5]. A discount rate
of 5% is taken into account to calculate the nesent value (NPV) of all different costs
in order to enable a comparison between the invagticosts and the O&M costs. The
results are presented in Table 1.1 below. From ¢k@&mple, it can be seen that the
O&M costs contribute substantially to the total myyegeneration costs: 24% of the
NPV of the total energy costs in offshore condision

Table 1.1Estimated costs for a 100MW wind farm
with a lifespan of 20 years at a 5% discount rate

Onshore

Offshore

Investment Costs
O&M Costs

Capacity Factor

MEMW]
[ME/MW]
[%]

11
10
27.5

21
16

37.5

Total Investment Costs
Total O&M Costs

NPV Total O&M Costs

[Mé€]
[Me€]

[Me€]

110

48

30

210

105

66

NPV Total Wind Farm Costs

[Mé€]

140

276

NPV Total Wind Farm Costs

Onshore: 140 M€

\21%
24%

79%

Offshore: 276 M€

[0 = Total Investment Costs

[J =NPv Total O&M Costs

(Calculations have been based on 2008/2009 estimates)




1.2 Operation and Maintenance

1.2.1Maintenance Activities

The term “Operation and Maintenance” refers tcaativities performed after a wind
turbine has been commissioned in order to have kamg the turbine in operation.
Besides monitoring, these are mainly maintenanckrapair activities which can be
categorized into the following three different tgpe maintenance [6]:

* Calendar based maintenance
+ Condition based maintenance
« Unplanned corrective maintenance.

Calendar based maintenance
Calendar based maintenance is performed at fixed fntervals, or after a fixed
number of operating hours. This usually amountsn® or two visits per year.

Condition based maintenance

Condition based maintenance is carried out afteertain degree of degradation of a
system or component has been detected. The contpisnenbe repaired or replaced
before actual failure occurs.

Unplanned corrective maintenance

Unplanned corrective maintenance is necessary afteinexpected failure of a system
or component. Such failures have a random charactérare therefore impossible to
predict. These unplanned visits, necessary forective maintenance, may demand a
large number of personnel transfers to the turbirdereover, waiting time for
replacement parts to be available can prolonguti@rte downtime substantially.

For offshore wind farms, the costs of correctivantenance cover around 60% of the
total O&M costs, whereas the costs for preventivantenance (both calendar and
condition based) presently account for around 406 [

Maintenance activities can also be categorizedgugrired action. A categorization as
proposed in [8] is presented in Table 1.2. Theirifbn between the different
categories is based on the weight of the comporthatsare to be replaced and the
equipment needed. For the Dutch DOWEC project, dbeurrence of failures was
simulated for an offshore wind farm with 80 turtsng]. From this simulation, the
required maintenance actions were derived and aggghinto the different maintenance
categories. The occurrence of each action is preden the rightmost column of Table



1.2 as a percentage of all required maintenandenactlt is clear that over 90% of all
maintenance actions only require the transfer e$qenel and of parts which can be
carried by man or lifted by a turbine’s permanee¢inal crane.

Table 1.2Maintenance categories per required action [8] [9]

Occurrence
as percentage of all

Maintenance

Category Required Action Offshore Equipment Required maintenance actions
Number
[%]
1 Replacement of a heavy component Vessel + Jack-up 1
2 Replacement of a large part Vessel + Build up Internal Crane 7
3 Replacement of a small part (< 1 MT) Vessel + Permanent Internal Crane 23
4 Replacement of a small part (man carried) Vessel or Helicopter 69

or no parts; Inspection

1.2.2Factors Determining Operation & Maintenance Costs

When considering an offshore wind farm, the maimtdbutors to operation and
maintenance costs are labour costs, material costss for access vessels and crane
ships. In addition to these costs one should alke into account revenue losses due to
downtime. These different costs are dependentn [7

e Size and reliability of the turbines

e Water depth, distance to the shore and numberrbifies of the wind farm
. Wind and wave climate

*  Maintenance strategy.

Size and reliability of the turbines

The reliability of a wind turbine plays a major @oh the O&M costs: turbines that
require much maintenance, either scheduled or edsthd, will demand higher O&M
costs than reliable and robust turbines. Turbinigs & comparable reliability but with
different rated capacities (e.g. 2 MW and 5 MW)lwive different O&M costs. The
turbine with the larger rated capacity will gengrakquire fewer visits per installed
MW. On the other hand, the repair of a larger nehwill cause a higher revenue loss
during downtime and will generally include replaeerh of larger parts possibly
resulting in the use of more expensive equipmeumtthermore, additional wind turbine
facilities such as internal cranes, a second lzwatihg or a hoisting deck on the nacelle
can influence the ease of maintenance and thergftwence the O&M costs.



Water depth, distance to port and number of turbines of the wind farm

A larger water depth may require the use of moggeasive hoisting facilities (e.g. a
bigger jack-up barge for overhaul). For all mairtece and repair actions, the distance
to port directly influences the travel time fromosh to wind farm. The number of
turbines of the wind farm can have an influenceghl@nchosen maintenance strategy: as
wind farms become larger, the use of more advawesdels and access systems are
likely to become more economical.

Wind and wave climate

The wind and wave climate are determined by thatlon of the wind farm. The trip
from port to wind farm and back, and especiallyttfamsfer of people and goods to and
from an offshore wind turbine can be significandgmpered by the environmental
conditions. Transfers as well as maintenance opesatare limited to certain wind
speeds and wave conditions.

Maintenance strategy

During its lifetime maintenance of a wind farm isrformed according to a certain
strategy. This strategy also defines the accegemyoisting facilities, the frequency
of scheduled maintenance and overhaul, as welloas to deal with unscheduled
maintenance activities. Different maintenance sg@s will obviously have different
effects on the resulting O&M costs.

It is evident that in order to minimize O&M costdl aforementioned factors
determining these costs should be investigated mlosely. However, the wind farm
location, the turbine type and the wind farm size always decided upon at an early
stage of the wind farm development, normally sevgears before the installation of
the farm. After the wind farm location, turbine &@and wind farm size have been
determined, the main factors influencing total O&llsts mentioned earlier will all be
fixed, with the exception of the maintenance strateThe choice of strategy directly
influences the costs of access systems, of craips simd of labour while indirectly
affecting the revenue losses.

1.3 Maintenance Strategy and Offshore Accessibility

When operating an offshore wind farm, all turbieéated maintenance activities
require a visit to the offshore wind turbine. Anigit/to a turbine calls for a means of
transportation as well as a transfer method tottinkine. Access to a turbine thus
comprises transport to the turbine location as wasltransfer of personnel and goods
from the transport means to the turbine itself. Hoeessibility of a wind turbine is
defined here as the percentage of time that anteirtan be accessed.



One of the most significant differences betweendwarms offshore and onshore for
O&M is their accessibility. In some cases, onsheired turbines are located in remote
areas or hills which can significantly increasevéidime. However, in case of onshore
maintenance, crews can travel from turbine to hetby car and can generally access
the turbines at any moment, regardless the weathwditions. The possibility to access
a wind turbine offshore depends heavily on the igaand sea conditions. Offshore
wind turbines are placed at locations with favolgatind conditions, so these locations
will often experience rough weather conditions witgh wind speeds and high waves.
Due to such weather conditions, the turbines may lveeinaccessible for days or even
weeks.

Whenever a turbine requires a corrective maintemamation, it remains unavailable
for electricity production until it is repaired. tk of accessibility, most probably due to
wind and wave conditions, can cause long downtitheseby reducing the turbine’s
availability. The availability of a wind turbine @efined as the percentage of time that
the turbine is able to produce electricity. A desed availability results in a decrease in
power production. This will ultimately lead to rewee loss as depicted in Figure 1.3.

Decreased
Decreased Decreased Decreased
Power

Accessibility Availability Production Revenue

Figure 1.3Decreased accessibility leads to decreased revenue

The availability of an entire offshore wind farmuth depends largely on the
accessibility of the turbines. For a case studynfaf 80 turbines located 43 km off the
Dutch coast, the Dutch DOWEC project used a sophistd Monte Carlo simulation
model to examine the relationship between a wimthfaaccessibility and its resulting
availability [10]. The result is shown in Figuredlany increase in accessibility up to
about 90% results in a direct significant increiastne wind farm’s availability. Beyond
an accessibility of 90%, the influence on the iaseein availability is much smaller. It
seems justified to conclude that any increase aessgibility up to approximately 90%
directly results in an increase of a turbine’s Elality, and thus power delivery and
revenue. Therefore, to minimize revenue losses, maintenance strategy should aim
for a high accessibility.
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Figure 1.4Wind farm availability versus accessibility [10]

The importance of accessibility of offshore winddines can also be illustrated by the
following example [11]. If a wind farm of 100 turk®@s is assumed and each single wind
turbine has an availability of 97%, the probabilityat all turbines are operating equals
(0.97)%° = 4.8%. This means that the need for turbine répalmost continuous.

1.4 Access Methods

1.4.1Introduction

It was shown in Table 1.2 that over 90% of all nemance activities required during
the entire lifetime of the offshore wind farm stedliin [9] consist of inspection, simple
repairs or replacement of small parts. Therefotegrwaddressing accessibility in this
study the focus will be on the transport and tranef personnel and light equipment to
offshore wind turbines. The accessibility of a witwtbine depends on the means of
transport used to get to the turbine location a#l a®& the method of transferring
personnel and goods to the turbine. In the offslimtastry two means of transport are
being used to reach offshore structures: helice@ad vessels.

1.4.2Helicopter Access

Helicopters are regularly used in the offshore stdu(with facilities frequently far
from shore) to get to various offshore facilitieace they provide a fast means of
transportation for personnel and light equipmentcratise speeds up to 250 km/h.
Another big advantage of using helicopters is ti@h transport and transfers are not
limited by wave conditions. If an offshore stru&uis equipped with a helicopter
landing deck, the helicopter can land on this dac#f passengers can safely board or
exit the helicopter. However, mounting a helicogserding deck on an offshore wind
turbine would be unpractical. Instead, a hoistitegfprm can be placed on the turbine
nacelle. The transfer of personnel from helicopteturbine can then be achieved by
having the helicopter hovering over the turbine boveering people from the helicopter
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down to the platform on top of the turbine. Thisthea is illustrated in Figure 1.5.
Although this method is fast, disadvantages arehthle costs of operation and the fact
that a hoisting platform is required on each tuebim addition, most exploiting parties
are not eager to use this method due to the riskshied: in case of a crash the
probability of casualties is high. Furthermore,stimethod only allows transferring
personnel with a very limited amount of tools aradesflying can be hampered by
limited visibility and high wind speeds. The acdb#itsy by helicopter is therefore
determined by the percentage of the time that bwithd speed and visibility are

acceptable.
b /
O

\

Figure 1.5Accessing a wind turbine by helicopter

1.4.3Ship-based Access

In the oil and gas industry, ship-based accessperating offshore structures is
enabled by two different transfer methods: a crew be lifted from a vessel onto a
platform by having a crane lifting a personnel eagkigure 1.6a) or personnel can use
a swing rope to jump from a vessel to a landingf@len on the same level (Figure
1.6b). For practical reasons neither of these nusthe being used to access offshore
wind turbines. The former method requires a crark @ane driver on the turbine and
is therefore not suited for unmanned offshore stines. The latter method requires a
rope and landing platform arrangement and is féetgaeasons restricted to very calm
wave conditions.

\ R L

Figure 1.6a)Personnel basket b) Swing rope




Currently all ship-based access to offshore wintites is provided by intentionally
creating frictional contact between the bow of aset and the turbine’s boat landing
aiming to have no vertical vessel motions at thmtpof contact. A rubber bumper on
the vessel bow forms this contact point, while theusters push the boat against the
structure. The boat then pivots around the bumper @ersonnel can step from the
vessel bow onto the turbine ladder. This methodyéserally being used for all
maintenance visits and applied by different typiegessels as shown in Figure 1.7. The
most commonly used vessels for wind farm suppoet small vessels with lengths
between 14 and 20 metres, with either a single tarim hull shape, and a bow section
that is specifically designed to facilitate thipéyof access. An important downside of
this access method is that it is limited to moderaave conditions.

Figure 1.7 Ship-based access to offshore wind turbines
Ships useda) WindCatb) Aaryanc) Valhalla

1.4.4Comparison between Helicopter and Ship-based Access

When selecting an access method to offshore stesitisafety considerations are
always paramount. Safety performance indicatothénoil and gas industry [12] reveal
that the probability of injuries using ship-baseansfer methods is higher than when
accessing a platform by helicopter. However, altffothe likelihood of a helicopter
crash is low, such accidents have a high probghilit numerous fatalities. For this
reason the use of helicopters has a higher pratyabil casualties than ship-based
access. Furthermore, the lowering and hoisting ateghown in Figure 1.5 adds an
additional risk to helicopter-based access to offshwind turbines. Thus, when
considering safety, ship-based access appearsthe Ipeeferred solution.

Further to the safety related arguments, the uselidopters to access offshore wind
turbines presents other disadvantages comparedessels. First of all, provided
distances from port are not too long, access bypelesis known to be more cost-
efficient than access by helicopters [13]. Secondiglicopter transfers require a
hoisting platform on each turbine and finally th&igting procedure only allows for a
very limited amount of tools to be carried. The thiggest advantages of access by
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helicopters over the use of vessels are the mugitehitransportation speed and the fact
that accessibility is not limited by wave conditson

During recent years it has become apparent thatftabore wind industry is not keen
on applying helicopters as the main access methaufféhore wind turbines. In fact,
most wind farms are not equipped with hoisting fplahs and thereby exclude the
possibility of using helicopters as an access ntktfidne aforementioned ship-based
access method has so far proved to be the indsigirgferred solution, notwithstanding
it is limited to use in moderate wave conditions.

1.4.5Limiting Conditions for Ship-based Access

The ship-based access method to offshore windrtesbas described in section 1.4.3 is
mainly limited by the maximum allowable wave coialis during personnel transfer.
When wave conditions get rougher, ship motions wétome larger and there is a
possibility that the vessel loses contact with timbine’s boat landing. As a result, the
vessel can suddenly start moving relative to thkshofe structure. During such a
situation the safety of transferring personnel tisstake and the operation must be
aborted. The accepted way of describing the limitoonditions for all ship-based
access is by giving the limiting significant waveidght for a certain access method. In
conditions exceeding this limiting significant waveight the access operation is
considered too dangerous.

Sea states and significant wave height

Wave conditions are generally described by two metars, being the significant
wave heightHs and the mean zero-crossing wave perigd For the purpose of
describing the wave conditions at a specific largtiwave climates are considered
stationary during any period of three hours. Thisans that within such a period of
time, the statistical properties of the wave clienate assumed to be constant. The wave
conditions within such durations are generally mefé to as sea states. In such a three-
hour wave time series, the mean zero-crossing waviedT, is defined as the average
value of all upward (or downward) zero crossingiqgas within the series, whereas the
significant wave height is defined as the averagjght of the largest 1/3 of all waves in
this series. The value of the significant wave heigorresponds well with visual
estimates of the wave height, since larger wavesnare "significant” to an observer
than smaller ones. Since the significant wave heiglithe average of the 1/3 largest
waves, some individual waves within a sea statebgilarger than the significant wave
height Hs. The maximum expected wave heidht., in a three-hour period can be
estimated by taking the highest of 1000 waves. &bibistic calculations based on the
Rayleigh distribution have led to the following ewf thumbH, .= 1.86*Hs [14]
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Regarding the different vessels currently usedaimressing offshore wind turbines
which use the frictional contact method, it is oletar what the exact limiting sea state is
for safe access. Based on industry practice a daiimate of the limiting wave
conditions seems to be a significant wave heighit ®fmetre, however.

Scatter diagram and accessibility

To predict which percentage of time offshore accassbe performed safely, the long-
term distribution of sea states at a given locatsorequired. The long-term distribution
of sea states is normally presented in a scatsgrain, which gives the probability of
occurrence for combinations of significant waveghéHs and the mean zero-crossing
wave periodT,. A scatter diagram can correspond to the yearlnthly or seasonal
distribution of sea states, preferably based onynyaars of measurements or hindcast
data.

Table 1.3 is an example of a scatter diagram shpwhe yearly distribution of sea
states at a typical Dutch offshore location andased on measurements from 1989 to
2008; the most right column of this diagram shotws probability of occurrence of
significant wave heights in different bins. Fronesk bins, the probability of sea states
up to any significant wave height in a year canlgd®e deduced. For example, the
probability of sea states up to a significant waweight of 1.5 metres equals
14.6+30.4+23.3=68.3%. If access is only allowedéaa states up to a significant wave
height of 1.5 metre, the accessibility of a turbioethe given location will theoretically
be 68.3% per year. Throughout this study the aduiéssof an access method will
therefore be assumed equal to the probability af states up to the related limiting
significant wave height.
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Table 1.3Example of a scatter diagram of the yearly se@ slistribution
at the IImuiden Munitiestortplaats in the Dutch tRd@ea [15]

[l 60- | 1.0- | 2.0- | 3.0- | 4.0- | 5.0- | 6.0- | 7.0- | 8.0- | 9.0- |10.0-|11.0- —

He [m] 1.0 | 20 | 3.0 | 40 | 5.0 | 6.0 | 7.0 | 8.0 | 9.0 | 10.0 | 11.0 | 12.0
0.0-0.5 1.2 | 94 | 35 | 05 | 01 |<0.05]<0.05 14.6
0.5-1.0 02 | 150 | 116 | 32 | 03 |<0.05|<0.05 30.4 68.3%
1.0-1.5 3.8 | 152 | 3.9 | 04 |<0.05 <0.05 23.3
1.5-2.0 01 | 89 | 50 | 03 |<0.05]|<0.05 <005 14.3
2.0-25 17 | 59 | 04 |<0.05 8.1
2.5-3.0 01 | 36 | 08 |<0.05]|<0.05 4.5
3.0-3.5 <0.05| 1.0 | 13 | 01 [<0.05 2.4
3.5-4.0 01 | 1.1 | 01 [<0.05 1.3
4.0-4.5 <0.05| 0.4 | 02 0.6
4.5-5.0 0.1 | 02 |<0.05 0.3
5.0-5.5 <0.05 | 0.1 |<0.05 0.1
5.5-6.0 <0.05 | <0.05 0.1
7.0-7.5 <0.05 | <0.05 <0.05

Total 0 0 1.4 | 283 | 409 [ 232 | 52 | 09 | 0.1 [<0.05(<0.05<0.05] 100 %

1.5Future Access Requirements

At the moment of writing this thesis the offshor@avindustry is a rapidly growing
business. Many aspects within the industry are gingrand gradually improving due to
technological advances, political measures and simgunitiatives. Considering the
operation and maintenance aspects of offshore fénds, lessons are being learned
from existing operating farms. Maintenance straegian therefore be adapted, while
manufacturers focus on more robust turbine desigrombination with more remotely
controlled functions. In addition some trends witthie industry may have an effect on
the costs and complexity of O&M in the near future:

« Increasing power capacity and size of wind turbines
e Wind farms being placed farther offshore
¢ Increasing number of turbines per wind farm.

These trends will have several consequences.digdl, a turbine with a larger power
capacity will cause more loss of revenue per twbitluring downtime. This will
increase the need for a higher accessibility ineortb minimize revenue losses.
Secondly, near-shore locations are getting scamtk a a result, wind farms are
gradually being placed farther offshore, where wspéeds are higher and the available
locations have a larger areal extent allowing fandrmfarms with a larger number of
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turbines. Unfortunately, such sites are commonlgdérper seas and subject to rougher
wave conditions than the currently operational wiladms. Future wind farms at
locations with heavier sea conditions will haveigngicantly decreased accessibility
when using the current access method, due to tikemaen significant wave height that
limits transfers. In addition, the large distanoéguture farms to the nearest port may
also call for a change in maintenance strateggcifinicians are based in living quarters
on a transformer platform instead of onshore, rsgildistances can be reduced
significantly. Finally, wind farms with more turles will require more visits, with
vessels that can accommodate more spare partsogsibly more personnel. This may
result in the use of larger vessels than currargd for maintenance purposes.

In order to ensure high wind farm availabilitiestie future while taking into account
the aforementioned trends, two important initiatiegnerge. The first one is to put more
emphasis on developing wind turbines that are mdhg robust: if no unexpected
component failures occur, no repairs are neededllAzeventive maintenance actions
can be performed during calm wave conditions, laighilabilities could theoretically be
achieved with the present ship-based access mefhog. development of robust
offshore wind turbines is a big challenge for windbine manufacturers. However, in
the foreseeable future the other initiative is ¢biave a high accessibility, even at sites
with rough wave climates. This will require a ma@advanced access method for which
the limiting significant wave height is higher théom the current methods, and that will
increase the accessibility and consequently thiéadilty of a wind farm.

In conclusion it can be stated that there is a neatbvelop better access methods to
offshore wind turbines which can be made availabléhe very near future. Over the
last decade it has also become clear that acceasshioes by means of helicopters is
not likely to become a preferred method: ship-baaecess is and shall remain the
preferred option. With the anticipated increasenimber of offshore wind farms in
mind, especially at locations farther offshore wittugher wave climates, there is a
clear industry need to develop a safe ship-basegsacsystem for wind turbine
maintenance with a high accessibility.
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2. Active Motion Compensation and
Research Objective

2.1 Introduction

It is clear from the previous chapter that theraifiuge incentive to improve the
accessibility of offshore wind turbines in orderinorease the availability and revenues
of wind farms. It is not likely that the use of teelpters will become a preferred
method; ship-based methods are expected to reimaifavoured solution for providing
access to offshore wind turbines. However, the enily used ship-based access
methods only allow access in limited weather cdond#: a significant wave height of
Hs = 1.5m is generally accepted as the maximum sea f&iatsafely accessing an
offshore wind turbine by vessel. When considerihg present developments in the
offshore wind industry it is evident that in theanduture today’s access limitation will
not be acceptable from a business point of view.

This chapter describes the concept of a new shipédbaaccess method named
“Ampelmann”, which will enable transferring peogtem a vessel to an offshore wind
turbine using an active motion compensating platfoSection 2.2 focuses on the
requirements for such a new ship-based access theBeation 2.3 describes the use of
different types of active motion compensation, iegdto the description of the
Ampelmann system in section 2.4. In section 2.5otbjective of this PhD research will
be stated.

2.2 Requirements for a New Access Method

2.2.1Introduction

To increase the accessibility of existing and fatoffshore wind farms in order to
reduce turbine downtime and related revenue loszeprerequisite is to have an
improved access method to offshore wind turbinesh&n access method will have to
meet a number of requirements which will be addm@ s this section.

2.2.2High Safety

Any system used to access offshore structuresvsrged by safety considerations.
Ship-based transfers to offshore wind turbinesgareerally limited by wave conditions.
The main consideration is to avoid injuries of ge¥son that is being transferred. For
the current ship-based access method to wind sktime most critical moment is when
a person steps from the vessel onto the turbinenteddadder or from the ladder onto
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the vessel. The captain is to judge whether heebedi that the wave conditions allow
the vessel to pivot around its fender. When wavwestao high, the vertical force
between the fender and the boat landing can attiamy become higher than the
maximum friction force and the vessel can suddembye upwards or downwards. This
situation can cause personal injury and must thezdde avoided at all times.

For any new access method to offshore wind turbigafety is the main driver and
will thus be of utmost importance in the developmmaa new access method. For this,
the risks involved in personnel transfer must bat les low as reasonably possible and a
thorough safety philosophy must be incorporatedliirstages of the development of a
new system.

2.2.3Stand-Alone System Applicable on a Wide Range of gsels

Some dedicated vessels have already been devefopele purpose of accessing
offshore wind turbines; two examples shall be gikiere.

Figure 2.1a)WindCat b) 25m SWATH Pilot Tender

The WindCat design (Figure 2.1a) features a catamhull for enhanced speed and
stability, a rubber bumper on the bow to createtibh against the turbine boat landing
and an open fore-deck for safe and easy persorarférs. By the end of 2009 a fleet
of 17 WindCats was in service to transport teclamisiand spare parts to offshore wind
turbines.

The SWATH Windpark Tender is a vessel that usesSWATH (Small Waterplane
Area Twin Hull) concept. This concept comprises subbmerged torpedo-shaped hulls
which provide most of the buoyancy; these hulls attached to streamlined struts
which pierce the water surface and carry the stipetsire above the water. The largest
benefit of this concept is its motion behaviourraugh sea states the SWATH motions
are significantly smaller than motions of singletwin hull vessels of the same length.
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Disadvantages are that a SWATH is more expensie uses more power than an
equivalent sized catamaran. The design of the SWANWiHdpark Tender is derived

directly from the proven design of the Pilot TendEigure 2.1b) and modified to the
needs of the offshore wind industry [11]. The tfansof personnel is enabled by
pushing the fender of one of the two bows againstiral turbine’s boat landing to

create a pivot point around the fender. Based sts tgith the Pilot Tender transfers are
expected to be possible in sea states with a g&gnifwave height up to approximately
2.0m to 2.5m. The first delivery of this vessepianned for 2010.

Future offshore wind farms are likely to compriskme number of turbines and will
therefore require more visits per farm than preséntl farms. As a result, vessels may
have to accommodate more personnel and spare pradase a wind farm is placed far
offshore, the use of a vessel with a high cruisipged is preferred to reduce travelling
time between port and wind farm. Another solution feducing travelling time is to
have living quarters located offshore near the wmn: technicians can then stay in
the farm for longer periods of time and most acagssrations will require only short
trips within the farm. It can be concluded that #ventual choice of maintenance vessel
highly depends on the wind farm characteristics.

For the purpose of offshore access it would be figakto create a personnel transfer
system that can be used on a range of vesselhasdecomes widely applicable. The
benefit of such a system is that the choice ofelessn be made solely to fit the wind
farm characteristics. For this reason this reseaiititfocus on developing a personnel
transfer system that can be installed on a rangees$els. A prerequisite for such a
system is also that it can function independentlyvessel facilities (e.g. power,
hydraulics): it must be a fully self-supporting ®yrs.

2.2.4Increased Accessibility

To gain insight in the accessibility of typical siffore wind farms, two Dutch offshore
locations with available wave data have been exadniffrigure 2.2a): The IImuiden
Munitiestortplaats (YM6) and the K13a platform (K13The former is situated
approximately 37 km offshore, the latter at a distaof about 100 km from shore.
Scatter diagrams with the yearly distribution od s¢ates of both locations were used to
determine the year-round accessibility of fictivéndvfarms at these two sites using
different limiting sea states (determined by thiected transfer method). For this, first
the probability of occurrence of sea states up toedain limiting significant wave
height has been plotted as a function of the Imgitsignificant wave heighHg ) for
these two locations in Figure 2.2b. This data va#tent from the wave climate site of the
National Institute for Coastal and Marine ManagenidtiKZ [15].
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Figure 2.2 a)Dutch offshore locations with wave measurements
b) Probability of occurrence of sea states not exogeal certain
limiting significant wave height

For both sites the accessibility has been derivesuraing that the year-round
accessibility of a wind farm is equal to the yeaw#rd probability of sea states not being
exceeding the limiting significant wave height faccess. An overview of the
accessibility of fictive wind farms at both locat®is shown in Table 2.1, for different
limiting wave conditionsHs ). The YM6 location is representative for sea ctads
at currently operational wind farm sites: the Odfish Windpark Egmond aan Zee
(OWEZ) and the Prinses Amaliawindpark (previouslyned Windpark Q7) are situated
nearby, thus exposed to similar wave conditionsthig site, current access methods
limited to a significant wave height of 1.5 metesult in an accessibility of 68%. At the
location farther offshore, K13, this number redue60%. It is also shown in this table
that when the access-limiting significant wave heigan be increased to 2.0 or 2.5
metres, a very large increase in accessibility lmarachieved at both sites. An access
system which increases the limiting sea state fétbB metres to 3.0 metres has a
relatively smaller effect on the availability andeocan question whether this justifies
the probable additional costs involved. For thessmn it was considered appropriate for
this study to target the limiting wave conditionsohew access systemHy,i;=2.5m.

Table 2.1Year-round accessibility for different limiting setates
at two typical offshore locations

Year-round accessibility [%]
) Distance
Location
to shore Hs im = Hs im = Hs im = Hs im = Hs im =
1.0m 15m 20m 25m 3.0m
IImuiden Munitiestortplaats (YM6) 37 km 45 68 83 91 95
K13a Platform (K13) 100 km 36 60 76 87 93
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2.2.5No Need for Special Provisions on the Turbines

It has been stated earlier that future wind farmes expected to comprise a larger
number of turbines than current farms. The prefesituation is thus to avoid the need
for any appurtenances or large modifications to tthibines specifically for enabling
access. In the light of the expected size of futuined farms, any costly adaptation
necessary to enable the use of an access systémesuilt in a significant increase of
the total wind farm investment costs.

An example of a special provision on a turbine nexflifor access is the hoisting deck
on top of the nacelles at the Horns Rev wind fafigyre 2.3). These decks are
mounted on all turbines to enable the transfereségnnel from a helicopter. Another
access method which requires an additional stredtuenable personnel transfer is the
Offshore Access System (OAS). This system has lbieed to access platforms in the
oil and gas industry and connects a ship-basedveggntp a vertical pole on a dedicated
landing platform as shown in Figure 2.4. Accessilie OAS therefore is only possible
to offshore structures which have such a landiagfgim installed.

Figure 2.3Hoisting deck
on top of a nacelle b)OAS landing platform

The need for a special provision on every turbiequires a specific concept for
maintenance being chosen at a very early stagbeofvind farm design and brings
along extra costs for fabrication and installatmfnthe structure. Also, the additional
forces applied on this structure are to be takém &account in the wind turbine support
structure design. For these reasons, one of the afnthis research will be to find a
solution for offshore access that avoids the needifiy special provisions on the wind
turbines.
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2.2.6Conclusions

In conclusion, the requirements for a new accesteny for offshore wind turbines
with a high safety standard can be listed as fatow

e Ship-based

« Self-supporting: independent of vessel facilities

e Applicable on different types of vessels

* High accessibility: up to sea states with a sigalifit wave height dfis=2.5m
* No need for special provisions on the turbines.

2.3 Active motion compensation

2.3.1Vessel Motions

All transfers from a ship to a fixed offshore sture have to deal with the same
problem that makes these transfers difficult: duevave forces a ship is constantly in
motion while the motions of a fixed structure aegligible. The main problem of safe
transfers is caused by the relative motions betwbenmoving vessel and the fixed
landing point on the offshore structure. The waweduced ship motions can be
described by the six degrees of freedom that a chipexperience relative to a fixed
frame of reference: three translations (surge, savaheave) and three rotations (roll,
pitch and yaw). These six degrees of freedom hrgtihited in Figure 2.5.

Surge <4/
Roll

Figure 2.5Six degrees of freedom of ship motions

In order to cope with the problem of the relativetions, the ideal situation would be
to minimize and preferably eliminate the relativetimns between the transfer point on
a ship and the landing point on a structure. Theeatly used transfer method from
ships to offshore wind turbines addresses thislpmlby using the thrusters to push the
vessel bow against the boat landing. The pushincefeliminates the surge motion of
the vessel at the bow, while the sway and heatleedbow will be negligible due to the
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friction between the bow fender and the boat lagdiburing this procedure, the vessel
will still experience some roll, pitch and yaw nwots around the point of contact.

The offshore and dredging industries have beenirdpalith issues related to ship
motions for decades. Amongst the more advancedi@atuare motion compensating
systems which are actively controlled to minimizetions in at least one degree of
freedom. A selection of active motion compensatiygtems used in the offshore
industry is presented in this section.

2.3.2Active Heave Compensated Cranes

When a crane vessel is installing equipment or gamftshore, it uses a crane to lift
and lower the loads to their destination. Due toevanduced ship motions, the heave
motions at the tip of the crane can cause largeefeariations in the crane and lifting
cable during lifting and lowering. In addition, #emotions can result in high impact
forces when the load reaches its final destinatidé@ave compensation systems have
been developed to reduce the potentially high fearations and impact loads. While
passive heave compensators reduce the effects afeheeactively, active heave
compensators actually aim at keeping a load hanfyjomg a crane isolated from the
heave motions while the crane tip moves. A briedbelation on active heave
compensated cranes is presented here.

She.ave $ Sheave
Motion —

Crane
Heave

Lifting Cable

Control Signal ’ Position
Motion Controller

Load ’
Sensor < -

Figure 2.6 Crane with active heave compensation
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A schematic overview of an active heave compensertaae is shown ifrigure 2.6.
The crane tip heave can be derived from motion@emgasurements and this heave
can be compensated for by adjusting the liftingedédngth using a cylinder. The lifting
cables are wound over sheaves and one of the sheaattached to the cylinder. By
extending or retracting the cylinder, the cablegtbs change. For example, if the crane
tip heaves 1m upwards this is detected by the maténsor and the controller retracts
the cylinder by 0.5m (half the crane tip heavepting an additional cable length of 1m.
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The load then lowers 1m as seen from the cranavtipe the crane tip itself has moved

1m upwards. The resulting heave motion of the lbas thus become zero: the heave
motion of the load has been compensated. This myi&dast and accurate enough to
achieve a rest-movement relative to the seabe8odb8 a crane tip heave of 5m [16].

2.3.3Dynamic Positioning

Several operations in the offshore industry suchdgBing, lifting and subsea
installation require a vessel or rig to maintaim [tosition and orientation at sea. For
such operations a jack-up barge can be employethvsring its legs onto the seabed,
the barge can jack itself up out of the water tocfion as a bottom founded structure
with a fixed position. Due to practical restrictgo(the leg lengths) jack-ups can be used
in water depths up to around 150 metres. A wellvkmalternative method for position-
keeping is the use of mooring lines. A disadvantafj¢his method is the need for
anchor handling tugs. Moreover, as water deptheasms the mooring procedure
becomes more cumbersome and time to set-up moorkilgsincrease while the
horizontal motions of the moored vessel increaseedls

A third method for maintaining a vessel at a fixgobkition is Dynamic Positioning
(DP). DP uses a combination of thrusters, measueiggipment and sophisticated
control systems. By constantly measuring the vesseirge, sway and heading and
comparing it to the required position, the DP coingystem can determine the position
error and calculate the required thrusters’ acdtioarder to minimize the position error.
Advantages of this system include a fast set-up,water depth limitations and
manoeuvrability during work. The position accuraay; footprint, of Dynamic
Positioning can be kept within 1.0m even for lacgane vessels [17]. An overview of
the three different position keeping methods i®giin Figure 2.7.

Jack-up rig Anchored rig DP rig

e

>
>

XX

Figure 2.7 Position keeping methods
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2.3.4Stabilized Platforms on Vessels

For cruise ships and yachts a variety of produetgehbeen developed that use a
stabilized platform to compensate for vessel ol pitch motions for either comfort or
practical reasons. Amongst these products are tabtts, beds, hot tubs and surgical
platforms that include an operating table. To emallmpensation of the roll and pitch
motions, a platform rests on a gimbal point andupported by two cylinders (Figure
2.8). While the roll and pitch motions are measubgda motion sensor, a control
system constantly adjusts the cylinder lengthsrdeoto keep the platform level. This
system is fast and accurate enough to keep a pbld tevel in rough seas, providing
normal playing conditions. [18]

Gimbal Point

Cylinders Platform

Control Signal T A |

Motion | Controller <
al .
Sensor Position

Figure 2.8 Stabilized platform on a vessel

2.3.5Conclusions

When the effect of ship motions in one or more degrof freedom need to be
minimized or eliminated, active motion compensatiam be applied. Three examples
of active motion compensating systems were giverthia section. Each of these
systems compensates for motions in different degodefreedom and the objects for
which motions are compensated also vary, as caseer in Table 2.2. However, the
basic configuration of these systems is simildrsydtems require a measuring device, a
control system and one or more actuators.
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Table 2.2Degrees of freedom compensated by different system

Active Heave Dynamic Marine Stabilized

Degree of Freedom Compensated A

Positioning Platforms

Cranes

Surge Compensated
Sway Compensated
Heave Compensated
Roll Compensated
Pitch Compensated
Yaw Compensated
Motions Compensated for Lifted Load Vessel Platform

2.4The Ampelmann System

2.4.1Active Motion Compensation in Six Degrees of Freedo

To create a safe transfer system it would be ideahave on a vessel a transfer
platform of which the motions caused by the vesssl be compensated in all six
degrees of freedom in order to make it stand &sHa-vis the bottom founded offshore
wind turbine. A gangway between the transfer ptatfand the turbine will then enable
personnel to walk safely from the vessel to thetuife structure and vice versa.

Systems that can create motions in all six degréégedom exist in the form of flight
simulators. The moving part of these simulatorarisassembly of a cockpit and video
screens. This assembly is set in motion by a cardiipn of six hydraulic cylinders
known as a hexapod or Stewart platform, as shovirigare 2.9. By using six cylinders,
these platforms can move in a controlled mannetlisix degrees of freedom. A similar
configuration seems ideally suited to cancel altioms when mounted on a ship and the
cockpit and video screens could be replaced bysster deck. One prerequisite for
compensating motions is to have accurate real-tmeasurements of the ship motions.
This condition can be met: several types of mosensors exist and are being used on
vessels, for instance in the active motion comp@mgasystems described in the
previous section. Furthermore, a control systemtraavert the motion sensor data
into control signals for the Stewart platform. THuscombining the technologies of a
Stewart platform and motion sensors active motiommensation could be achieved in
all six degrees of freedom. Finally, it is stillbe examined whether these technologies
combined allow for motion control which is fast aadcurate enough to minimize the
motions of a transfer deck on top of the Stewaatfptm to the extent that safe transfers
are feasible.
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Figure 2.9A flight simulator supported by a Stewart platform

2.4.2The Ampelmann idea

The concept of using a Stewart platform on top okasel to compensate for vessel
motions in all six degrees of freedom was firstisaged during the 2002 World Wind
Energy Conference in Berlin by two Delft UniversRyD students, Jan van der Tempel
and David-Pieter Molenaar. After a presentatiorofishore access, they decided that a
better access method needed to be introduced aadedr this idea. The envisaged
system should ideally be so reliable that a maartea engineer only needs to watch a
pedestrian traffic light change to green to signal that he can transfer safely: offshore
access as easy as crossing the street. The cowespthus named "Ampelmann”,
meaning “traffic light man” in German, after thepiyal hat-wearing figure in the
pedestrian lights in Berlin (Figure 2.10). Ampelmahas since become the trading
name of the concept of the use of a Stewart platfon a ship for active motion
compensation in six degrees of freedom.

Figure 2.10Der Ampelmann, name giver to the concept
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2.4.3The Patent

The concept of using a motion compensated tramidek on hydraulic cylinders for
accessing offshore structures has been patentédebRelft University of Technology
[19]. The basic configuration is shown in Figur&R.transfers to the access platform
(2) of an offshore structure (1) from vessel (33 arovided by a motion controlled
transfer platform (5) supported by 6 hydraulic sgkrs (6) mounted on the vessel's
deck (4). While the vessel deck motions are registavith measuring equipment (7),
the control system (8) can calculate the requindohder lengths in order to keep the
transfer platform motionless in comparison to thxed world. The cylinders are then
continuously commanded to the required lengthsbycbntrol system.

. Offshore Structure

. Access Platform
Vessel

Ship Deck

Transfer Deck

. Hydraulic Cylinders

. Measuring equipment
. Control System
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Figure 2.11The Ampelmann patent

2.5Research Objective and Thesis Approach

2.5.1Problem Description

As concluded in Chapter 1, the currently used $laiped transfer method to offshore
wind turbines results in an unacceptably low adbdig of future wind farms,
especially when one considers the current trentiseimffshore wind industry. A means
to enable higher accessibility is to introduce awngansfer method that allows
transferring personnel to offshore wind turbinessea states well above the present
limit of Hs=1.5m. A new transfer method can be created by eosgting ship motions
in all six degrees of freedom with the use of a wewcept, named “Ampelmann”. This
concept combines measuring equipment, a contraeisysind a Stewart platform to
keep a transfer deck on a vessel (nearly) motismigative to a fixed point of reference
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to enable safe transfer to a fixed structure. Déffeé types of active motion
compensating systems have shown that motions irdedrees of freedom can in
principle be compensated for. However, it is dtillbe proven that the Ampelmann
concept is technically feasible and that this tetbgy can actually increase
accessibility of offshore wind farms meeting alk tindustry requirements, especially
safety considerations.

2.5.2Research Objective
The main objective of this research is definedotlewis:

“Prove that an Ampelmann system can, in a safe Brasignificantly increase
the accessibility of offshore wind turbines whempared to presently used systems

This PhD study starts with the Ampelmann as an aedescribed in the patent. The
main goal of this PhD study is to research whetherconcept of motion compensation
in six degrees of freedom can be developed inteah working transfer system for
offshore wind turbines that significantly increaseénd farm accessibility while
meeting the requirements as stated in sectionThi®. required the development of an
actual Ampelmann system with the design procesmgly embedded in the research
and with a close interaction between scientificdgtand design aspects. This thesis
research has therefore been performed accordiagrésearch approach namgesign
inclusive researcli20]. This methodology is generally being used mwitee verification
of a hypothesis and the proof of a theory can bestelivered after a prototype has been
successfully designed, built and tested. The deaigh test results are therefore key
elements of this research. Since it is hard, if ingpossible, to present many of the
research results in writing (e.g. the actual motmympensation) videos can be
downloaded to show these parts of the work (seeeAgix A).

2.5.3Thesis Approach

The main thesis objective was split into a seriesub-objectives. Although Stewart
platforms and motion sensors are both proven adélwused technologies, the concept
of combining these technologies to cancel ship omstiwas new. This is translated into
a hypothesis stating that the combined use of thesbnologies makes active
compensation of vessel motions in six degrees etdom technically feasible.
Therefore, the first sub-objective was to prove tieehnical feasibility of the
Ampelmann concept which was done by using a scaldei Once the technical
concept had been proven viable, the next step avagvelop a prototype Ampelmann
system fit for its purpose and show that safe blaiged transfers to offshore wind
turbines are possible in sea states well abdwel.5m. This development had to
incorporate a consistent safety philosophy throughall design, construction and

27



operation aspects. Furthermore, this research evasstult in both a design process as
well as a final design for an Ampelmann systeminuiitely, the Ampelmann prototype
had to be tested and evaluated; the latter inctutlie assessment by a classification

authority.

The approach of the research work is illustrate@igure 2.12, showing the structure
of the remainder of this thesis. In Chapter 3,dbecept of active motion compensation
for six degrees of freedom is examined and prowetebting an Ampelmann system
scale model. Successful results of the scale-medes justified the next step: building
an Ampelmann full-scale prototype. For this, thguieements for a full-scale prototype
are stated in Chapter 4. A safety philosophy hasnbgeveloped for the outlined
Ampelmann design which is presented in Chapterégtimg boundary conditions for
the remainder of the design and development. Sules#ly, a kinematic design has
been made for the Stewart platform, based on th@nwthat are to be compensated as
well as the loads that are to be endured. Thisguha® is described in Chapter 6.
Chapter 7 presents the results of testing andficatton of the prototype, followed by
the conclusions and outlook in Chapter 8.
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Prove that an

Ampelmann system can
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Figure 2.12Approach and
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structure of the research work
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3. Ampelmann Scale Model Tests

3.1 Introduction

In order to judge the viability of the Ampelmannstgm for offshore personnel
transfer, the first step was to prove the practisa of active motion compensation by
means of a physical model. A small-sized scale mofiehe system was therefore
assembled and tested first. The objective of thifsof-concept phase was to prove
that it is possible to compensate random ship metiasing a Stewart platform
combined with a measuring system. The combinedesysthould be both fast and
accurate enough to counteract the measured matiotie surface that the platform is
mounted on in order to create a (nearly) stationgper platform. In its most simplified
form, the Ampelmann system will comprise three comgnts: a motion sensor, a
Stewart platform and a control system includingsafe that can convert the motion
data to the Stewart platform input in real-timeisTihasic system configuration is shown
in Figure 3.1 and corresponds to the configuratibather active motion compensating
systems as described in section 2.3.

Motion
Sensor

Figure 3.1Basic Ampelmann configuration

Stewart
Platform

Control
System

In this chapter the requirements of the model ef giistem are stated first in section
3.2, followed by a description of the testing faigis used during this phase in section
3.3. Next, three main components of the Ampelmaratesn will be described: motion
sensor (section 3.4), Stewart platform (sectior) &id control system (section 3.6).
Finally, the performed tests are described in emsti3.7 and 3.8, and the results are
being evaluated in section 3.9.

3.2Requirements for Scale Model Tests

Motion sensors and Stewart platforms are commepiadlucts, readily available on
the market. Since the combination of a motion seasd a Stewart platform with the
purpose of actively compensating motions was newtoen-made software had to be
produced to enable motion data transfer from théansensor to the Stewart platform.
A series of tests was to be performed to verifyt {sémulated) ship motions can be
compensated. This required a test model, tesitfasiland procedures. Since a smaller
Stewart platform is less expensive and requireglgintesting facilities, the physical
model was chosen to be small-scale to minimizescost
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The main objective of testing a physical model waserify that the combination of
the different technologies enables adequate matmpensation. Two characteristics
are of high importance for this: accuracy and leyetnaccuracy of either the measured
motions (by the motion sensor) or the counteracgilagform motions (by the Stewart
platform) can result in residual motions of thenster deck, defined here as motions
relative to the fixed world due to insufficient cpensation. The total latency of the
system, defined here as the time lag between thealaship motion and the
counteracting platform motion, will also resultri@esidual motions. Latencies occur in
all three system components: the motion sensoryester software and Stewart
platform. Both the inaccuracies and the latenciéghe different components are
difficult to measure: any reference measuremenicddvas a latency and inaccuracy of
its own. Therefore, measuring the residual motmfithe transfer deck appears to be the
most appropriate way to validate the motion comptos capability during the tests.
The residual motions of the transfer deck mustrballsto provide personnel with a base
stable enough to stand and walk on in a safe manner

The motion compensating capabilities of the physimadel had to be tested in the
frequency range of realistic ship motions. Tabl@ ih. Chapter 1 provided a scatter
diagram of the sea states at a typical Dutch oftslsite in the vicinity of two existing
wind farms. This scatter diagram shows that pralifiall sea states have a mean zero-
crossing period between 2 and 10 seconds. Thisemfilat the mean wave frequencies
of the sea states are expected to be in the rdn@éd e 0.5 Hz. Since ship motions are
wave induced, the ship motions in all six degrefefsedom are expected to be within
this same frequency range. Therefore, the scaleehtests were to be performed using
motions in the frequency range between 0.1 andi@.5

The question to be answered next was whether sfatdssting of a model with a
small Stewart platform would also prove the profugrctioning of a full-scale model.
The plan was to use the same motion sensor ancedensoftware in both the small-
scale and full scale model, narrowing the questdown to whether a large Stewart
platform can perform motions with the same accurany speed as a small one. Large
Stewart platforms are commonly used for flight daaors, which always require a very
precise motion control. Both, experts on hydraudind flight simulators confirmed that
the scale of a Stewart platform has only a minfluémce on the motion performance;
the accuracy of platform motions is predominantlgtedmined by the cylinder
characteristics, type of valves and the controlesys

This led to the following requirements for the teidal feasibility tests:
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e A scale model Ampelmann system was required congistf a small Stewart
platform, a motion sensor and a control system thaludes custom-made
communication software.

» Measurements of the residual motions of the trardgfek were required.

» The performance of the model was to be tested bgarehing its ability to
compensate simulated random ship motions in alldeigrees of freedom in a
frequency range between 0.1 and 0.5 Hz.

3.3 Testing Facilities

3.3.1Introduction

For testing the Ampelmann scale model, facilitiesravrequired to provide a rigid
surface that can create ship motions and on wiiehmodel can be mounted. Two
options exist for this: motions can be simulated abynotion base such as another
Stewart platform, or motions can be created byiptaa ship in wave conditions. For
both options the Delft University of Technology tbprovide facilities.

3.3.2Dry Tests

A Stewart platform called Simonita (Figure 3.2)dsated at the faculty of Mechanical
Engineering of the Delft University of Technologhhis platform has a cylinder stroke
of 45 cm and can create motions in all six degfeBeedom in a broad frequency
range and can simulate the motions of a ship's oleaky sea state by combining such
motions. By placing the Ampelmann model on tophaf Simonita, the model could be
tested in various frequency ranges. The major adganin this test phase was the fact
that the simulated motions were completely cordid# and therefore allowed for
thorough testing in a safe manner. This testingguare will be referred to as the “dry
tests”.
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3.3.3Wet Tests

The faculty of Civil Engineering of the Delft Uniksaty of Technology houses a large
wave basin (Figure 3.3) in which both regular amdgular waves can be generated at
different frequencies and with different amplitudeghich made it an ideal testing
facility for the “wet tests”. These tests requiredessel, but due to the basin’s limited
water depth of approximately 30 cm, the draughswth a vessel had to be small. A
small vessel of approximately 4 m length and 1 withvivas purchased for the wet tests.
By mounting the Ampelmann model on the vessel, sytem could be excited by
regular and random waves in the basin and the mystuld be tested in various
frequency ranges. This enabled fine-tuning of thetol system and could prove the
system's ability to compensate wave induced shifoms

3.4 Measuring System

3.4.1Selection of Motion Sensor Type

To enable the compensation of ship motions, theséions must be measured
accurately and with minimal latency. Ship motioas de described by the six degrees
of freedom that a ship can experience: three ta#ingls (surge, sway and heave) and
three rotations (roll, pitch and yaw). These mdii@an basically be registered in two
different ways: either by continuously measuringh#p’s position and orientation with
respect to an external reference point, or by nreéagthe rotations and accelerations of
the vessel itself. Methods to directly measure pibsition and orientation of a ship
include GPS, DGPS, optical sensors and video r@mprdJnfortunately, GPS and
DGPS are not accurate enough for the envisaged wdsle optical sensors and video
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recording would require equipment to be placed ofixad structure. An Inertial
Measurement Unit (IMU) can measure motions inialdegrees of freedom using three
gyroscopes and three accelerometers. The gyroscopesde rotational velocities
which are integrated once to find the rotationse pbsitions are derived from the three
measured accelerations by double integration. Hewdhiese computations are known
to cause drift. When accelerations are measuredgrévitational acceleration is always
included in the raw measurements. This gravitatianeeleration needs to be subtracted
from the measurements. For this, the unit needstbthe exact direction of gravity.
Small errors in the rotational measurements lea€rtors in the assumed direction of
gravity. This results in small errors in all threecelerations when gravity is subtracted.
Eventually these errors in the accelerations carsearift in the computed positions,
since the double integration can diverge to infinviéry quickly with time. Drift effects
can be mitigated by imposing on the translatiorstch high-pass filter with a cut-off
frequency near zero. While bearing in mind the fdsgrift effects, an IMU appears to
be the most apt sensor to use in a motion comgensatstem.

3.4.2Testing of Motion Sensors

Two different IMU systems were made available fbe ttests by the dredging
company Royal Boskalis Westminster N.V.: a SeateRWMand an Octans Il
manufactured by iXSea. Both measuring devices amawonly used by Boskalis during
dredging operations. To examine the drift effectsv@ll as accuracy, the sensors were
tested on top of a motion platform (Simonita) asvah in Figure 3.4 and elaborated
upon in Appendix Al. By having the Simonita platfoperform different motions and
comparing these motions with the resulting senseasurements the drift and the
accuracy of the sensors was examined. The drifilenes of the Seatex MRU were too
large to ignore. The iXSea Octans, shown in Fiite had negligible drift and only
small errors and was therefore considered suititisleise in the Ampelmann system.
The absolute difference between the controlledfguiat translations and the Octans
measurements did not exceed 3 cm, which was smiiter the accuracy of 5 cm
claimed by the manufacturer. The difference betwienintended platform rotations
and the measured rotations (absolute rotationat®rmwas up to 0.3 degrees against a
0.01 degrees accuracy claimed by the manufactdi@never, these larger errors were
an inaccuracy of the Stewart platform motions, eatthan inaccuracy of the Octans
sensors as confirmed by the Simonita operator. &\eisting the Octans, contact was
made with its manufacturer iXSea, who was prep&oegrovide an Octans during the
subsequent test phases and willing to assist twiin €xpertise.
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Figure 3.4 Test set-up with motion sensor mounted on the SINMGN

3.4.30ctans Technology

The Octans system contains three fibre optic gyness (FOGS), three accelerometers
and a real-time DSP (digital signal processing) potar. While the conventional
mechanical gyroscopes use a rapidly spinning wizesleasure rotations, FOGs utilize
a physical phenomenon called the Sagnac EffecteSinderstanding this phenomenon
requires knowledge of special relativity, only amplified inaccurate physical
interpretation of the Sagnac Effect will be givegrdn Two pulses of light are injected
simultaneously into the two opposite ends of a obibptical fibre as shown in Figure
3.6. In a motionless situation, the time to tratebugh the coil will be the same in both
directions, and the two pulses will therefore ¢hé fibre at the same time (Figure 3.7a
and b). If the coil is rotating around its centals however, the two pulses will exit the
coil at different times: relative to the coil thetation of the coil “speeds up” one pulse
and “slows down” the other (Figure 3.7a and c). To#ational speed of the coil can
then be determined through the measurement oftithis shift. The FOG technology
[21] has two significant advantages over convemtianechanical gyroscopes. Since it
has no moving parts, it is less sensitive to dam8geondly, this technology allows for
better measurement accuracies. The three FOGs fdreereenable continuous
measurement of the Octans rotation rate, whildtiee accelerometers provide the sum
of the acceleration and apparent gravity. The Gctamputer finally converts this raw
data into three translations (surge, sway and heawe three rotations (roll, pitch and
heading) after filtering out the gravitational decation and the earth’s rotation rate.
The roll and pitch angles are measured relatitheéchorizontal plane orthogonal to the
direction of gravity. True heading is measured tredato the North direction from
which the yaw can be derived. The heave, surgesamy outputs are high-pass filtered
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using a cut-off frequency close to zero, causirg dhtputs to always return to zero
when Octans is static.

Figure 3.50ctans motion sensor Figure 3.6 Coil of optical fibre

Figure 3.7 The Sagnac Effect
3.5 Stewart Platform

3.5.1Introduction

The Stewart platform is a mechanism that consiéta dgid top and a rigid base,
connected by six linear actuators, enabling thelimdies to move relative to each other
in six degrees of freedom (6DoF). Typical for av@ig platform is its (nearly)
octahedral configuration, which distinguishes ionfr other types of hexapods. An
octahedron is a spatial geometrical figure compasfedight equilateral triangles as
shown in Figure 3.8. It can be visualized as either pyramids attached at their bottom
sides or as two triangles connected through seslin

rotate N\ 7
Figure 3.8 An octahedron visualized as two pyramids attacheldedr bottom sides
and as two triangles connected through six lines
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The Stewart platform is named after D. Stewart, ywhoposed a mechanism for a
6DoF motion platform for use as a flight simulasord presented it in a paper in 1965.
His proposed mechanism, which is in fact differémtm the octahedral hexapod
currently known as the Stewart platform, is depicie Figure 3.9. In fact, the first
octahedral hexapod was invented in 1947 by EricgBdior testing tires for airplane
landing loads (Figure 3.10) and went into operatib®unlop Tires in 1954. However,
it was Klaus Cappel who filed a patent in 1964 fis invention of an octahedral
hexapod and its use as a motion simulator, showRigare 3.11. The patent was
granted to Cappel in 1967. Since its introductitie, Stewart platform has been widely
applied as a motion simulator, mostly for testingposes.

Figure 3.9 Figure 3.10 Figure 3.11
6DoF motion platform First octahedral hexapod Patented octahedral hexar

by Stewart (1965) [22] by Gough (1947) [22] by Cappel (1964) [23]

3.5.2Micro Motion System

For the scale model tests, a small size Stewattopha was required. This platform
had to be small enough to fit on a small vessedpgdroximately 4 m length and 1 m
width and had to enable motion compensation in waights up to 15 cm for the wet
test phase. It also had to fit on top of the Sirteoplatform for the dry test phase. Such a
Stewart platform was found in the Micro Motion Syt (MMS): a hydraulic 6DoF
motion system with 20 cm stroke cylinders. Thistegsis mainly used for training (as a
flight or drive simulator), entertainment and reséapurposes and was made available
for the scale model tests by its manufacturer Bd3ekroth B.V. This MMS Stewart
platform is shown in Figure 3.12.

38



Figure 3.12Micro Motion ystem

Besides the Stewart platform, the main componeftseoMicro Motion System are a
Hydraulic Power Unit (HPU) to provide the hydraulcessure, a Motion Control
Cabinet (MCC) to house the electronics and the MMWt&ion Computer for controls.
To create real-time motions of the Stewart platforgal-time set points for all six
degrees of freedom (surge, sway, heave, roll, @tah yaw) are to be sent from a host
computer through an Ethernet interface to the MM&idh Computer since the latter
computer cannot be programmed by users. No hospetamnis included in the MMS; a
host computer with dedicated Converter Softwaredovert the Octans measurement
data into real-time motion set points for the Moti@Gomputer had to be produced for
this scale model. The entire Ampelmann scale mseielip can now be schematized as
shown in Figure 3.13.

Motion
Sensor Control System Stewart Platform (incl. HPU)

MMS

- o - Converter Motion HPU

r" T Software Computer
§ I I I 1
4 77 —>| — |—>| — |—> MCC Stewart Platform

| | | 1
Octans Host Micro Motion System
Computer

Figure 3.13Ampelmann scale model set-up

3.6 Control System

Special software had to be written to enable thea@cmeasurements to be instantly
transformed into input for the Micro Motion Systeifhis software, the Ampelmann
Converter Software, reads out the Octans data &arial port, converts this data to
the proper protocol for the MMS control and enalttaasmitting the output through an
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Ethernet connection. In addition, a user interfaees added to set the communication
and filter parameters, monitor the inputs and otstpnd enter platform commands.

Since this software was custom-made, it had tesed thoroughly before starting the
two test phases. This was done first by performingtions with the Octans and
comparing these motions to the Octans output invils monitoring software. Next, the
Octans output was compared to the Converter inphis input was used directly as
Converter output to serve in turn as input fortdS. Finally, visual motion tests were
performed, where the Octans was used as a 6DoBtig&y to move the MMS (Figure
3.14 and Appendix A2) providing the first satisfagtresults and proving that the input
(manual manipulation of the Octans) and output (Mid@&ions) were the same.

Figure 3.14Testing of the control software by manipulating ®ctans
and visually checking the MMS motions

Next, the control system had to be prepared tolemabtion compensation in the test
phases. The principle of motion compensation isstthted in Figure 3.15. Prior to
motion compensation, the Stewart platform starfogition has to be at half of its
maximum heave elevation to enable motion compeosaitn all directions. This
position is called its neutral position and is show Figure 3.15a. Subsequently the
surface that the Stewart platform is mounted on lmamoved. If the platform is not
compensating, the top plate representing a tradsfek will experience translations and
rotations (Figure 3.15b). To counteract these matidhe Stewart platform has to
perform the exact opposite motions for the topeptat obtain its original position and
orientation (Figure 3.15c). If these opposite mugi@re performed simultaneously, the
top plate will remain motionless relative to theefii world and active motion
compensation will be achieved.
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Motion Oppostie Motion

d
Stewart Platform
Rigid Surface
Figure 3.15a) b) Surface moves; c) Platform performs
Stewart platform in motion of top plate opposite motion causing
neutral position if platform is not top plate to obtain original
compensating position and orientation

Thus for motion compensation the control systendade know the “virtual” motions
of the centre of the MMS top plate as if it was#utral position and moving with the
rigid surface it is mounted on. After the Octansnigunted on a rigid surface together
with the MMS, the coordinates of the centre of tiye plate of the MMS in its neutral
position (half of its maximum heave elevation) toébe determined within the Octans
reference frame and entered into the Octans sdadt\{Rigure 3.16a). The Octans can
subsequently measure the 6DoF motions of the MNdSptate as if the platform was in
neutral position and not compensating motions (fegu16b).

Motion

Stewart platform Measured
Top Plate by Octans
Octans >
Reference Frame 4
y Octans
y/' j’
[
X A=
Rigid Surface

Figure 3.16a)Coordinates of centre of  b) Octans measuring “virtual” top plate
Stewart platform top plate in Octans motions
reference frame

3.7Dry Tests

3.7.1Dry Test Set-Up

The dry tests have been performed by placing th&ar@cand MMS on the larger
Stewart platform Simonita. The test set-up is shamwrFigure 3.17. By connecting
Octans and MMS to the host computer, the total ngement could be used to
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compensate motions induced by the supporting Steplatform and as such this
arrangement constituted the first Ampelmann sysféests were performed for each
degree of freedom first; this was done using ragslausoidal motions at different
frequencies for each degree of freedom. Secorelys tvere performed with motions in
all six degrees of freedom combined (Appendix Ad)e residual motions of the upper
platform of the MMS during motion compensation weneasured using fixed laser
beams pointing on targets on the top deck of theeuplatform. These targets enabled a
visual representation of the residual motions & MMS upper plate (Figure 3.18).
Deviations of the laser points hitting the targetni its centre gave an instantaneous
insight in the accuracy of motion compensation.

| Laser Beam | | Target |

L - -

Figure 3.17Dry test set-up Figure 3.18Laser beams pointing on targets

3.7.2Performance

The results of the motion compensation tests ferinklividual three translations have
been plotted in Figure 3.19. This figure shows that system performs quite well for
frequencies from 0.2 to 0.3 Hertz, since the readignotions of the MMS upper plate
are within the accuracy of the motion sensor. Hawevor frequencies outside this
range, the errors become larger. When the low &egy motions at 0.1 Hz are
considered, the translational accelerations beceoeng low € 0.04 m/é) due to the
very small motion amplitudes; this causes less rateuOctans measurements since
positions are derived from the accelerations. Wietions with a frequency of 0.4 Hz
and up are to be compensated, the MMS Stewartopfatfreaches its velocity
boundaries: 0.25m/s for surge and sway, 0.20 mfshfmave. Consequently, the
compensating platform can no longer keep up withrttotions of the lower platform,
resulting in residual motions of the MMS top plated the targets.
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e Residual motions per translational DOF e Residual motions per rotational DOF
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Figure 3.19 Figure 3.20
Single DoF tests: Single DoF tests:

Residual motions for translational motionsResidual motions for rotational motions

In Figure 3.20 the results are shown of the motiompensation tests per rotational
degree of freedom. Again, the system performs qué# for frequencies from 0.2 to
0.3 Hertz and errors stay within the accuracy ef itiotion sensor. For these tests the
Simonita performed pure rotations. As a consequemcell motion at the bottom of the
MMS induces a sway motion at the MMS upper platfdawvel that also has to be
counteracted. Similarly, a pitch motion producesuege motion at the MMS top plate
level. Due to these combined motions that weregatunteracted by the MMS, the
maximum MMS velocities were reached at test fregiemnof 0.4 Hertz and up for the
roll and pitch tests. At frequencies lower than B&tz, the translational accelerations
of the MMS upper platform again become very low siag less accurate Octans
measurements. Because the yaw motion causes niioadtiranslations at the MMS
top plate level, the compensation of this motiooveéd good results: within 3cm for
sinusoidal motions in frequencies up to 0.4 Hedmpared to deviations of 7cm when
motions are not compensated.

Finally, tests were performed with motions in ak degrees of freedom combined,
using amplitudes of 7 cm for all three translatiansl 3 degrees for the three rotations.
During these tests the displacements of the uplagfopmn stayed well within 2 cm as
long as the motions of the lower platform stayedh@ mentioned frequency range of
0.2 to 0.3 Hz. This does not cover the entire negufrequency range mentioned earlier
and which was set at 0.1 to 0.5 Hz, but the perémue was enhanced to cover a wider
frequency range at a later stage during the wis.tes
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3.8 Wet Tests

3.8.1Wet Test Set-Up

After finishing the dry tests the wet tests wekgtsid in the wave basin. The very first
problem appeared immediately when the system wgagen: resonance of the vessel
occurred in the roll direction (Appendix A4). Duginhe preparation of this vessel, its
keel was removed to prevent hitting the bottomheflbasin. Consequently, this resulted
in reduced damping around its longitudinal axis &mdcombination with the MMS
mounted on the vessel this led to resonance ofykEm. Since the MMS has roughly
the same mass as the boat, the cylinders of the bRl easily push the boat too far
during motion compensation. This problem was solweavelding roll-dampers on each
side of the boat. This simple solution proved tceHfective. The wet test set-up can be
seen in Figure 3.21. Similar to the dry tests,gbdormance was measured by having a
fixed laser beam pointing on a target placed orMMS upper platform.

A Mooring Lines

B Roll Dampers

C Octans

D Wave height
Measurement

E Hydraulic Pump

F Stewart Platform [§

Figure 3.21Wet test set-up

3.8.2Performance

Once the roll resonance problem was solved, a sepmblem was faced: the motion
compensation performance in the basin was poor.vilgwes in the frequency range of
0.2 to 0.3 Hertz were exactly the waves that dilocamse much excitation to the boat.
Waves with a higher frequency did cause the vaes@love as desired, but the motions
were badly compensated by the Ampelmann system.eMerythis was not due to the
velocity limitations of the MMS; the maximum veltiess resulting from the vessel
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motions were well within the boundaries. The poerfgrmance was the result of
inaccuracies of the measuring system. Accordingamufacturer iXSea, the Octans is
programmed to perform optimally in the frequencyga up to 0.3 Hz because it is the
most common frequency range for sea waves and waleed vessel motions. The
lower frequencies are filtered out to prevent diift the measurements; higher
frequencies which can often come from machineryboard of a vessel are also
preferably removed. To improve the system, a fikeas added to the Converter
software in order to amplify the translational o8 at higher frequencies as measured
by the Octans. Consequently, the translations alfo8kelz could be registered more
accurately and these enhanced values were usedtimicthe MMS. This led to a much
better performance (Appendix A5). The displacemeaftshe upper platform were
reduced to less than 1 cm for waves with a frequemcto 0.55 Hertz (compared to
deviations of 7cm without motions compensation)isfThas a significant improvement
to the Ampelmann system, now enabling it to comptnsvaves in a wide range of
frequencies.

Motions due to regular waves and simulated seasstata frequency range from 0.2 to
0.55 Hz could now be compensated. This corresptmdsean zero-crossing) wave
periods between 1.8 and 5 seconds. When obsefvwingiéan zero-crossing periotls
in the YM6 scatter diagram (Table 1.3), this covaoput 70 % of all sea states at the
given site in the Dutch North Sea. Sea states withe periods lower than 1.8 s hardly
occur; when they occur this is always in combinatwith very low significant wave
heights (up to 0.25m). Waves with periods highaanttbs could not be examined
because they caused negligible motions of the Vvastais test set-up. Such periods are
quite common in real sea conditions, however, bastiy in combination with high
waves and therefore large translational vessel ansti According to the Octans
specifications [21] its accuracy for heave, surgd sway measurements is either 5cm
or 5%, whichever is highest. This implies that iocls wave conditions these
measurements will have small relative errors armisate motion compensation can be
achieved.

3.8.3Dynamics

The roll resonance phenomenon as encountered diménget test phase called for a
more thorough examination of the dynamic effectt thotion compensation may have
on a vessel. A computational model was prepareshédble a simulation of the observed
resonance during the wet tests and examine theeimte of different parameters on the
degree of resonance.

A two-dimensional computational model to simuldte toll resonance was generated
in Simulink, using SimMechanics for the structuramponents of the Stewart platform.
The vessel was modelled as a solid triangle, hingebe fixed world at the bottom and
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connected to springs and dampers at both sideshifiged connection serves as the roll
axis, whereas the spring-dampers model the hydaodigs. An illustration of this
model is shown in Figure 3.22 including the axisw@ntions for sway, heave and roll.
Values for the damping coefficient and the springstant were deduced from a model
of the used vessel without keel using the stripthdased computer program Seaway.
A virtual sensor at the centre of the vessel dedasured the vessel rotations and
translations to determine the required motion of Btewart platform for motion
compensation. A time delay function was used toehttke time lag between the actual
vessel motion and the Stewart platform motion. Totghe simulation, the vessel was
given an initial moment around the roll axis.

Figure 3.22Computational model to simulate roll resonance

If the Stewart platform on top of the vessel is motompensation mode, a small roll
motion will damp out over time. However, when thewgart platform’s active motion
compensation is engaged, the simulation model st@awesonant behaviour similar to
the model used in the wet tests (Appendix A6). Téwonant effect is illustrated in
Figure 3.23and can be explained as follows.

Figure 3.23 Roll resonance

(&) An initial moment around the roll axis caudes modelled vessel to make a small
positive roll rotation. Due to the delay of the qmmsation, the platform will first



follow this roll motion and due to the vertical @iace between top plate and
hinge, the top plate will also experience a radlliced sway to the left.

(b) After the small time lag, the platform wants ¢ompensate for the measured
motions, and therefore the top plate will movehte tight relative to the vessel.

(c) Meanwhile, the springs restore the initiall,rohusing the vessel to rotate in the
negative roll direction. When the vessel rotatioosses the zero point, the centre
of gravity (CoG) of the top plate is on the rigitesof the hinge, causing a rolling
moment in the negative roll direction. At this marhethe vessel is already rolling
in the negative roll direction and the CoG on tightr side of the hinge will now
amplify this roll motion, increasing the next ralinplitude.

(d) By the time the roll motion reaches its negatrell amplitude, the top plate is
compensating for its virtual sway to the right bgvimg the platform to the left.

(e) The correction of the sway leads to an overshothe left side, now causing the
positive roll motion to increase. At this momeihig troll motion is governed by the
motions of the top plate: the horizontal displaceteeof the top plate keep
increasing the roll motion amplitudes.

The resonant effect is caused by the shift of tipeplate’s CoG in combination with
the horizontal acceleration of the top plate’s mhssh phenomena will increase the roll
motion when the system’s damping is insufficient.

Subsequently the effect of parameter variations stadied. First, the time lag was
varied. It was found that for an increasing timeg, ldne roll amplitude increases faster.
Secondly, the mass of the top plate was varied:iremeasing top plate mass
significantly increases the resonant behaviouralginthe damping was increased. At a
certain value, the damping is large enough to $tep model resonance. This was
already proven in the wet test: applying bilge kesd roll dampers solved the resonance
problem.

3.9 Conclusions

The dry and wet tests performed with a small séalgpelmann model gave good
insight in the possibilities as well as the limibais of active motion compensation using
the combined technologies of an Octans motion seasdl a hydraulic Stewart
platform. During the wet tests in a random wavedfieche Ampelmann scale model
managed to keep the upper platform of the MMS gearbtionless. The residual
motions registered at the targets on the MMS uppek were less than 1 cm in waves
with frequencies up to 0.55 Hertz. These residuations were considered small
enough to conclude that the results of this prdafemcept phase justified continuing
with the next phase: creating a prototype.
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With respect to the tests performed on the scaldetndmpelmann, the following
conclusions can be drawn:

The Octans was accurate and fast enough to fundtiothe Ampelmann
system.

The MMS Stewart platform was accurate enough toctfan in the
Ampelmann system, and fast enough to compensatemsatithin its velocity
and excursion limits.

With dedicated filters in the Converter softwatee tAmpelmann scale model
works properly at wave frequencies from 0.2 to G-E5tz, corresponding to
wave periods ranging from 1.8 to 5 seconds.

Sea states with mean zero-crossing periods shthréer 1.8 seconds barely
occur at sea and when they do it is in combinatioth significant wave
heights of less than 0.25 metres. In such wave itond vessel motions
remain small enough to enable safe transfers withhmtion compensation.
The upper platform can be kept practically motisal®n a moving vessel.
Maximum displacements of the upper platform wess ldhan 1 cm compared
to the fixed world, whilst they would have been 7ewthout having the
Ampelmann system compensating motions.

In preparation of designing a prototype, the follagwas concluded:

Vessel motions with periods longer than 5 secomdddcnot be tested during
the wet tests, but are common in real sea conditibm such conditions,
however, the Octans is expected to perform with dpecifications and
motion compensation can be achieved.

The Ampelmann prototype requires a Stewart platfonach larger than the
MMS. Such Stewart platforms are commonly usedightfsimulators and the
technology used in these platforms has proven hieliaTherefore no
unforeseen problems are expected in its use foromatompensation in the
Ampelmann prototype.

48



4. Requirements for a Prototype:
Ampelmann Demonstrator

4 .1 Introduction

The Ampelmann scale model tests proved that resd-tcompensation of wave
induced vessel motions is technically feasible. Wwgion sensor, Stewart platform and
control system applied in the system were all aateuand fast enough to counteract
wave induced vessel motions, keeping the resuttingjons of a transfer deck relative
to the fixed world within acceptable limits. Thissult justified the next step: creating a
full-scale prototype to prove that an Ampelmanntesys can provide safe access to
offshore wind turbines with the purpose of sigrifitly and safely increasing the
accessibility of wind turbines in offshore wind fias. In comparison with the scale
model system, this task presented three new mailtteciges. The first and most crucial
challenge was to make the integral Ampelmann systberently safe. This implies that
no system failure or human error may cause a hamardituation for personnel on or
near the Ampelmann system. Secondly, active mat@npensation had to be proved
using a Stewart platform large enough to countetactotions of a sea-going vessel in
sea states with significant wave heights of 2.5r@setA third important challenge was
to prove its use in offshore conditions. Althougbvgart platforms with cylinder strokes
exceeding 1 metre are commonly used as flight sitot8, the application of such a
platform in offshore conditions is new.

A prototype phase was considered of crucial impmeaor the further development of
the Ampelmann system to a commercial product. Tablen efficient design and
engineering of future Ampelmann systems, all stepghe prototype development were
to be studied in detail in order to eventually\srat a blueprint for the design process.
This chapter describes the approach towards thetgpe development, as well as the
requirements selected to serve as a basis of ddsignhe development of the
Ampelmann prototype, which was named Arapelmann Demonstrator

4.2 Prototype Development

4.2.11In-house Development

As stated, the primary components of an Ampelmaystesn are a motion sensor,
control system and Stewart platform. As conclud€tiapter 3) the Octans motion
sensor was fast and accurate enough to be usedeiimpelmann Demonstrator.
Stewart platforms (including their control systerhaive been widely applied in
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applications varying from flight and drive simutati to testing and rehabilitation
facilities. However, for such applications Stewaltttforms remain indoors under
controlled climatological conditions. Furthermorheir design is governed by the
specific application and corresponding motion aratllcarrying demands.

The Ampelmann has to be designed for motion conmgtemsin offshore conditions
while meeting stringent safety requirements. Fas¢hreasons using an off-the-shelf
Stewart platform like the MMS was not an optionwts therefore decided to develop
the Demonstrator in-house at the Delft Universify T@chnology. This was made
possible by funding by the We@Sea offshore windrggneesearch programme, the
Delft University of Technology and Shell, while Snihternational was willing to
provide a vessel for offshore tests and demonstrati

4.2.2Safety Considerations

Throughout the development of the Ampelmann Dematwst, safety of the system
and its use was a prime driver. The incorporatibeadety has been achieved in three
stages: safety aspects were included in the dedigre, the developed safety features
were thoroughly tested during the commissioningsphand finally an objective safety
assessment had to be performed of the integramsydésign and construction by means
of a certification process.

The Ampelmann is a complex system which comprisegtsiral components, electric
and hydraulic power supply and a control system. ificorporate safety in the
Ampelmann Demonstrator a safety philosophy had @ochosen first. Since the
Ampelmann is a highly automated system and peojllestand and walk on the
transfer deck and the gangway, the entire systesigiidnad to be evaluated thoroughly
in such a way that all risks related to componaitufes could be analysed and
mitigated. Consideration was also given to the n§khuman errors. An operational
procedure was developed such that hazardous sitgatiue to human errors will be
prevented. Based on this safety philosophy thegdesi the Ampelmann system and the
operational procedure are to be developed. Thaysplfdlosophy and the consequences
of this philosophy for the system design and therafional procedure are addressed in
Chapter 5.

During the design phase special consideration wamngo the design of the Stewart
platform architecture. This design is to ensuré fhkh motion compensation could be
achieved in sea states upHg= 2.5m. The Stewart platform design is elaborafedn
in Chapter 6.

After completion of the design and constructiontted Ampelmann system including
its operational procedures, a series of tests andbgective assessment of the system
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were required to prove that the desired safetyl lexes achieved. The test procedures
and certification process are described in Chapter

4.3 Offshore Application

4.3.1Vessel Selection

For testing and demonstrating the functioning of tampelmann Demonstrator, a
vessel is required with enough deck space to acamtate the integral Ampelmann
system: Stewart platform, hydraulic power, conggétem, etc. Such a vessel should
also be able to stay within a certain horizontalkirgy envelope near a fixed offshore
structure (wind turbine). This will require a velst#®at can be positioned sufficiently
accurate near the turbine, either manually or wittynamic positioning system.

Figure 4.1a)75 m Supply vessel b35 m Seagoing tug

Supply vessels and seagoing tugs (Figure 4.1) eseeV types which can keep their
horizontal position within a small working envelopeheir lengths can roughly vary
from 25 to 75 metres and they typically have a fileek space which allows for the
mounting of an Ampelmann system. For the purposehisf research both types of
vessels have been considered as possible hostsvesse

4.3.2Site Selection

For the development of the Ampelmann Demonstradotypical offshore site was
selected to serve as a design location. Selectihgcation was necessary for two
reasons: first, the design of the Stewart platf@sto be based on the expected vessel
motions in certain sea states. The characterisfitsese design sea states will depend
on the selected location. The second reason is\¢led of a feasible site for testing
purposes.

The southern Dutch North Sea was chosen as thetidoc#&or designing the
Ampelmann Demonstrator, more specifically the ragiff the coast of IJmuiden. Two
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operational wind farms, Offshore Windpark Egmond @&®e (OWEZ) and Prinses
Amalia, are situated in this area (Figure 4.2)dfae offering a realistic design case. In
addition, the YM6 wave buoy is situated in the sarea providing real long-term wave
measurements. A final advantage of this locatios the& presence of the OWEZ wind
farm. This farm is owned by Shell, who was alsgansor of the development of the
Demonstrator. Shell agreed to allow the Ampelmaembnstrator to be tested near one
of the turbines in this wind farm.

il \ oo o .
A ]
\!\ YM6*Wave F&)yf,
5 Y',/ s» /

North Sea

3 United Kingdom

Netherlands

Figure 4.2Design Location for Demonstrator: southern DutchitN&ea

4.4 Demonstrator Size Constraints

4.4.1Motion Requirements

As shown (section 2.2.4) a significant increasadoessibility can be achieved for the
region in the Dutch North Sea where the YM6 waveybis located when an access
system has the capability to operate in sea stathsa significant wave height up to 2.5
metres. A further increase of the operational lilds only a small effect on the total
accessibility since sea states with a significaavevheight exceeding 2.5 metres have a
probability of occurrence of less than 10%. Thdgtesf the Ampelmann Demonstrator
has therefore been based on providing full vessgiom compensation in sea states up
to a significant wave height of 2.5 metres. Witls thmiting condition the sea states
with Hs = 2.5m are expected to induce the largest shipomogiven the type of vessels
anticipated to be used. With the probability of itence of sea states withy = 2.5m
with a mean wave period larger than 6 seconds baaginal, two design sea states for
the Ampelmann Demonstrator have therefore beemetkfbased on the scatter diagram
of the anticipated design location (Table 4.1)
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and

Table 4.1Scatter diagram of the IJmuiden Munitiestortpldat¥16) [15]

Hs = 2.5m withT, = 4.5s
Hs = 2.5m withT, = 5.5s.

T[s) 9.0- | 1.0- | 2.0- | 3.0- | 40- | 5.0- | 6.0- | 7.0- | 8.0- | 9.0- [10.0-|11.0- -
e 1.0 | 20 | 3.0 [ 40 | 50 | 6.0 | 7.0 | 80 | 9.0 | 10.0 | 11.0 | 12.0
0.0-0.5 12 | 94 | 35 | 05 | 01 [<0.05]<0.05 14.6
0.5-1.0 02 | 150 | 11.6 | 3.2 | 0.3 |<0.05|<0.05 30.4
1.0-1.5 3.8 | 152 | 3.9 | 04 |<005 <0.05 23.3
1.5-2.0 01 | 89 | 50 | 03 [<0.05]|<0.05 <0.05 143
2.0-2.5 (E E 0.4 | <0.05 8.1
2.5-3.0 01 | 36 | 08 [<0.05]|<0.05 4.5
3.0-3.5 <0.05| 1.0 | 1.3 | 0.1 |<0.05 2.4
3.5-4.0 01 | 11 | 01 [<0.05 1.3
4.0-45 <0.05| 04 | 0.2 0.6
4.5-5.0 0.1 | 02 |<0.05 0.3
5.0-5.5 <0.05| 0.1 |<0.05 0.1
Total 0 0 1.4 | 283 | 409 [ 23.2 | 52 | 0.9 | 0.1 |<0.05|<0.05|<0.05| 100%

4.4.2Deck Space Limitations

90.7%

For practical reasons the Ampelmann platform shdalde minimal dimensions; this
had to be taken into consideration during the depigpcess. A main limiting factor is

the requirement that the platform must fit on teeldof the selected vessel. As stated in
section 4.3.1, the Ampelmann is to be placed dmeeié seagoing tug or an offshore
supply vessel, with lengths varying from 25 to 76tmas, respectively. The deck space
available for the Ampelmann system depends onyihe of vessel. As an example, the
Smit Bronco (with a length of 25.4 m) has been drachas an option. Deck space is

required for the Ampelmann Stewart platform and italthl equipment such as
hydraulic power units. The Smit Bronco’s deck regsithe Stewart platform to fit on a

6 m x 6 m square (Figure 4.3). This limits the Atnpenn base radius to a maximum of

3 metres.
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Figure 4.3 Available deck space for Demonstrator on Smit Boonc

4.5 Other System Requirements

4.5.1Gangway

A gangway is needed to enable personnel to walk fitee Ampelmann deck to the
offshore wind turbine and vice versa. The pointofitact of the Ampelmann gangway
with the turbine will generally be the ladder, theat landing or the platform of the
turbine. As stated earlier the need for any appariees to the turbines for enabling
Ampelmann access is to be avoided. The gangway thustbe designed in such a way
that it can access any offshore wind turbine.

4.5.2Preliminary Design Load Cases

In addition to creating a motion range for compéingavessel motions in the design
sea states, the Ampelmann Stewart platform alsoidhd&® designed to withstand the
loads caused by gangway, personnel and gear ulh@@camstances. These loads were
to be taken into account in the geometry desigralise the platform geometry and
motion range directly influence the maximum ax@dds in the platform cylinders. The
most extreme loading condition will be during ofiena, when the gangway is totally
extended and personnel is standing at the end eofgtngway ready to access the
turbine. Assumptions were made for the weight eftilansfer deck and the weight and
length of the gangway. In addition, it was decidedllow a maximum of two persons
on the tip of the gangway (Figure 4.4). As a seclwadl case, a centric loading was
considered resembling motion compensation of a ynemmponent to be lifted. It
should be noted that these load cases represeytpoaliminary static conditions;
special consideration will be given to dynamics autlitional loads such as wind
loading and contact loading later on (see sectigh 7
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Figure 4.4Preliminary design load cases

4 5.3Installation on Vessel

It is considered important that the integral Ampatm system can be easily installed
on a dedicated vessel. The configuration of the @mann should therefore be
modular: it is desired to have the Ampelmann itesthin as few lifts as possible. It can
therefore be practical to have the Stewart platfpnerassembled with top deck and
gangway, and to have all other equipment suchasyldraulic power and the control
system in containers. Also, the mounting can bdit@ed by having lifting aids pre-
installed on the modules and connection aids on éimann and vessel. After the
system is mounted, a minimum number of activitiesudd be required to start up the
Ampelmann, making it a "plug and play" system.

4.6 List of Requirements

With the objectives for the Demonstrator developtraearly defined, the following
list of requirements was made:

Safety
» The design of the Ampelmann Demonstrator and tleeatipnal procedure
are to be developed based on a safety philosophy.
* The safety of the Ampelmann Demonstrator shalldogen by a series of
tests as well as by an assessment of a certifyitigaity.

Stewart platform

*  The Stewart platform will be developed in-hous¢hatDelft University of
Technology.
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e The Stewart platform will be designed to compenshtp motions in sea
states up téds = 2.5 metres.
» The Stewart platform base has to fit on a deckespé® by 6 metres.

Vessel

» For motion compensation tests a host vessel idrestju

« For motion compensation tests including persomaeisfers to an offshore
wind turbine a host vessel is required able totfositself near a turbine
within a small working envelope.

* A host vessel needs to have enough deck spadehe &ntire Ampelmann
system: Stewart platform, hydraulic power, congydtem and other
ancillary equipment.

Gangway
e A gangway is required to access a wind turbine ftoenstationary
Ampelmann transfer deck.
e Gangway landing on an offshore wind turbine shawdtirequire any special
provisions on the turbine.

4.7 Preliminary Concept of Ampelmann Demonstrator

Based on the stated requirements, a preliminarysetf the Ampelmann system was
made. Figure 4.5 shows a schematic representatidrisoAmpelmann system with its
basic components.

Motion

Sensor Control System Stewart Platform (incl. HPU)
[ I Il
Gangway
User Interface Hydraulic
Power / \
Unit
data
pressure
data Ampelmann data
Octans > Control System Ny Stewart Platform
!

Figure 4.50verview of Ampelmann Demonstrator system companent
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5. Safety Philosophy and Consequences
for Design and Operation

5.1 Introduction

Safety is defined in this report as a state of ¢pedafe from undergoing or causing
injury or loss. The Ampelmann system is an autothatectronic-hydraulic system with
a large number of components; all of these compsnieave a likelihood of failure,
either due to wear or other internal cause, ortdugamage by some external cause. In
addition, during operation the possibility of humamors has to be taken into account.
The safety of the Ampelmann system can therefordeffieed as the degree of certainty
that no injury or loss is caused by any Ampelmaamponent failure or any human
error.

A safety-based design philosophy was therefore ireduto show explicitly how
safety can be achieved in case a human error op@oent failure occurs. This chapter
presents different safety philosophies from whiodé thosen philosophy was applied to
arrive at a safety-based design of the system ftit @perational procedure.

5.2 Safety Philosophy

5.2.1Introduction

To incorporate safety in the design of the Ampelmademonstrator a safety
philosophy was to be decided upon first. This sectiddresses safety philosophies as
used in three different industries, which have besslected for their use of
electronically actuated systems similar to the Aimaan system. This means that these
systems require constant data input from a sehswe a processing unit and ultimately
control one or more actuators, either with or withfieedback. Another characteristic of
the systems used in these industries is that coemtdailures can lead to human injury
or loss.

5.2.2Medical Device Industry

One of the first industries that needed to develaggafety-based design approach for
its equipment was the medical device industry. Eigflg equipment containing
complex software becomes very safety-critical. Dhiginal approach towards safety
was to follow the single-fault hypothesis, whichtes that no single fault may lead to
death or injury. The main parameter for this appho#& the time period that this
hypothesis has to hold. For example, a dialysishinechas to be able to finish its
therapy session in a period varying from 30 minutg$o 3 hours.
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While medical devices became more complex over ybars, the single-fault
hypothesis became less attractive, causing thesindto shift to a risk-based approach.
This approach identifies all possible causes ottdea injury, the likelihood of their
occurrence and their level of consequence. Subsdgua cause can be eliminated, the
likelihood of occurrence can be decreased or thel lef consequence can be reduced.
For a medical device, the reliability regime mustrt be determined: a system can be
designed to be eithdail-safe or fault-tolerant [24]. A fail-safe system is designed to
have a safe state to which the system is commaind=ake of a failure. A safe state is a
state of the system that cannot cause any deatluoy, although the availability of the
system may be compromised. In this case, faultetiete mechanisms are a
prerequisite. If a system is fault-tolerant, it lwile able to continue performing its
required function in the presence of faults. Fénikérant systems tend to be more
complex to design and are more costly than fai#-sgfstems. For this reason, medical
device manufacturers aim at designing systemsavithil-safe state.

In comparison with other safety-critical industrissich as the aircraft industry, the
medical device industry is way behind when safdétjyogophy is concerned. First of all
this is due to the number of lives at risk durimgaperation of one specific device: in
the medical world it will always be only one pati¢hat depends on a medical device,
whereas in an airplane the lives of over 300 perszam be at stake. Besides this, the
human interaction factor plays a major role: a docir assistant can see or hear if a
patient is not reacting in the proper manner aedetlis usually enough time to respond
to a detected error [25].

5.2.3Aircraft Industry

Probably the most advanced industry in safety-bakesign is the aircraft industry.
Driven by the aim to reduce weight and improveatality, mechanical and hydraulic
linkages that ran from the cockpit throughout theraft started being replaced by
lightweight electronics that could perform the safonections. This led to the so-called
fly-by-wire systems: a fly-by-wire system literalhgplaces the mechanical control of
the aircraft with an electrical interface. In adutitto the substantial decrease in weight,
electronic systems also require less maintenancethdr to fly-by-wire systems,
autopilots and automatic landing systems have lleseloped, making it possible to
land a plane in zero visibility. But whatever thdvantages, reliability is the main
concern of all flight control systems: a failurendaave the pilot with no control of the
plane with possibly catastrophic effects. For tieiason safety-based design is used for
flight control systems.

When considering an autopilot system, by lack tdilasafe state there are two typical
arrangementdail-operational or fail-passive A system is called fail-operational when

58



it has the ability to continue to manoeuvre theraiit unaffected after the failure of one
component in the system. A component failure willnpromise the proper functioning
of a lane (a serially connected sequence of compshanplying that another lane can
take over the first lane’s functionalities. A faiperational system is able to detect,
identify and isolate the failure while engaging geeond lane. This reliability regime is
actually equal to the fault-tolerant design in theedical device industry; in the
remainder of this document the term fail-operatstrall be used. When an autopilot
system is designed to be fail-passive, a failurd wdbt cause large flight path
disturbances and the system will leave the airanafim for manual control.
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Figure 5.1a)Fail-passive control system [27]b) Fail-operational control systems [27]

In conclusion it can be stated that the regulatams standards for fly-by-wire systems
are in a very advanced stage. This can howevertteadry complex control systems
with high costs. Figure 5.1a shows the configurattd a conventional fail-passive
system, while Figure 5.1b illustrates a fail-opienadl system. Note that most critical
components are placed in threefold for redundamoyobtain maximum independency
between failures in the computers, different kinflprocessors, software and compilers
are being used, all programmed according to theesaauirements. [26] [27] [28] [29]
[30]

5.2.4Automotive Industry

Following the developments in the aircraft industtiyere is a clear trend in the
automotive industry at the moment to apply moretedamic systems in cars. This trend
started with the introduction of digitally contrel combustion engines with fuel
injection and digitally controlled anti-lock bralsystems (ABS) in the late 1970's, and
is currently becoming more involved with the deyefent of so-called x-by-wire
systems. X-by-wire systems consist of a driver'sragpng unit whose electrical output
is processed by micro-controllers that manage ttiees commanded activity via
electrical actuators (in compliance with fly-by-ejr Throttle-by-wire, shift-by-wire
and driver's assistance systems have been usedssfidty for many years now [31].
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The main objective of x-by-wire systems is to erdeasafety by liberating drivers from
routine tasks and assisting the driver in respapdtncritical situations. In addition, x-
by-wire systems can make cars less expensive amd emvironmentally friendly: the
elimination of mechanical parts can lead to bats of materials, while driving with
the aid of "intelligent" systems can lead to lesgire wear, better fuel economy and
easier maintenance.

Some of the more interesting developments in x-ng-\8ystems nowadays are the
steer-by-wire and break-by-wire applications, maihlecause of the safety issues
involved. A thorough study of these systems has lmmmducted in the "X-By-Wire"
project by a consortium consisting of 4 car manwfa@s, 2 universities and 3
component/system manufacturers in Europe [32]. Tédmsortium developed a
framework for fault-tolerant electronics architaetisuitable for safety-related vehicle
applications. A general fault-tolerant architectuvas defined and agreed upon, and
demonstrated by implementation in a steer-by-wirmtqtype. This proposed
standardisation recommendation for the steer-bg-@aichitecture is depicted in Figure
5.2. In addition, it is also possible to utilizeisttsame architecture in other by-wire
concepts. However, although the basic technologyois known, the conditions for
mass production have not been met yet.

Environment-

Sensors, e.g. Steering
Front-Axle yaw-rate, camera Driver Wheel
? Feedback Sensors
Actuators |
i ; ‘. Steering
3 — Wheel
s e
Steering a
Actuators )i ECU

Wheel Angle

Sensors |:| Actuator

@ Sensor

Elecironic Control Unit
.J Redundant Units

Figure 5.2 Recommended steer-by-wire configurat[32]

5.2.5Conclusion

Having looked at three different industries thaplgpsafety-critical systems, three
different options were found to achieve reliability

» Fail-safe: Stops operation in case of failure ani$ gystem in safe-mode
» Fail-passive: Leaves system stable for manuarabatfter failure
» Fail-operational: Redundant, continues to operdtenafailure occurs
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The choice of reliability philosophy depends on wmber of factors such as the
number of lives at risk, the costs involved andgbssibility of human intervention. An
overview of the most important properties in thespect of each industry is given in

Table 5.1 and compared with the Ampelmann system.

Table 5.1Comparison of properties of safety-critical systems

« Risk: 1 life

« Advanced safety design

« Human observation
« Time for human reaction

« Fail-safe

« Risk: < 10 lives

« Still in development phase

+ No manual control option
« Redundancy required

« Low cost intended
* Mass production

« Fail-operational

« Risk: <1000 lives

* Most advanced safety
design

« Manual control option
* Maximum redundancy

« Cost intensive

« Fail-operational or fail-
passive

Medical Device Automotive Aircraft
Ampelmann
Industry Industry Industry
Anaesthetic Machine Drive-by-wire Automatic Landing Systems Active Motion Compensation

« Risk: approx. 10 lives

« In development phase

« No manual control option
« Short operations < 10 min

« No mass production

« Reliability regime yet to be
determined

When the Ampelmann is actively compensating vesselons and people are on the
transfer deck or on the gangway, the operationbemome unsafe if a failure occurs. A
failure can compromise the proper functioning & 8tewart platform and cause sudden
unpredictable platform motions. This will resultsodden motions of the transfer deck
and gangway which may lead to personal injury.@tmal components can be designed
to withstand the ultimate load conditions by deteing maximum operational and
emergency conditions. Other critical componentshsas electrical or hydraulic
components are subject to unexpected failure méelgs broken wires). After such
failures the Ampelmann must remain in function forcertain period of time. This
period of time must be long enough to either cotepthe transfer operation in case a
person is just about to transfer or to safely abl@toperation. This period has been set
at 60 seconds.

Neither the fail-safe nor the fail-passive optiaa be applied for the Ampelmann
system. In the fail-safe option as used in flightidators, all Stewart platform cylinders
are retracted directly after a component failure been detected, bringing the platform
to its safe state (the settled state: when allhdglis have been retracted). The sudden
motions associated with this emergency procedweablmowed in this case since people
inside the simulator are always strapped to tresitss For personnel transfers using the
Ampelmann people need to walk over the gangway. thix reason the fail-safe
philosophy cannot be applied for the AmpelmannesystWhen an airplane uses a fail-
passive autopilot and a component failure is detedhe pilot is warned and takes over
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the aircraft control manually. However, manual cohof the Ampelmann system for
motion compensation is not possible and thereforfilgpassive design cannot be
applied to this system. This only leaves the fakm@tional architecture to be
implemented in the Ampelmann system. As shown igufé 5.2 the steer-by-wire
configuration was made fail-operational by makiigcatical components redundant.
The same strategy has therefore been applied doAtipelmann Demonstrator leading
to the following requirements:

»  Operation must continue after a single componehiré
*  The ride-through-failure must work for at least®@onds

The consequences of this reliability regime on #Hwstem design and on the
operational procedure are presented in the remaofdhis chapter.

5.3 Safety-based System Design

5.3.1Introduction

In order to achieve a fail-operational Ampelmanstsgn a thorough analysis of the
preliminary system set-up (Figure 4.5) was necgssafter this analysis a system
design must emerge in compliance with the fail-afienal safety philosophy: no single
component failure may interrupt the normal operaloprocedure. To address the
safety-based design of the Ampelmann Demonstrdirfollowing main functional
requirements have been identified:

e Stewart platform motion range

«  Stewart platform motion integrity
« Safe operational procedure

e Structural integrity

Stewart platform motion range

The Ampelmann system is to achieve an increasecéessibility of offshore wind
turbines by providing a motionless transfer deck aangway for safe transfers in
environmental conditions up to the design sea stdter this, the Stewart platform is
required to have the physical ability to create thetions necessary for such vessel
motion compensation: the motion range of the ptaifbas to be large enough to enable
counteracting these vessel motions.

Stewart platform motion integrity
To provide adequate motion compensation duringsfeanoperations, the Stewart
platform motions need to be accurate and with amahlatency. This implies that no

62



component failure may hamper these motions. Thistfanality is defined here as the
motion integrity of the Stewart platform and isated by addressing the following sub-
functionalities:

e Electric power supply: to provide electricity taethystem

e Hydraulic power supply: to provide hydraulic pregsand flow to the system

*  Motion control: to provide accurate and continu8tswart platform motions

Safe operational procedure

A clear safety-based operational procedure is tadfined in order to ensure safe
personnel transfers to offshore wind turbines.dditgon, emergency procedures are to
be determined.

Structural integrity

The Stewart platform and gangway have to be abkatoy all relevant loads during
operational and emergency conditions as well agnguransportation. This calls for
adequate design and fabrication of all structubahjgonents.

5.3.2Failure Modes and Effects Analysis

With the safety philosophy determined, the desigoc@ss has been started by
applying a Failure Modes and Effects Analysis (FNJBA the preliminary set-up of the
Ampelmann Demonstrator (section 4.7). Such an amalgeals with the possible
failures on all system components and examineetfieet of each failure. If the effect
can result in malfunctioning of the Stewart platfioor in any other hazardous situation,
directly or indirectly, a measure is taken to eittezluce the risk of occurrence of failure
or minimize the effect. This was done for all coments until a system design emerged
where component failures could not cause unsafectstf This means that after any
component failure the Ampelmann system should le @bcontinue its functionalities
for at least 60 seconds in a safe operational ntanne

As a result of the FMEA it was concluded that ahsstructural critical components in
the system required for motion integrity have torbade redundant (sections 5.3.3 to
5.3.5). To enable adequate motion compensatiohdyplatform in the design sea states
defined earlier, special consideration had to gitenthe design of the Stewart
platform’s geometry to provide a sufficient moticange (section 5.3.6). The required
safety of structural components can be achieveprbyer design and manufacturing of
these components as will be explained in 5.3.7. Setfety-based operational procedure
is treated in 5.4.
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5.3.3Electric Power Supply

For the Ampelmann to be a “plug and play” systenwds decided to only have a
single connection to a vessel’s electric power 8upp230 Volts. However, having one
electric power connection would make the Ampelmamny vulnerable to power
failures. To overcome this problem, UninterruptaBlewer Supply (UPS) units were
incorporated in the system. These units provide fiegulation as well as emergency
power to all connected equipment by supplying poWwem a battery when electric
power from the vessel becomes unavailable. A UPSygaically provide uninterrupted
power to equipment for 5 to 15 minutes. Six UPStsuhiave been integrated in the
Ampelmann system to ensure uninterrupted powdrd@tuipment.

5.3.4Hydraulic Power Supply

To provide the Ampelmann system with hydraulic ppweHydraulic Power Unit
(HPU) is required. Regarding the hydraulic systemo main failure modes can be
identified: insufficient hydraulic power supply tdsng in not being able to deliver the
required pressure and flow, and HPU failure resglin a total loss of pressure in the
system.

Insufficient power

The envisaged HPU uses a diesel engine to providmnstant pressure to the
hydraulic system. To determine the HPU power regument, the following equation
applies:

P= p[QBl- (5.1)
n

Where:
P = Required power [W]
p = Hydraulic pressure [N/fre 10° bar]
Q = Volumetric flow rate [Ys]
n = Efficiency, typically around 0.85 [-]

The hydraulic pressure to be used for the Ampeln®mtem was pre-determined at
250 bar, which is an industry standard. The maxinmower requirement can then be
determined by calculating the maximum flow rate thre system during motion
compensation. The total system flow rate can berdehed by summation of the flow
rate in each Stewart platform cylinder, which equake Figure 5.3):

Qcyl = chl IjAcyl (52)
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With:

Qeyl = Volumetric flow rate in cylinder [f#s]
Veyi = Cylinder piston and rod velocity [m/s]/sk,/ At
Ayl = Cross-sectional cylinder area of either bottord (when cylinder is

extending) or annular end (when cylinder tsaeting) [nf]

Bottom Piston Annular Rod

end \ end
Servo \ l

Valve

>

\ Cylinder rod velocity:
System Veyi = Algyi | At
Pressure
[
Figure 5.3Cylinder definitions

The cylinders applied in the Ampelmann system bhgesb-called regeneration mode.
In this mode, the annular end is always conneaédbd system pressure and the bottom
end is connected to the servo valve. When retm¢tia cylinder, the flow is determined
by the annular area. When extending, however Itive i not determined by the bottom
area but by the rod area, since the flow from theutar area is returned to the bottom
end through the valve.

The cross-sectional area of a cylinder is a comstatue, but the velocities of the
cylinder rod will vary in time. Therefore, to det@ne the maximum total flow rate and
subsequently the total power requirement, time dorsgnulations are required of the
Stewart platform motions with time series of thdfedent cylinder lengths during
motion compensation. This calculation proceduredéscribed more elaborately in
Chapter 6. At an early stage of the design prosest simulations were done using
preliminary assumptions of the platform dimensiongrder to estimate the maximum
required power. These simulations occasionallyltedun high flow peaks due to the
stochastic character of wind waves and consequeaflyvessel motions and
subsequently cylinder velocities. Choosing a HPWebaon the maximum power
requirement due to the maximum flow is considenegractical. Instead, a solution was
found by adding a Piston Type Accumulator (PTA)the system. This PTA is an
additional reservoir of hydraulic oil connectedtie hydraulic system pressurized by a
set of nitrogen tanks at a pressure slightly lothan the HPU pressure of 250 bar. In
case a peak flow is required and the HPU powaerssfficient, the system pressure will
drop. As soon as the pressure drops below theyreess$ the PTA, the oil in the PTA
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will flow into the system enabling enough flow rate meet the temporary peak
demand. After the peak demand, the PTA is filledimgwith oil due to the higher
pressure delivered by the HPU.

Loss of system pressure

The second main failure mode in the hydraulic poswgiply is the failure of the HPU
resulting in no system pressure. To cope with saidhilure mode a second HPU is
added to the system, to be functioning simultangouih the first HPU. Should either
of the two HPU'’s stop functioning, the Ampelmansteyn can still continue operating
normally. In case both HPUs stop functioning theAR3 able to provide enough flow
and pressure to keep the Ampelmann operationatfleast 60 seconds.

5.3.5Motion Control

Preliminary set-up for motion control

To enable the Stewart platform to compensate vessgbns, all six Stewart platform
cylinders need to be actuated in such a way tlafAthpelmann transfer deck becomes
(nearly) motionless. In the preliminary set-up tt@quired the following components:

¢ Octans
* High Speed Controller (HSC)
e Six Stewart platform cylinders with:

o Valves
o Position Transducers
« HPU

* User Interface

The preliminary set-up for active motion comperwats shown in Figure 5.4.
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Figure 5.4Preliminary set-up for motion control

Motion Control Process

The motion control process is best explained u§ilggre 5.4. The Octans provides
measurements of the ship motions in six degredéeeflom in an inertial frame. These
motions are registered by a High Speed Contro8() which first determines the
required cylinder lengths (called set points) fthrcglinders to keep the transfer deck
motionless relative to the fixed world. This is domy performing a kinematic
calculation which is explained in detail in ChapBerOnce these set points have been
calculated, the valve control module of the HSQwalfe determines the control signal
to be sent to the respective cylinder valves ineprd acquire the desired cylinder
length. This module is presented in a flow diagrantFigure 5.5. The valve control
signal is determined by a combination of two methd&toportional controlandFeed
Forward control The Proportional control method determines arobrsignal by first
calculating the control error of each cylinder, gis actually the difference between
the set point and the measured cylinder position. iieasure the actual cylinder
positions each cylinder is equipped with a positiamsducer. Multiplying each control
error with a gain factor then creates the propodigart of the control signal. For the
feed forward part of the control signal first theguired cylinder velocities are derived
from the cylinder set points. The feed forward paftthe control signal is then
determined by multiplying the required cylinder agty of each cylinder with a feed
forward gain factor. Summation of the proportioaall the feed forward control parts
give the preliminary control signal for each cykmd The final control signals are
determined through so-called lookup tables usextéount for the non-linear properties
and slightly different characteristics of all vadverhese lookup tables relate the valve
control signal to the resulting flow through theweaand consequently to the cylinder
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velocity. Lookup tables are provided by the valvanufacturer, but can also be
acquired through motion tests by recording the e@ontrol signal in combination with
the resulting cylinder velocities. Proper programgniand extensive testing were to
ensure the correct functioning of the motion cadntro

Motion Control Loop

..............................................................................
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Figure 5.5Preliminary set-up for motion control loop

Creating a Redundant Motion Control Process

In the preliminary control system set-up, the Osta#iSC, the six position transducers
and the six valves were found to be safety-crittmahponents. The FMEA pointed out
that these components had to be installed in twidfoinake the system redundant. The
proper functioning of the Octans, valves and positransducers can be monitored by
the HSC. However, the envisaged HSC allowed onlyafimited amount of input and
output ports and additional tasks could comprorttisedesired high processing speed,
which was chosen at 1kHz based on flight simulatmtrol systems. In addition, failure
of one of the HSCs should also be detected andtehswould be required. To facilitate
this, a Programmable Logic Controller (PLC) waseatltb the system. Characteristics
of a PLC are its robustness and availability cdrggé number of input and output ports.
It is a suitable controller for monitoring purposexl to perform tasks outside the direct
motion control since its processing speed is lathvan of a HSC. Moreover, inherently
redundant PLC systems exist as of-the-shelf predust redundant PLC was thus
integrated in the system to monitor the functiohshe HSCs, the valves and also the
HPUs. As a final advantage, a user interface caildd be connected to the redundant
PLC. As a result from the FMEA the user interfacGswhosen to comprise two control
panels, one for the operator standing on the tearddick and a secondary panel for a
second operator standing on the vessel deck. Th&otgpanels are used to send
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platform commands from the operators to the PLGEHS8Cs. The resulting final set-
up for motion control is illustrated in Figure 5.6.
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Figure 5.6 Final set-up for redundant Ampelmann motion control

5.3.6Motion Range

The Stewart platform’s main function is to proviaetions to counteract the motions
of the ship it is mounted on. For this, the Steypdaitform’s rotational and translational
capacity has to be large enough to fully compenshie motions in sea states with a
significant wave height up tbls = 2.5m, as stated in Chapter 4. The motion progerti
of a Stewart platform are a direct result of thatfoirm’s geometrical properties which
are to be determined by a dedicated design proeedinre prediction of ship motions
and the design of Stewart platforms are separdensixe fields of research which are
to be integrated for the design of the Ampelmanmbestrator’s Stewart platform. This
design process is further elaborated upon in Ch#épte

5.3.7Structural Integrity

To ensure that the Stewart platform and the gangweyoth capable of withstanding
all loads during normal operation, emergency pracesl and transportation, the
structural integrity of the entire Ampelmann systemast be based on a robust design
taking into account all possible load cases andapjate safety factors. During the
FMEA the following main types of component failungsre identified:

e Component failure due to incorrect design, resgliim unallowable material

stresses
» Component failure due to incorrect fabrication ofmponents
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To verify the strength, stability and stiffness tife system and all structural
components it was decided to have the entire stralctdesign of the Ampelmann
system also evaluated by a certification authagsulting in a design appraisal. For this
task Lloyd’'s Register was selected, who were al@éa to perform a survey of the
fabrication process of all structural componentse Tinal part of the verification by
Lloyd’s Register was to witness a load test perfdtrance the Ampelmann system was
completed. Further details of the certificationqass will be provided in Chapter 7.

5.3.8Conclusions

An FMEA has been performed at an early stage ofptio¢otype development. This
analysis proved to be an effective way of analyzimg effect of possible failures of
system components. Hazardous effects due to edotefanode were mitigated in such
a way that the Ampelmann system design resultéx tiail-operational enabling a ride-
through-failure of at least 60 seconds. This ledrialtered, redundant system set-up as
illustrated in Figure 5.6. The safety-critical camments that were doubled in the design
are listed in Table 5.2. In Chapter 7 the testgem®rmed to prove all redundancies will
be explained in detail.

Table 5.2Components made redundant following FMEA studies

Component Required Redundant

Electrical Power Supply 230V Ship + 6 UPS

Hydraulic Power Supply 200 kW 2 x 200kW HPUs + PTA
Valves 6 12

Position transducers in cylinders 6 12

Control System 1 controller 2xHSC +2xPLC
Octans 1 2

Control Panel 1 2

5.4 Safety-based Operational Procedure

5.4.1Introduction

The selection of a fail-operation reliability reginmas consequences not only for the
system design of the Ampelmann but also for itsrajg@nal procedure. In section 5.3
design choices were made to generate a redundsigindef the motion compensation
platform. This section deals with the safety aspeelated to the operational procedure
to enable safe offshore transfers. Firstly a galygeaequired to facilitate walking from
the Ampelmann transfer deck to the offshore stmecnd back. Secondly, the risk of
human errors during operation must be addressathdfmore, a safety management
system must be included in the control system itiate a safety procedure after
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detecting the failure of any component. Finallye thormal operational procedure for
transferring personnel to and from offshore strredus presented.

5.4.2Telescopic Access Bridge and Functionalities

To enable walking safely from the transfer declatooffshore structure a dedicated
gangway has been designed: the Telescopic AccédgeB(TAB). To allow positioning
of the tip of this gangway against any point ofesscon an offshore wind turbine this
TAB was designed to have three degrees of freedelescoping, luffing and slewing
(Figure 5.7).

Telescoping
% Slewing

Luffing

Figure 5.7 Degrees of freedom of the Telescopic Access Bridge

The telescoping motion translates the extendablke gf&the TAB inwards and
outwards, the luffing motion rotates the TAB upwsaiahd downwards and the slewing
motion rotates TAB and transfer deck jointly arouhd transfer deck’s vertical centre
axis. Once the transfer deck motions are activelppmensated by the Stewart platform,
the TAB can be positioned towards the offshorecstme using the slewing, luffing and
telescoping systems. As soon as it touches thetstrey all systems are switched to the
free-floating mode. In this mode, the telescopipstesm is constantly pushing outward.
This means the tip introduces a small constanefart the structure. Should the vessel
slowly drift away, the TAB will automatically extdnunder this force, with the tip
maintaining contact with the structure so no gapeaps. When the vessel moves
towards the structure, the TAB will be pushed indgaipressure relief valves then allow
the TAB to retract automatically. In the slewingdaluffing direction, the hydraulic
overflow works in a similar fashion. With the TAB free-floating mode, any residual
motion of the transfer deck is compensated passiVéle freedom of movement is such
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that even in the emergency case, when the Ampelnmention compensation capability
is lost and all cylinders will be retracted untdttted position is reached, the TAB's
passive system still allows the tip to stay in eahiwvith the offshore structure.

5.4.3Risk of Human Errors and Platform States

As mentioned in the previous chapter special camnaiibn has to be given to the risk
of human errors. The Ampelmann is operated thrabghuser interface: the control
panels. The prime operator is located on the teard#ck and operates the Ampelmann
system from its starting position (all platform icglers retracted) to motion
compensation mode and back by commanding it infeerdnt platform states. To
ensure safe operating a set of four platform statas defined for the Ampelmann
Stewart platform:

* Safe Mode

* Settled Sate

* Neutral State
* Engaged Sate

Safe Mode

When the hydraulic pressure in the system is tuoredhe platform will always be in
safe mode. In this mode all valves receive a smeadjative control signal from the
control system causing a retracting force in tlafptm cylinders in order to keep them
safely retracted. The Motion Control Loop depiciadFigure 5.5 is thus by-passed
thereby excluding cylinder motions due to possibhalfunction of the position
transducers.

Settled State

After the hydraulic pressure in the system is tdroa and while the system is in safe
mode, the PLC performs a pre-starting check. Thexk includes a verification of the
proper functioning of the platform cylinders’ pasit transducers. If the pre-starting
check is successful, the control system automaticammands the platform to its
settled state. In this state all cylinders aré letipt at their minimal lengths, but now the
cylinder valves are controlled by the Motion Cohttoop (Figure 5.5). Thus motion
control of the cylinders is now enabled: if theingler length set points are altered, the
cylinders will move.

Neutral State

The operator decides when the platform is readyetsaised into its neutral position,
which is defined as the elevation of the transfeckdat half of its maximum heave
capacity. This is done after all personnel havedethe transfer deck and the TAB is
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in its retracted position and positioned outwardsmf the vessel. When the neutral
command is given, the Motion Control Loop commaatisplatform cylinders from
settled to neutral position using a smooth trajgotd 10 seconds.

Engaged State

As soon as the PLC confirms that the platform fescined its neutral position, the
system is allowed to be engaged. The engaged ptatate is defined as the state in
which the cylinder valves are controlled by the imwtcontrol loop to actively
compensate the vessel motions. For this, the ayflifehgths set points are determined
by the kinematic calculation module which uses@uans measurements. The engaged
state thus equals the motion compensation modee @& engaged mode has been
activated by the operator, a cross fader providesnaoth transition of 10 seconds
between the neutral and the engaged platform statesaforementioned four platform
states are illustrated in Figure 5.8.

Safe Mode:
All cylinders kept
retracted by constant

pre-defined valve Neutral State: Engaged State:

control signal Transfer deck kept at Transfer deck kept
half of maximum motionless in inertial

Settled State: heave elevation by frame by motion
motion control loop control loop

All cylinders kept at
minimum length by
motion control loop

Figure 5.8 Definition of Ampelmann Stewart platform states

To prevent the occurrence of hazardous situatiares td human errors, each shift
between states is preceded by a set of checkshsmgtto another state is enabled only
when a set of criteria has been met. Also, a pieglgéfsequence between sets was made
mandatory. This sequence is depicted in Figurebdshows that the operator can only
use the Settled, Neutral and Engaged commands. \owie case of an emergency the
platform will be commanded into its safe mode. éflinders will then slowly retract
until the platform has reached its fully retracpexsition. This emergency case is further
explained in the next section.
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Operational States

I '
Auto after | Operator Operator H
Pre-starting Check OK H Command Command !
'
m /—\ m :
'
'
Safe Mode ! Settled Neutral Engaged E
| |
' '
'
Auto after 2s | Operator Operator H
when returning | Command Command H

Emergency

Condition from Neutral === --===-=--------- oo ooooooooooooo oo

Figure 5.9 Sequence of platform states

5.4.40perational Safety Management

To relate all possible component failures to theraponal procedures, several HAZID
(Hazard Identification) meetings were held with atakeholders during the
development of the Ampelmann Demonstrator. The aué of these meetings led to
the drafting of the ASMS: the Ampelmann Safety Mgeraent System. In this safety
system hosted by the PLC, all possible failurescarmected to a warning level. Table
5.3 shows the 4 levels: green for all normal, yelfor minor warnings, such as clogged
filters, orange for the occurrence of a single congnt failure, but being backed up by
the redundant unit, and code red for system faildoeble failures.

Table 5.3ASMS (Ampelmann Safety Management System)
failure mode codes and actions

Code Status Action

Green All OK Operational

Yellow Alert Operational

Orange Non critical failure Finish operation: 1 min.
Red Critical failure Finish or hold on: 5 sec.

In case of a code orange a redundancy is lost aihde of the back-up component
would lead to a system failure. It is thereforef@ned to end the operation and have the
platform return to safe mode. When a person ishenTtAB or just about to transfer,
however, it is recommended to finish that tranéifst. The ASMS allows one minute
for this which is considered sufficient. After ththe control system will automatically
generate a code red to prevent further use ofdheredundant system. In case of a code
red, the control system automatically commandsStiesvart platform into the safe mode
since this is an emergency condition.

The colour codes are only visible for the operatdto also has the overview to assess

whether the person transferring must abort or Hirliss transfer before returning the
system to its safe mode. Only code red is relagedlltof the crew: alarm lights will
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flash and sirens will sound. The person transfgrhias 5 seconds before the system will
retract itself from the structure. This person edher complete the transfer or step back
and hold tight. The alarm tree and the layout ef ¢bntrol panel are shown in Figure

5.10 and Figure 5.11.

It must be noted that both in the software and Wward design special attention must
be given to the separation between the motion ebaystem (ensured through motion
integrity), the safety system (ensured throughABMS) and the alarm system (alarm
sounds and lights). No component failure of theiomtontrol system may compromise
the functionality of the safety system or the alagatem.

O O @ @
OFF Pre-Starting Emergency Override All Dead
Check Shut Down
Operational Code Code Code Maintenance
Yellow Orange Red
Luff Up SETTLED NEUTRAL ENGAGED Teleosﬁfpe
Sl Sl
® @ O =@~
i BT Free Floating Transfer Telels:c)pe
Figure 5.10 Figure 5.11Control panel with platform and TAB
Alarm tree on transfer deck controls and failure mode status lights

5.4.5Normal Operational Procedure

After having defined the different platform stasrsd TAB functionalities, the normal
operational procedure could be established. THerdift stages within one cycle of the
Ampelmann operational procedure are illustrateigure 5.12.

It is noted here that although large effort hasnbpat in minimizing risks due to
human errors, it is evident that any person opagatie Ampelmann system should be
properly trained. A trained operator must have dasiowledge of the Ampelmann
system and have the skills to perform the entirerajonal procedure, including
properly positioning the TAB against a landing p@nd assessing whether it is safe for
personnel to walk over the TAB. In addition, an i@er should be conscious of the
Ampelmann Safety Management System (ASMS) and aefdte safety procedures.
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Figure 5.12Stages of the Ampelmann operational procedure

. During sailing, the Ampelmann platform is in stowazhdition. Hydraulic pressure
is off and the TAB is seafastened.

. Near the offshore wind turbine all seafasteninglisased. The Ampelmann operator
and the people that are to be transferred boardnt@elmann via the TAB.

. The hydraulic pressure is turned on; the Stewatfqrim is in safe mode, meaning
all platform cylinders stay retracted by hydrauticessure on the rod side. The
operator stands behind the control panel whileather people wait on the transfer
deck. No people on the TAB.

. The TAB is telescoped inwards and subsequentlytipasd outwards from the
vessel by luffing and slewing.

. The Stewart platform cylinders are now activelytcolfed. The operator commands
the Ampelmann transfer deck to rise towards itgnaéposition.

. Next, the operator commands the Ampelmann intoethgaged state: the motion
compensation mode. All vessel motions are now coisgted by active control of
the Stewart platform cylinders.

. With the transfer deck in a fixed position relatieethe offshore wind turbine, the
TAB can be repositioned to aim at the landing poimthe turbine. The operator can
now extend the TAB towards the landing point onttireine.
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8. When the end of the TAB is within 1 metre of thadang point, the TAB tip is
moved outward and will contact the landing poiningsconstant pressure on a
telescoping cylinder. After contact, the luffingliogers and the slewing motors will
switch into passive mode.

9. The operator assesses the situation: if everytisi@K, the operator switches on a
green light and one person at a time can walk thesiTAB to the structure.

10.After all people have been transferred, the passivde of luffing, telescoping and
slewing is turned off while the operator retradte TAB and slews away from the
structure.

11.With the TAB away from the structure, the operawwitches the motion
compensation off and the transfer deck gently fades its neutral position, now
moving along with the vessel.

12.Directly after the neutral position has been redcliee operator can command the
transfer deck back to its settled position. Oneedttled position is detected by the
control system, the platform cylinders are diresthjtched into safe mode.

13.The operator now uses the telescoping, slewinglafidg functions of the TAB to
manoeuvre it back on the vessel deck.

14.0nce the TAB is correctly returned to its base fpms;j the hydraulic pressure can be
turned off. The operator and any other people calk Wvom the transfer deck over
the TAB back on board of the vessel.

15.The Ampelmann platform is returned to its stowedifpmn with the use of sea
fastening when necessary.

5.4.6Conclusions

To facilitate safe and easy access from the Ampaeintsansfer deck to a landing
point on a wind turbine, a dedicated gangway hanbdeveloped. This Telescopic
Access Bridge (TAB) incorporates three degreesegdom which enable the operator
to position the tip of the gangway against any saged landing point. The free floating
functions of the TAB serve as a safety featuredepkthe gangway tip pressed against
the landing point, also in case of an emergency.

An operational procedure has been defined for afigwsafe transfers. Trained
operators command the Ampelmann system throughrdiit platform states, while the
Ampelmann Safety Management System (ASMS) contiglyomonitors all system
functionalities and warns the operator in case mpmment failure compromises the
systems redundancy.

5.5 Summary

It was decided to design the Ampelmann Demonsti@toording to a fail-operational
reliability regime, implying that no component fa# may compromise the system’s
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functionality. To achieve a safety-based desige, Ampelmann system’s functional
requirements have been divided into four main aaieg:

e Stewart Platform Motion Range
e Stewart Platform Motion Integrity
« Safe Operational Procedure

e Structural Integrity

The entire safety-based design procedure is predentFigure 5.13, listing the four
different requirement categories with correspondiafety demands, safety features and
validation methods. Each category is discussedaltere

Safety Based
Design

Stewart Platform Stewart Platform Safe Operational Structural
Motion Range Motion integrity Procedure Integrity
Sufficient range No failure of non- No failure No failure

for motion structural critical due to of structural
compensation components human errors components

« All non-structural
critical
components
redundant

» Optimized Stewart
platform design to
provide safe
access in

Hs =2.5m

Dedicated TAB
Clear procedures
Trained operators
Easy access

« Proper design
« Proper fabrication

« Ampelmann Safety Management
System (ASMS) monitors all system
functions, takes mitigation measures

and warns operator

Validation of
sufficient platform
motion range by
vessel motion
simulations

Certification by

Lloyd’s Register:

« Design Appraisal

* Fabrication
Survey

» Load Test

Validation of all redundancies and safety
system through extensive testing scheme

Figure 5.13Safety based design procedure

Stewart Platform Motion Range

Special attention is given in Chapter 6 to the glesif the Stewart platform in order to
provide sufficient motion range for motion compeimain sea states up to a significant
wave height oHg = 2.5m. Validation of such a design can be achidwesimulation of
vessel motions.

78



Stewart Platform Motion Integrity

In order to have the Stewart platform motion systena its control system fail-
operational all non-structural critical componew&re designed to be redundant. This
set-up allows the system to ride through any corapbfailure for at least 60 seconds.
As soon as such a component fails the Ampelmanetgdflanagement System
(ASMS) will detect this failure and immediately &alknitigating measures: isolate the
failure and switch to the redundant component. dditeon the operator is warned to
finish the operation within one minute.

The electrical plan, hydraulic plan and motion cohtvere integrated in the entire
system in such a way that theoretically the systlrmign complied with the fail-
operational safety philosophy. However, the prodjpectioning of this system design
had to be proven in practice through a seriessi§ten the Ampelmann Demonstrator.
These tests are described in Chapter 7.

Safe Operational Procedure

In addition to the redundancies in the Stewartfptat, the risks due to human errors
were addressed thoroughly. A dedicated Telescopitgess Bridge (TAB) has been
designed, that can safely be positioned for easgssc Furthermore a clear operational
procedure has been created including pre-defiratfiopin states being monitored by the
control system. The entire procedure is being bdaehe by the Ampelmann Safety
Monitoring System (ASMS) which monitors all systefunctions; in case of a
component failure it takes mitigation measures a@aans the operator. Ampelmann
operators should be trained adequately. Validatibthe ASMS and the operational
procedure is provided by a series of tests predent€hapter 7.

Structural Integrity

To ensure the structural integrity of the Ampelmaystem, failure of structural
components should be avoided by appropriate deaigh manufacturing of these
components. This process has been validated bytiéice¢ion process performed by
Lloyd’'s Register described in detail in Chapter 7.
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6. Stewart Platform Design

6.1 Introduction

The Stewart platform as applied in the Ampelmarstiesy can move in all six degrees
of freedom to keep a transfer deck motionless arwaing vessel. The motion range of
the Stewart platform used for the Ampelmann Demaxst has to be large enough to
compensate the motions on the envisaged host sgs&igoing tugs or supply vessels
with lengths of 25m and more) in the design sete stéth a significant wave height of
2.5m. While the required motion range of a Stewsatform is dictated by the vessel
motions in the design sea state, the platform’'sitacture determines its physically
possible motion range. To realize full motion comgettion, the vessel motions should
be within the Stewart platform’s motion range calitgb In addition, the effect of the
Stewart platform’s configuration on the forces hme tplatform’s cylinders must be
examined. This chapter elaborates on how to aaivihe preferred architecture of the
Stewart platform for the Ampelmann Demonstratoretation to the required motion
range.

In section 6.2 the basics of a Stewart platformtegated. Section 6.3 deals with the
modelling of waves and simulation of vessel motiddsbsequently, a design method
for a Stewart platform is presented in sectionv@ch is based on the predicted vessel
motions that are to be compensated. In section @&6ther method to arrive at the
Stewart platform design is shown based on the aiityl between different existing
Stewart platforms. Optimization of the platform kitecture is addressed in section 6.6,
leading not only to the final design of the Stewadtform as used in the Ampelmann
prototype but also to a preferred design procedlhe. different design methods are
evaluated in section 6.7.

6.2 Stewart Platform Basics

6.2.1General Definitions

Stewart platforms comprise a rigid base frame andid top frame, connected by six
linear actuators. At both ends, each actuator tecla¢d to the frames by means of
gimbals: mechanical devices that allow rotationoime or more of their degrees of
freedom. This basic Stewart platform arrangemesh@wvn in Figure 6.1.

81



Gimbal at top (6x)

Top Frame

Actuator (6x)

Base Frame

Gimbal at base (6x)

Figure 6.1 Stewart platform arrangement

The specific composition of a Stewart platformagerred to as its architecture and is
determined by a set of parameters. Throughout itezature found on Stewart
platforms, many different symbols are being usedescribe the same set of parameters
(for example [33] and [34]). For this research dirdtgon of all parameters and their
symbols will be given. The most commonly applie@v&irt platform design is the
rotationally symmetric architecture, which impligagt the gimbal pairs at the upper and
lower frame are placed at intervals of 120 degesebthe locations of the six upper and
six lower gimbal joints can be mapped on circle$][3n this thesis only rotationally
symmetric Stewart platforms will be considered,csirtheir architecture is the most
commonly applied and therefore widely describelitémature.

This architecture also presents some practical radgas, such as the use of six
identical cylinders and repetitive design for thmalgal pairs.

With this assumption, the Stewart platform geomety be described by a total of six
parameters. Four parameters define the top andftzamse geometries:

R = Radius top frame [m]

R, = Radius base frame [m]

7 = Half separation angle between top gimbal paad][
Vo = Half separation angle between base gimbal [raid}
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These parameters are shown in Figure 6.2.

A

by 1o

Figure 6.2 a)Base frame parameters b) Top frame parameters
and base gimbal points and top gimbal points

Related to the four parameters that determine éise nd top frame geometry are the
following two variables:

S = Half separation distance between top gimbalkgdai]
S = Half separation distance between base gimbes pai
Where: s = Rsiny and 5 =Rsiny, (6.1)

The base and top gimbalandy coordinates can be determined in the base frame
coordinate system fixed t@, and in the top frame coordinate system attache@ to
(Figure 6.2), respectively, through the parametdtations given in Table 6.1.

Table 6.1Parametric notation of gimbal coordinates

X y X y

b, Racos(yb) R Sir(yb) 1R COé/l F- Vx) R Si(‘l/l]ﬁ— Vl)
b, [Rcos(Z37-y,) | R si{ 2 3r-y,) t | Rcds/1B+y,) | R s{y ¥Bry,)
b, |Rcos(237+y,) | R sif 2 3r+y,) t | R cdsr-y,) R s{m-y)
b, |Rcos( 4 37-1,) | R sif A 3r-y,) t, | Reos(m+y) | Rsifm+y)
bs |Rcos(437+y,) | R sif A 3r+y,) ts [Rcos( 9 37-y) | R sif b 3r-y)
b, RJCOS(_Vh) R Sir(_yb) t |R COS( 3 37"'}/&) R Sir( b 3“'%)
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b, = Base gimbal of actuator fori=1,2,....6
t = Top gimbal of actuatar fori=1,2,....6

The remaining two parameters for defining the Stévmatform architecture are
related to the linear actuators as shown in Figute these linear actuators (cylinders)
are shown in Figure 6.3:

I min = Minimum cylinder length [m]
| max = Maximum cylinder length [m]

The cylinder length properties can also be giveamgyther set of parameters:

Iswoke = Cylinder stroke length [m]
lgead = Cylinder dead length [m]

The stroke length corresponds to the extendablegbahe cylinder, the dead length
accounts for the part that is not used for extensfominimum dead length is necessary
to fit the gimbals and their connections to theirgér. The total cylinder length is
defined here as the distance between the two girobatres. The minimum and
maximum cylinder lengths are related to the strakd dead length according to the
following equations:

Imin :|dead +I stroke (62)

|max =Idead + 2*I stroke (63)

! Minimum cylinder length: o !

Imin - |dead+ Istroke

.

Dead length ’:‘Stroke Iengtﬁ

' Maximum cylinder length: nhx '

| k—ﬁ Imax = |dead + 2*|stroke

1
!
d

| & 3 A
1< ZaR )
'

Dead length Stroke Iength‘Stroke Iengtﬂf

Figure 6.3 Cylinder length parameters

The neutral length of a cylinder can be definedhasgimbal to gimbal distance of a
cylinder at half its stroke length. It is notedtttt@e neutral cylinder length will slightly
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differ from the cylinder length when the Stewaratfdrm is in its neutral position
(defined in 5.4.3) due to the geometric naturehefglatform.

or |

neutral :I dead+1‘5*| stroki (64)
:05*(| min+|max) (65)

neutral

6.2.2Degrees of Freedom

A Stewart platform is a mechanism used to creatgom® of the top frame relative to
the base frame in six degrees of freedom. The nurobelegrees of freedom of a
mechanism can be determined by the following equd84]:

F=A(n-n-D+> f (6.6)
i=1
With:

F = Effective degrees of freedom of the mechanism

A = Degrees of freedom of the space in which the m@shacan operate
J = 3 for planar mechanisms (2 translational, 1 roret)
/= 6 for spatial mechanisms (3 translational, 3tiotel)

n, = Number of links in mechanism

nj = Number of joints in mechanism

fi = Number of degrees of freedom of tkih joint

Since a Stewart platform is a spatial mechanisntait operate in six degrees of
freedom, hencg = 6. If the number of linear actuators is defitgdh,, then the number
of links and joints are defined by:

n=2+2n (6.7)
and n, =3n,. (6.8)
thus  A(n -n -1)=6(1-n). (6.9)

The amount of joints and links of a Stewart Platfas illustrated in Figure 6.4: each
block or line represents a link, connected to asolimk by means of joints represented
by the circles.
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top level

cylinder level

base level

Figure 6.4Links and joints in a Stewart platform

Furthermore, the total number of degrees of freedball joints can be given as

zfi :na(fb+ fc+ f[) (610)
i=1
where:
fi = Degrees of freedom of joint at top level
fe = Degrees of freedom of joint at cylinder level
fy = Degrees of freedom of joint at base level

Using (6.9) and (6.10) equation (6.6) can be reégnias:
F=6@-n)+n(f+f+f) (6.11)

Since the number of actuators equalss 6 and the required number of degrees of
freedom for the Stewart Platformks= 6, Equation (6.11) can now be simplified to:

f+f +1f,=6 (6.12)

This means that the number of DoFs that a mechahasndepends on the types of
joints between the links. For the joints connectig cylinders to either the top or the
base plate, the types that can be used are shotabie 6.2 [35]:
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Table 6.2Joints at plate level

Number of
Letter .
Names degrees of Typical form
Symbol
freedom

Universal joint '
Hooke joint (English) 2 U -%
Cardan joint (continental Europe) \\/‘(r.
Spherical joint

Ball joint 3 S

Spherical pair

The joints at cylinder level can also be of twdaliént types as presented in Table 6.3:

Table 6.3Joints at cylinder level

Number of
Names degrees of
freedom

Prismatic joint —
Slider 1 P E:‘:%:,
Sliding pair

Cylindrical joint
Cylindrical pair

Letter

Symbol Typical form

To ensure that the Stewart platform has six degoédeeedom, the selection of the
type of joints must be in compliance with Equat{@énl2). This restraint leads to three
options for joint combinations shown in Table 6.4:

Table 6.4Stewart platform joint combinations

option 1 option 2 option 3
joint type f joint type f joint type F
top level S 3 U 2 U 2
cylinder level P 1 P 1 C 2
base level u 2 S 3 u 2
fo+fc + 1 6 6 6

For the use in offshore conditions, universal imtre generally preferred over
spherical joints due to lower costs and higher stiess. Additionally, uniformity of the
joints at top and base level has a practical adegntFor this reason option 3 has been
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chosen for the Ampelmann prototype Stewart platfoinprerequisite for this option is
that the cylinders function as a cylindrical joitlie rod should be able to rotate freely
around its axis relative to the casing.

6.2.3Kinematics

The pose (or configuration) of a Stewart platfortnasay arbitrary point in time can be
defined by the position and orientation of the toml base frame in relation to each
other. Given this relative position and orientafial six actuator lengths can be
determined; this calculation procedure is nanmegrse kinematicE36]. The derivation
of the pose of a Stewart platform with given aatodéngths, is referred to &srward
kinematics The forward kinematics problem has more than swlation, whereas the
inverse kinematics problem has a single solution.

Inverse Kinematics

A calculation procedure for the inverse kinematita Stewart platform shall be given
here. Assume a Stewart platform in a certain pgsen by three rotations and three
translations of the top frame relative to the Hamme. When considering the coordinate
system attached to the centre of the base fi@gnehe position of the centre of the top
frameC can be described by vectothat is defined as:

with respect to th&, coordinate system. (6.13)

Ie)
11
N K

The three rotations of the top frame relativ®tcare defined as:

1. rotation about the,-axis; the angle is callewll ¢
2. rotation about thg,-axis; the angle is callguitch 6
3. rotation about the,-axis; the angle is callegaw

The coordinates of a top frame gimlyatan be described by a fixed vectaon the O,
coordinate system. In order to express the top gisnppositions in the base frame
coordinate system, the three rotations of the tamé relative to the base frame are to
be taken into account. The angles of these thredions are defined &suler angles
However, the sequence in which these rotationsegeeuted is important: when the
same rotations are performed in a different orther final orientation will differ as well.
The sequence of rotations, referred to as the Eatation sequence, is mostly denoted
by using numbers 1, 2 and 3 for the rotations addilne x, y andz axis, respectively
[37]. The most commonly used rotation sequenc@es3t2-1 rotation: first yaw, then
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pitch, then roll. This sequence will be used thitwug this entire research. The vector of
Euler angles is defined as:

9
o,=|6 Euler angles: rotations @ relative toO,. (6.14)

W
The Euler transformation matrix can now be deribgdcconsidering the three separate
rotations about the principal axes, defined by:

1 0 0 co¥ 0 sid cag - sih |
BX#’ =10 CO@ - Slmj ,By’g = 0 1 0 R, = Sm Cm (6.15)
0 sing co® -si 0 cdB 0 0

The transformation matrix is the result of the amsive rotations:

R(©,)=R R R (6.16)

=t =z =Yy0=x¢
cogy cog - sigy cas+ cgs gh #gn  gn @ @os gcosdsin
R(©,)=|singco®) cog cas+ s sh gn - qps gin  in gosOs (6.17)
-sind cod sirp co8 cags

Using this transformation matrix, the top frame bahpoints can be projected to the
base frame coordinate system, as shown in Figbre 6.

t,= Bf@bt) 0, with respect t®. (6.18)

Adding vectorc then yields the top gimbal coordinates in the bixeel system:

t,=t.+c with respect t®,, (6.19)
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Figure 6.5 Vectors used for actuator length calculation

Next, the length vectdrcan be derived for each actuator:

1=t -b, (6.20)
Finally, the absolute gimbal-to-gimbal actuatorg#s can be determined.

I (6.21)

The latter step completes the inverse kinematicgiesgce, computing six actuator
lengths from a given top frame position and origota

Forward Kinematics

Forward kinematics determines the position andntaiigon of the top frame relative to
the base frame, given the six actuator lengthgielmmetrical sense, it is equivalent to
the problem of placing a rigid body in such a whattsix of its given points lie on six
given spheres. In [36] this problem is describedlwitally through the following
equation:

|R@)@,+c-b| = fori=1,..6. (6.22)

This problem is known to have 40 solutions in tl@mplex domain, found by
determining the roots of a 4@rder univariate polynomial equation [38]. Other
approaches were developed to reduce the numbemwlafions. For instance, by
assuming the coalescence of all gimbal pairs theipunétor can be simplified to a 3-3
Stewart platform mechanism (3 upper and 3 lowerbginpoints), which yields 16
different positions and orientations for the tognfie. However, no analytical approach
leads to a single solution for the forward kinemstproblem. Numerical approaches
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that directly resort to nonlinear-equation-solviafgorithms can compute one real
solution if a good starting point is given in therrh of a neighbouring pose [36]. Both
in time domain simulations as well as in real Stevs#atform motions, such a pose is
available from the previous time step. Normally emltbn-Raphson iteration is applied
for this.

Forward kinematics can be used to determine thaahdbp frame position and
orientation relative to the base frame from the snead cylinder lengths. For the
Ampelmann system this process can be used to detetime residual motions of the
transfer deck. However, since forward kinematicgoives iterations which require
computational effort and time this process is netuded in the control system. For the
motion control of a Stewart platform forward kindra is not essential. To enable top
frame motions relative to base frame in all sixréeg of freedom set points for all six
cylinder lengths are necessary; these lengthsadcalated through inverse kinematics.

6.2.4Singularities

In order to ensure the proper functioning of a Stevplatform, singularities of the
mechanism must be avoided. Mechanical singulamity platform can be defined as the
configuration or pose of a mechanism that causgsedictable behaviour. In [34]
singularity is described as the condition in whilte command input vector is unable to
effectuate completely the control of the outputteeccomprising the position and
orientation of the end-effector, the top frame. the case of serial manipulators,
singularity results in the loss of one or more degrof freedom; when considering
parallel architectures such as the Stewart platf@simgularity causes one or more
additional DoFs.

In [33] the singularity types of a parallel manigtar are conveniently classified into
three categories:

Architecture singularities

This singularity is caused by the architecturehef Stewart platform and will exist for
all configurations inside the entire or part of thanipulator workspace. In the specific
case of the rotationally symmetrical Stewart platfothat is considered within this
research, architecture singularity occurs whenhhlé separation angles between the
gimbal pairs of both top and base framegand y,, are equal tar/6 [34]. In this
architecture the gimbal points on both frames faegular hexagons and the yaw
rotation becomes undetermined. Architecture singida can thus be avoided by
proper choice of these angles.
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Configuration singularities

A singularity caused by a particular pose of thefptrm. This kind of singularity can
lead to instability of the platform. Near-singutaes can cause high axial actuator forces
and should therefore be avoided. This can be dgnanalyzing the dexterities (see
6.2.5) of a platform within its workspace: in casea configuration singularity, the
dexterity at this pose equals zero. The calculatibdexterities is therefore crucial for
determining a proper Stewart platform architecttines calculation is treated in the next
section.

Formulation singularities

This kind of singularity is associated with partaou formulation methods. For
instance, if the top plate orientation is represénthrough Euler-3-2-1 angles, the
kinematic model will become singular if the secdbder angle equalsm radians.
However, the application of the Ampelmann systerh mot require rotations of such
magnitude thus formulation singularities will alvedye avoided.

6.2.5Dexterity

A straight-forward and accepted method to avoidigamation singularities within the
entire workspace of a specific Stewart platformhaecture is to calculate its
dexterities. The dexterity is a characteristic eabf a certain Stewart platform in a
given pose; its value can range from a maximumnef to a minimum of zero, where a
value of zero indicates the occurrence of singtylakigh dexterity values indicate an
efficient use of the actuator length changes nedato the Stewart platform motions:
from a given pose with a corresponding high dettedny actuator motion causes a
significant platform motion. A low dexterity on tlether hand indicates the proximity
to singularity or the occurrence of singularity wttee dexterity equals zero. Therefore,
it is essential to assess any Stewart platform it@athre by running dexterity
calculations throughout its entire workspace, ineall possible poses. Based upon a
great deal of experience in designing and analyZgwart platforms for flight
simulator motion bases, Advani [34] suggests a mimh allowable dexterity of 0.2 in
order to keep actuator forces and velocities witbeasonable limits.

In order to calculate the dexterity of a platfommai given pose, the following steps are

taken. First, the ratios between changes in platfposition and changes in cylinder
lengths are registered in the Jacobian matrix:
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O Ay Ay 3, a3,
X oy oz 9 8
a, ad, a, d, a, a,
x oy 9z op 0 o
9 d3 3 dg 4, 3,
| ox 0 0z o9 06 0
I o o a a, a, o (6.23)
x o9y o9z op 06 @
o dg ds dg dg dg
x® oy oz o 8
dg dg dg dg ag A,
|ox 3y oz 9 8 o
ol . 6.24
Or |_ =—=X :g Q( ( . )
ox— =
where x =[xyzp Oyl Platform position vector
] =1l 131415 IG]T Cylinder length vector

The Jacobian must be calculated for all possibkepavithin the Stewart platform’s
workspace. Every column in this matrix is calcutbby implementing a small change
of value in one degree of freedom and then caliogahe rate of change in all six leg
lengths.

Next, the condition number of the Jacobian candseved by using its norm:
e=lall2] 629

Singular value decomposition can be used to prothealiagonal matrix of singular
values ofJ:

g, 0 0 0 0 O
0 g, 0 0 0 O
;|0 00 0 00 6.26)
=710 0 0 g, 0 O
0 0 0 0ag, O
0 0 0 0 0 o]

Using the minimum and maximum singular values frtms matrix gives another
method to derive the condition number of the Jaabi
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K= 6.27
amin (i) ( )
Finally, the dexterity is defined as the inverseéhaf condition number:
g..\J
Dexterity= 1 O (=) (6.28)
K Umin (i)

6.2.6Workspace

The main functionality of a Stewart platform isgoovide motions; therefore its most
significant property is its motion range, or worsp. The workspace of a Stewart
platform can be defined as the total 6DoF motiorgeaof the platform, encompassing
all poses in which the cylinder lengths meet tH¥ang criterion:

| <] <l fori=1,2,...,6 (6.29)

Since a Stewart platform allows motions in six @egr of freedom, the workspace
should also be described in six degrees of freeddnis presents a practical problem
since the maximum allowable motion in each degfdeeedom depends on the motions
in all other degrees of freedom. For example, éf tip frame has a certain yaw angle,
the maximum heave excursion will be reduced companea situation with no yaw
angle. This is caused by the fact that for maimaira certain yaw angle a part of the
stroke length must remain “reserved”. The methodd&dermine the total 6DoF
workspace is to create a large set of platform pdlsg varying all degrees of freedom
with small step sizes) and checking each pose thélcriterion in Equation (6.29). The
total 6DoF workspace can then be presented by tam&xe list of possible platform
poses.

Another method to provide insight in the workspata Stewart platform is to plot the
two-dimensional translational workspaces of thetfpten, while keeping the three
rotations and one translation disengaged. The wgrkinge limits of each cylinder can
then be plotted by circles. Examples of such péots given in Figure 6.6, Figure 6.7
and Figure 6.8: the hatched area represents thespare of the centre of the top frame
in the given plane.
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Figure 6.6 Workspace in th®©xzplane  Figure 6.7 Workspace in th®yzplane

Py /
Figure 6.8 Workspace in th®©xy-plane

Finally, a simplified and accepted way to desctiee properties of a workspace is to
present the maximumon-simultaneous excursioms the platform in each degree of
freedom. These excursions can be determined byngatiie translation or rotation in
one degree of freedom at a time until the critefloEquation (6.29) is no longer met.
For practical reasons the starting point of thigwation is the neutral position of the
platform, i.e. at half of its maximum heave. Thigthod enables a fast quantitative
comparison of workspace between different Stewdatfqym architectures and is
therefore used in the remainder of this research.

6.2.7Cylinder Loads

To ensure the proper design of the structural comepts of the Ampelmann
Demonstrator it is essential to determine the marinoccurring axial loads in the
Stewart platform’s cylinders. For a given loadirandition on the upper platform, these
loads depend both on the Stewart platform’s archite as well as on the Stewart
platform's pose at any given moment. The influerafethe Stewart platform’s
architecture on the maximum cylinder loads is exmmui in section 6.6. The
determination of the axial cylinder loads in a a&rfpose is treated in this section.
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A Stewart platform’s pose is given by the relatppesition between the upper and
lower part of the platform. Since the upper parttef platform will always be level
during motion compensation, the cylinder loadsdirectly caused by the positions and
rotations of the base frame mounted on the vessttrmined by the surge, sway,
heave, roll, pitch and yaw of the vessel. For e&gwart platform pose combined with
a set of known external loads there is one uniglgisn for the axial cylinder forces.

There are six external loads working on the upbatifqrm:

Fy = External force irx-direction [N]
Fy = External force iry-direction [N]
F, = External force irz-direction [N]
My = External bending moment arouxiéxis [Nm]
M, = External bending moment aroup@xis [Nm]
M, = External bending moment arourdxis [Nm].

These loads are counteracted by the normal forctisix cylinders (Figure 6.9):

N; = Axial force in cylindeii [N] fori=1,2,....6

Figure 6.9Loads orStewart platform and cylinder reaction forces

The six unknown axial cylinder forces can be deteemh using the following six
equations around a virtual poififocated at the centre of the top frame gimbal §goin
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3F, =0;2F,=0;2F,=0;ZM,= 0;ZM = 0;M ,= 0 (6.30)

y z

The reaction forces in the cylinders depend ondihectionality of each cylinder in a
given platform pose. This directionality can be rgsed by the unit vector of each
cylinder’s length:

i |- (6.31)

With the upper platform being positioned in theibhontal plane, the normal forces in
each of the six cylinders can be determined for gimgn pose. Equation (6.30) can be
rewritten to the following matrix equation:

21 XZ A)FS ,*4 }(5 AP(G Nl Fx

A %2 ¥s V. Vs Vs N, F

21 Az 23 Alza Alzs A\% N3 - Fz

Ya & Y., ARFA YO0z BUEP g N, M,

%, 7, %, 0, %0z x0z X0z Ny N, M,

% 0= a0 X0y~ vo0% X0 = X0k X0y~ vaOx, xdys Y% o ¥ M,
(6.32)

Given the six loads working on the upper platfotihe upper platform coordinates and
the unit vectors of the cylinder lengths, this d@macan be solved thus the cylinder
forces at any platform pose can be determined.

6.3 Modelling of Waves and Simulation of Vessel Motions

6.3.1Introduction

Since the Ampelmann system uses the Stewart phatforcounteract wave induced
ship motions, wave modelling and vessel motion ftmn are important elements
when designing the Ampelmann Stewart platform. Acdigtion of wave modelling and
vessel motion simulation shall therefore be giwethis section.

6.3.2Wave Modelling

In the previous chapters it has been shown thatirtiing wave conditions for any
ship-based access method are determined by safstgiderations. When wave
conditions (and thus related vessel motions) reackertain limit the safety of
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transferring personnel is compromised and transfarst be postponed; this sea state
limit is obviously also dependent upon type andatéfiies of the transfer method and
the vessel. These limiting wave conditions for asocean be described by the maximum
significant wave heighHs of a sea state. In order to increase the accégsibi an
offshore wind turbine at a certain location, therkatility limit of the access method
should be increased. For the Ampelmann Demonstthierlimit has been set at a
significant wave heighHs of 2.5 metres. As explained in section 4.3.2, tiocaY M6

off the Dutch coast has been selected for the Amaeh Demonstrator design case. To
obtain an accessibility of 90%, two limiting seatst have been determined:

Hs=2.5m andl, = 4.5s
and Hs= 2.5m andl, = 5.5s.

Wave Spectrum

A method to statistically describe the wave prdpsrin a sea state is through the use
of awave variance density spectrugenerally referred to asveave spectrumSuch a
spectrum plots the distribution of the variancenaifve elevations as a function of the
wave frequencies or, as in the following equattbe,angular frequencies:

S/ (@) =2 3() (6.33)
where:

S(w) = Wave variance density spectruntfmad]

1) = Angular frequency [rad/s]

G = Wave amplitude [m]

vy,2 = Variance of wave elevation fin

Standard wave spectra have been developed to lhescivave climate using a limited
amount of parameters. Two frequently used standante spectra are shown in Figure
6.10:

* The Pierson-Moskowitz wave spectrum, for fully deped seas
* The JONSWAP wave spectrum, for fetch limited wirthgrated seas.

JONSWAP

S¢ (w)
[m?s/rad]
Pierson-Moskowitz

4

>
w [rad/s]

Figure 6.10JONSWAP and Pierson-Moskowitz wave spectra
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The Pierson-Moskowitz (PM) spectrum can be exprkaseollows:

A B
2
with: A= 4”:4':' s and B= 13473 (6.35)
where:
Sm(w) = Pierson-Moskowitz variance density spectrurfisfrad]
1) = Angular frequency [rad/s]
Hs = Significant wave height [m]
T, = Mean zero wave-crossing period [s].

The JONSWAP spectrum is based on wave measurecemisd out in 1968 and 1969
during the Joint North Sea Wave Project (JONSWAPthe North Sea. This spectrum
has the shape of the Pierson-Moskowitz spectrunj, [i4t is modified by a peak
enhancement. The JONSWAP spectrum follows fronfahaulas below:

el

A B ex%
SJS(C()) = nf %exp{—a)‘l} y

(6.36)
2
with: A= 4”_:4':' s and B= l_?fs (6.37)
4\

and: w, = (5 Bj , (6.38)
where:

Sis(w) = JONSWAP variance density spectrunfgfrad]

nf = Normalising factor between JONSWAP and PM spect]

y = Peak shape parameter [-]

Wm = Modal angular frequency [rad/s]

o = Numerical parameter [-]

=g, for w <wp
=0y for w > o

The average values for the spectrum’s peak shapeneter and numerical parameters
were taken from the measurements of the Joint N&ethWave Project. They are:

y=33 (6.39)
o, =007 (6.40)
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and o, = 009. (6.41)

For the value of the peak shape parameter givegi6.89), the offshore group at the
Delft University of Technology found a normalisifagtor for equation (6.36) of [39]:

nf = 0.625. (6.42)

With the given equations, the design spectra casebged as shown in Figure 6.11.

Wave Spectra

16 I

14

- - Pierson-Moskowitz [

Sew) 4, / \ — JONSWAP H
[m“s/rad] I \ {\
08 Ié::szs;n Tz=45s
0.6 — Hs=25m
4 ,/\\ N
oz /j &?‘g&
0

0 0.5 1 15 2 25 3
w [rad/s]

Figure 6.11Design wave spectra for the Ampelmann system

Wave Simulation

The surface elevation of a wave is a stochastiGabkr which is assumed to be
Gaussian. From a wave variance density spectruwave time series can be derived
using the random-phase/amplitude model [40]. Algfowave time series shall not
directly be used in the vessel motion based desmgthod, it does allow for a
visualization of the magnitudes of the wave heightgerefore, a brief description of the
random-phase/amplitude model shall be given here.

In order to transform a wave spectrum to a wave tgaries, the spectrum has to be
changed from its continuous form to a discrete fdfor this, a small bandwidthe is
chosen. A series of equidistant angular frequenagjgs then created, which are located
in the centre of each bandwidth. Figure 6.12 shaviiequencyw,, and the bandwidth
around this frequency.
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Figure 6.12Continuous wave spectrum and equidistant bandwidths

/

Now the area under the graph for this bandwidtlided by the bandwidth value can
be considered to be the discrete valug dbr w,,. In formula:

w+Aw

O S (6.43)

w,-Aw

. 1
S (w)=—
(4 ( n) Aa)
with:
S* = Discrete wave variance density spectrurfsfrad].
Aw = Angular frequency bandwidth [rad/s].

S¢*(en)
[m3s/rad]

, -!::‘: 7‘11_1"”"“- s

w [rad/s]

Figure 6.13Discrete wave spectrum

Doing this for the complete series of angular fitpies leads to a discrete wave
spectrum, as shown in Figure 6.13, where the discralues are represented by dots.
The sea state can now be described in the time idoasaa summation of many
different harmonic waves, also known as a Fougeies:

N

{(®) =) {ancos@i+e,) (6.44)
n=1

with:

¢ = Surface elevation [m]

n = Harmonic wave index number [-]

N = Number of wave frequencies [-]

Gan = Amplitude of waven [m]

wn = Angular frequency of wave [rad/s]

t = Time [s]
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&n = Phase shift of wave [rad].

For each angular frequency a wave amplitude artthagshift is required. To comply
with the random-phase/amplitude model, these pbhgts are to be chosen randomly
from a uniform distribution in the range from to +z. The amplitude can be derived
from the discrete wave spectrum with the followagyation:

S/ (@) Bw=222, (6.45)
or {oan =4 205, (@) Dw- (6.46)

An irregular wave can now be fully derived fromigemn spectrum. Figure 6.14 shows
a wave time series derived from a Pierson-Moskoggectrum wittHs = 2.5 metre and
T,= 4.5 seconds.

YWater surface elevation

¢ [m]

0 20 40 60 g0 100 120
tls]

Figure 6.14Simulated wave time series for PM spectidgr2.5m andl=4.5s

It is noted that the computation of time seriesrfrepectra as presented in this section
can also be done using Inverse Fast Fourier Tremskion (IFFT) with the same
results. Similarly, to derive spectra from timeisgrthe Fast Fourier Transformation
(FFT) can be used. These fast transformations deereomputational time significantly
compared to the approach using the summation ohdwic waves and have therefore
been applied throughout this entire research. Hewedue to the limited insight
provided by the complex notations of FFT and IFHEiE notation using summation of
harmonic waves has been adopted in this thesis.

Directional spreading

The previously described wave spectra are uni-tiimeal wave spectra as they
provide information about waves travelling in orieedtion only; the crests are parallel
to each other and perpendicular to the wave doectSuch waves are called long-
crested waves (Figure 6.15) and their related waedel is used for the design of most
offshore structures. In reality, however, the warergy at a point has an angular
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distribution around a mean direction. This causages to become short-crested (Figure
6.16). The prediction of wave-induced ship motiesgreferably done using short-
crested waves because they provide more accusatisie

Figure 6.15Sea surface with long-crestedrigure 6.16Sea surface with short-crested
waves [41] waves [41]

The same principle used to model long-crested isetisie domain can be applied to
model a short-crested sea. The water surface @eavaff a long-crested sea was
described previously as a summation of a large eurmbindependent harmonic waves,
each with their own frequency, amplitude and randdrase shift; a short-crested sea
can be expressed by adding harmonic waves witerdift directions. The sea surface
elevation can then be expressed mathematicallyeasummation of long-crested waves
coming from different directions:

M N

{®) =>4, mCos@t+e, ) (6.47)
m=1 r1

where:

m = Wave direction index number [-]

M = Number of wave directions [-]

N = Number of wave frequencies [-]

Canm = Amplitude of wave componenttravelling in directiorm [m]

Wn = Angular frequency of wave [rad/s]

€nm = Phase shift of wavetravelling in directiorm [rad]

Again, similar to the process for long-crested v&\&e short-crested wave time series
can be derived from a wave spectrum. For this,ractional wave variance density
spectrum is required, defined as the product ofiaditectional wave variance density
spectrum and a directional spreading function:

S; (w, p) = D() B3 (w) (6.48)
where:

S-(w, ) = Directional wave variance density spectrumgimad]

u = Wave direction [rad]
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D(u) = Directional spreading function [raH
S(w) = Uni-directional wave variance density spectifoms/rad]

A widely accepted directional spreading functiorthie cosine-2smodel [42], given
by:

2cos®(u-m) for —Z<spu-p<=z
D(u)=4" 2 2 6.49
) { 0 otherwise ( )
where:

o = Mean wave direction [rad]

s = Spreading parameter [-], to be increased forowéng of the

directional spread

An example of a cosine-2s directional wave spectisirgiven in Figure 6.17. It is
noted that for keeping the total amount of energgirectionally spreaded waves equal
to the amount of energy in uni-directional wavdw tlirectional spreading function
integrated over from 7 -7 to fz+7 radians must give unity.

S¢(w, p)
[m?s/rad?]

w [rad/s]

a+7

plrad]
Figure 6.17Directional wave spectrum

6.3.3Vessel Motions

Reference Frames

Now that the design sea state can be expressedave spectrum, the next step is to
derive vessel motions for a given sea state. Hey tihe behaviour of a vessel in waves
must be predicted. As mentioned, the motions oéss®l are defined by six degrees of
freedom: three translations (surge, sway and heave)three rotations (roll, pitch and
yaw). Subsequently, an arbitrary point on a vesseiotion can be described in
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different reference frames. In this research, twames are applied: the body fixed
frame and the hydrodynamic frame [43].

. Body-fixed frame (b-frame)
This reference frame is fixed to the vessel anditsasrigin in the Centre of Gravity

(CoG) of the vessel. The-axis points towards the bow, tlggaxis towards portside
and thez,-axis upwards.

. Hydrodynamic frame (h-frame)
The hydrodynamic frame is an inertial frame, whishby definition a frame of

reference in which the motion of a particle notjeabto forces is a straight line. This
implies that an inertial frame is either “fixed” tbe “fixed” world, or travels in this
world with a constant speed in a straight line. Barpelmann operations, when the
vessel is positioned next to a wind turbine, therage speed of the vessel is zero thus
the hydrodynamic frame is fixed. The origdj is defined in such a way that when the
vessel is in its equilibrium position, tlxgaxis passes through the CoG of the vessel.
Thex:-y, plane is placed parallel to the still-water plathe,x,-axis points towards the
bow, they,-axis towards portside and thgaxis upwards. The origi®, is chosen to
coincide with the equilibrium position of the Co@rh. Since the orientation of the h-
frame axes is the same as the orientation in tfrarbe, the h-frame and the b-frame
will coincide when the vessel is in its equilibriyposition, i.e. in still water.

The body fixed frame can be used to describe thetilon and orientation of any object
fixed to the vessel, e.g. the Ampelmann base frarhe.motions of the vessel in all six
degrees of freedom are described relative to tledaynamic frame. An illustration of
both frames is given in Figure 6.18.

heave (z)

TS yaw ()
sway (y) surge (x)
\(‘\, \ 7
pitch (O "... < Kol (@)
Yh Xn

Figure 6.18Hydrodynamic and body-fixed frame

105



Vessel Response in Regular Waves

When a vessel is considered in a regular (harmowaye, the vessel response
resulting from the wave excitation will be harmoras well and have the same
frequency as the wave. The response to such a isasgecific for a vessel and the
direction of the incoming waves and can be writisrfollows for a certain location on a
vessel:

surge: X)= xcoswtre, )
sway. )= ycoswtre, )
heave £)= zcosw te, )
(6.50)
roll : pt) =g, cos +¢,, )
pitch: 0(t) =, cost+e, )
yaw: YY) =y, coswt+e,, )
where:
Xa Ya Za 0a 02 Wa = Motion amplitudes [m] [rad]
1) = Angular frequency of wave and responses [rad/s]
t =Time [s]

e &y Ex e €ar €y = Phase difference between wave and motion [rad].

In a harmonic wave, the amplitude of vessel motitneach degree of freedom is
assumed to be linearly proportional to the waveldate [14]. This assumption is used
throughout the remainder of this thesis. The refethip between wave amplitude and
vessel motion amplitude can be described using iokl&esponse Amplitude Operator
(MRAO, often referred to as RAO). A motion RAO sesvas a transfer function that
relates the wave elevation to the vessel motidnis; defined as the ratio between the
amplitude of a vessel motion to the amplitude akgular wave. Motion RAOs are
described as a function of the wave frequency ahekegree of freedom:

surge. RAQ(w) = % () :2: rolt  RAQ(w) = % () :id:
= ﬁ _m_ i = % _&d_

sway: RAQ(w) = Z (w) m pitch RADw) Z, (w) | (6.51)
“hy |M] . A rad|

heave RAQw) = Z (w) ] yaw RAQw) 7 (w) ]

RAOs are specific for a vessel’'s shape and mastifdition) and also depend on the
examined location on the vessel as well as theniivog wave direction. The incoming
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wave directionu is defined as the angle between the orientatioth®fvessel and the
direction of wave speedas shown in Figure 6.19. RAOs can be obtainecteftiom
model tests in a basin or from computer simulatidisy are usually determined at the
ship’s centre of gravity for various wave direcgon

Head waves
180°

: Tl / Wave profile
Beam waves n ¢ ) ‘]é‘{\;/\
90° o
Wave

length

Following waves -
0°

Figure 6.19Definition of incoming wave direction

In addition to the motion RAOs also for all six degs of freedom the phase
differences between wave surface elevation andomaeésponse have to be determined.
Similar to RAOs, phase differences are also a fancof the wave frequency and
dependent on the vessel characteristics, examioedtidbn on the vessel and the
incoming wave direction. For a given wave directitire six RAOs of a vessel and the
corresponding phase differences between wave @evand vessel motions can be
determined either through model testing in a waasirbor using diffraction computer
programs like DELFRAC or WAMIT. As an example, tRAOs and phase differences
are plotted in Figure 6.20 for a 33 metre tug at@oG with a wave direction of 165°.

The vessel motion response in a regular wave canbeodefined. As an example the
heave motion is given by:

2() = RAQ(w) [{ ,cosw tre + ¢, @)) (6.52)
with:

z = Heave [m]

RAQ, = Motion Response Amplitude Operator of the heawtion [m/m]

G = Amplitude of wave [m]

= Angular frequency of wave [rad/s]
& = Phase shift of wave [rad]
&1 = Phase difference between wave elevation and teta@eG [rad].
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Figure 6.20RA0s and phase differences at the CoG of a 33 rhajre
for a wave direction of 165°

Vessel Response in Irregular Waves

It was shown in the previous section that the temsges of an irregular wave can be
described by a summation of different regular hamimowaves: a Fourier series.
Equivalent to this method, the response of a vessigtegular excitation caused by an
irregular wave can be regarded as the summatidmaohonic response components.
This superposition principle applies under the dionl that the system behaves
linearly. For first-order wave induced vessel mosidn general linear behaviour is a
valid assumption [14]. As an example, the heaveanaif the CoG of a vessel is given
here as a Fourier series:

with:

N

OEDY gyncos(wnt+£n+£i'n) (6.53)
n=1

z = Heave [m]

n = Harmonic wave index number [-]

N = Number of wave frequencies [-]

wn = Angular frequency of wave [rad/s]

Zan = Amplitude of heave motion [m]

&n = Phase shift of wave [rad]

Exn = Phase difference between elevation of waaed heave [rad].

The linear model now allows for the calculatiorvetsel responses in irregular waves.
To examine motions in a certain degree of freedmach harmonic wave component is
multiplied by the corresponding RAO and the coroegfing phase difference is added
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to the argument. The sum of all response comporiketsyields the irregular response
in a Fourier series of the specified motion, heawhis example:

() = ZNj RAQ(w,)[{, codw, tre +&, @,) (6.54)

with:
RAQ = Motion Response Amplitude Operator of the heaegion [m/m]
Can = Amplitude of waven [m].

Vessel Response Spectra
Similar to the description of an irregular waveg time series of a vessel motion in

any degree of freedom can be presented by meam&ofrrier series, and by a variance
density spectrum. Note, however, that the phasdeamgormation is lost in this
notation. Such a spectrum is generally referreasta response spectrum; an example is
given here for the notation of the heave respopseteum:

S,(w) dw=% Z(w)( (6.55)

with:
S(w) = Variance density spectrum of heave responde/fat]
Yiz.2 = Variance of heave motion

This notation is comparable to the wave spectrumatium of equation (6.33). Since
linear proportionality has been assumed betweearmdnic wave and a vessel motion
in any degree of freedom, the motion amplitudeafioy given frequency can directly be
determined from the wave amplitude using the RA@ .eXample is given for the heave
motion:

z,() = RAQT, (6.56)

With the wave spectrum and response spectra alblgioportional to the square of
the amplitudes, the spectrum of a vessel motidhdsresponse spectra can be derived
directly using the RAO squared:

S,(w) = RAQ OS(w) (6.57)

The use of RAOs enables a fast determination cfelessponse spectra for any given
wave spectrum. This provides good insight in theseébehaviour for any sea state. An
example is shown in Figure 6.21: response speotrplatted for heave motions in sea
states modelled with a JONSWAP spectrum with= 2.5m andT, = 3.5s, 4.5s and
5.5s. For a given wave direction and a specifiation on the vessel only one RAO is
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used to determine the response spectra in theraliffesea states. The figure clearly
shows the effect of the mean wave period on theeldxehaviour.

JS1: Tz=3.5s, Hs=2.5 m JS2:Tz=45s, Hs=2.5 m JS3:Tz=5.5s, Hs=2.5 m
15 15 15
: |
8 —
5«; 1 1 1
[a) =
T \ | | Sdw)
© >
£ § 05 0.5 05
0 o 0 0
0 1 2 3 0 1 2 3 0 1 2 3
*
1 1 1
£
: \ \ \
S 2
% 05 05 05 (RAOZ(UJ))
8
0 0 0
0 1 2 3 0 1 2 3 0 1 2 3
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» 06 0.6 06
2w
8 Eoa Hos=0.32m 0.4 Has=0.77m 04 Heys = 1.38m IS (w)
8¢ T,=53s T.=69s J T.=79s 2
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Figure 6.21Heave response spectra for different sea states

From these response spectra, the significant respbeightH,,;; (the average of
highest 1/3 of response heights) and the mean aessing periodl,, of the heave
motion can be derived. These values enable a gmighi in the vessel’'s behaviour in
different sea states and can be found by calcglatie moments of the area under the
spectrum with respect to the vertical axisoat 0. If m denotes a moment, th& order
moment of the heave response spectrum is definedg, by

m, =TW” (5, (w) Octw (6.58)

From the spectral moments of the response, théfisamt response height and mean
zero-crossing period of the response motion castelermined through:

Hos =4Q/m,, (6.59)

and T = ZHD/& : (6.60)
m,,

110



Vessel motion time series in long-crested waves

Although response spectra provide fast insighthi Yessel motions in different sea
states, designing a Stewart platform for compeosaif these motions will require time
series of the simultaneous motions in all six degref freedom. As was shown in [41],
the geometry of a Stewart platform does not allow dtraight-forward derivation of
required cylinder lengths in the frequency domaftoreover, time series can provide
better insight for the remainder of the design psacsince they enable visualization of a
compensating platform. Vessel motion time serielony-crested waves (Figure 6.15)
can be created using the response spectra okalegirees of freedom. An example for
the derivation of the heave response time serigvén hereinafter.

The process of deriving a vessel motion from aaasp spectrum is similar to the
conversion of wave spectra into wave time seridse Tpper row of Figure 6.22
illustrates the derivation of a wave time serigent a variance density wave spectrum
(upper left) and randomly chosen phase shifts (uppetre), a wave time series (upper
right) can be calculated using the random-phasdiame model described earlier. The
vessel response characteristics of the heave matierdepicted in the centre row of
Figure 6.22 for a given wave direction. As expldina Equation (6.57), the heave
response spectrum (lower left) is calculated bytiplying the wave spectrum with the
heave motion RAO squared. The corresponding phagkes (lower centre) are found
by adding the characteristic phase differenceshefwessel response to the random
phase shifts of the wave. Ultimately, the heavpaase time series (lower right) can be
calculated using the random-phase/amplitude mdded. resulting time series can be
described by the following Fourier series:

z(t):iJZEQ(wn)medzos(wan W e, (wn))- (6.61)
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Figure 6.22Derivation of response time series
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To determine the time series of the vessel motiom@sy other degree of freedom, the
same procedure can be followed. To acquire the siems for any degree of freedom
for the same particular wave time series, the samanee spectrum and corresponding
wave phase shifts are to be used. The vessel msaitioall six degrees of freedom can
now be simulated for any vessel in any sea stdte.simulation procedure is presented
in Figure 6.23. For this procedure, a design s $ required and a vessel needs to be
selected. From the design sea state the wave gpectn be deduced and a wave time
series can be simulated using the random-phasetadelmodel. For the selected
vessel the motion RAOs with corresponding phadermifices are required for a certain
point on the vessel and for a specific wave dicgctSubsequently, the vessel response

spectra and the vessel motions can be simulated.

Design Sea State

Wave Spectrum

Wave Time Series

/\

.

Vessel Selection

6 x RAOs &
Phase Differénces

6 x Vessel Response
Spectra & Phasé Angle:
L N

Figure 6.23Simulation of vessel motions in six degrees ofdma
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Vessel motion time series in short-crested waves

The determination of vessel motions in short-ciesteas is comparable to the
calculation procedure in long-crested waves, except in short-crested seas
directionalities have to be taken into account.sTbalculation procedure therefore
requires a directional wave spectrum as well as RA@d phase differences for various
incoming wave directiong for all six degrees of freedom.

As an example, an RAO for the heave motion is gtbih Figure 6.24 for all incoming
wave directions, showing the effect of the incomimgve directions on the motion.
Similarly, the phase differences between wave ¢lewand heave have been plotted as
a function of both wave frequency and the incomiraye direction (Figure 6.25).

RAO,

[m/m] £z

[rad]

:
u [rad)

w [rad/s]

/
\ u [rad)

w [rad/s]

Figure 6.24RA0 for heavez as a function Figure 6.25Phase differences;
of the incoming wave directign between wave elevation and heave as a
function of wave frequency and the
incoming wave directiop

For a given directional wave spectrum and known RAfhe response spectrum for
the heave motion is determined directly through:

S, (@, #) = RAQ (w, () D (@, 4) (6.62)

As was shown in Equations (6.47) and (6.48), thmidant wave directiong is a
required input parameter to derive the directionave spectrung.

The resulting vessel motion in short-crested wagas now be determined; an
example is given here for the heave motion:

z(1) :iZN: RAQ(wn,,um)Wanmcos(wan ot €6 @ W n) (6.63)

m=1 n=1

113



with:

m = Wave direction index number [-]

M = Number of wave directions [-]

n = Harmonic wave index number [-]

N = Number of wave frequencies [-]

RAQ, = Motion Response Amplitude Operator of the heawtion [m/m]
Wn = Angular frequency of wawve[rad/s]

Im = Wave directionm [rad]

Gnm = Amplitude of waven travelling in directiorm [m]

€nm = Phase shift of wavetravelling in directiorm [rad].

6.4 Vessel Motion Based Design

6.4.1Approach

With the theory presented in 6.4 the 6DoF motioha epecified vessel in a selected
design sea state can be simulated. The subsedapris $0 assess the resulting motions
at the Stewart platform location which are requit@tée known in order to determine an
appropriate Stewart platform architecture. In #@stion a methodology is introduced to
use the calculated vessel motions for the detetiomaf this architecture. The method
is an iterative approach to arrive at a Stewartfquian architecture apt for the required
motion compensation and is illustrated in Figuiz66.

Vessel Motions

Location on Deck

rame Geometries
Neutral height
B vei

A\ 4
Cylinder Check

o 1+—Tp
[/ I—

Adjust

Figure 6.26 Approach for Stewart platform design
Prior to the start of this design process, two irtgo@t assumptions have to be made:

* The location of the Stewart platform on the vesklk (generally determined
by practical considerations)
» Geometry of top and base frame of the Stewartqiatiand its neutral height.
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After a simulation of the vessel motions and thatfpfm motions, the minimum and
maximum cylinder lengths required for full motionropensation can be determined.
Subtracting the minimum from the maximum length eyates the minimum required
stroke length of the cylinders. A check is necessauverify if the stroke length plus a
minimum dead length does not exceed the minimunmagt length. If this requirement
is not met, the neutral height of the top frame tnlgsincreased and the simulation must
be repeated until the requirement is met. The medeplatform architecture is found for
the smallest neutral height that satisfies thendgi check.

6.4.2Stewart Platform Design Procedure

Base Frame Motions

Although RAOs can be determined for any locationaowmessel, a set of RAOs as
provided by the vessel manufacturer or owner hamllys been determined for the
centre of gravity (CoG). The Stewart platform wgknerally be located at a certain
distance from this CoG. As a consequence, the motibat are to be compensated by
the Stewart platform will generally be larger tttha motions at the CoG, mainly due to
the pitch induced heave. A transformation is regpiito deduce the motions of the
Ampelmann base frame from the motions at the Co&eirafter, the derivation of the
motions of the geometrical centre of the Ampelmbase frame gimbal points, defined
as pointB (Figure 6.27), will be determined using the knowations at the CoG.

The three rotations of a vessel (roll, pitch anev)yare defined with respect to the
hydrodynamic frame. If the vessel is assumed t@ bigid body, the same rotations
apply for all points on the vessel, including pdingFigure 6.27). Due to these rotations
the translations in the hydrodynamic frame of tpisint B will differ from the
translations of the CoG.

Figure 6.27Geometrical centre of the Ampelmann base frame gipbintsB
projected in hydrodynamic and body-fixed frame
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The transformation of poirg to the hydrodynamic frame can be performed as\id|
The translations of the vessel at any point in tare defined by the coordinates of the
CoG in the h-frame:

X6
6= Vo with respect t®j, in the h-frame. (6.64)

Zo0e

The position of the centre of the base fraBrie defined in the b-frame by:

b=y, with respect to the CoG in the b-frame. (6.65)
%

The coordinates of poifg in the hydrodynamic frame can be determined by:

b =R©,)&h+g with respect t@;, in the h-frame. (6.66)
with:
’ Euler angles:
0,=|0 u :
" rotations of the b-frame relative to the h-frame. (6.67)
where:
Ry (©n) = Transformation matrix from b-frame to h-frame

O = Vector of Euler angles.

The description of rotations in a three dimensi®gatem require a specific order of
these rotations to have a unique solution, thedsdining the Euler angles as stated in
6.2.3. However, there is no industry standard ierEuler rotation sequence applied for
the determination of RAOs [37]. Therefore when tiotass are derived from a set of
RAOs the order of these rotations is usually unkmoWAQOs provide linearized
solutions for the rotation angles and the resultingles are generally small (<15°) the
transformation of poinB to the hydrodynamic frame can also be performedguthe
linear transformation matrix with negligible erro& linear transformation matrix is
independent of the order of rotations.
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1 - 6
b=|l¢y 1 -¢|,+c, with respect t@y, in the h-frame. (6.68)

-6 ¢ 1

This linearization saves computational time andifates the design process which is
important when looking at various positions of &rapelmann on the vessel deck.

In a similar manner the coordinates of the basadrgimbals can be determined by:

1 v @
b,=|¢ 1 -¢|b,+G withrespecttd,inthe h-frame. (6.69)
-6 ¢ 1
where:
b, = Position vector of base frame gimbat the h-frame for = 1,2,...,6
b, = Position vector of base frame gimbat the b-frame for = 1,2,...,6.

Cylinder length calculation

As explained in section 6.2.1 the geometry of tog base platform can be described
by four parameters: the radii of top and base frand the angles (or distances)
between pairs of gimbals. To start the iterativeigie procedure, first a neutral height of
the upper frame relative to the base frame is ribedefined byz,uya If the
geometrical centre of the Ampelmann top frame ginploénts is defined as poifft, its
position is defined by

X Xg
t=|y, |= Yo with respect to the CoG in the b-frame. (6.70)
ZT ZB + %eutral

To enable motion compensation the top frame mumsaire fixed in the hydrodynamic
frame and should therefore not be influenced byvdkesel motions. Since the h-frame
origin O,, was chosen to coincide with the equilibrium pasitiof the CoG (section
6.3.3), the position of in the h-frame is therefore defined by

t, =t, with respect t@, in the h-frame. (6.71)
The lengths of each cylinder can now be calculdtesugh:
L=t —by, (6.72)
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and
=y (6.73)

Cylinder Check

Once the motions of a selected vessel in a desigrstate have been calculated and
the location of the Stewart platform on the veslsglk has been determined, the motions
of the base frame gimbal points can be deducedleé/Mé base frame moves with the
vessel, the top frame (including its gimbals) sHotdmain motionless thus providing
motion compensation. With this assumption and ugting the motions of all gimbal
points, at each time step the required cylindegtles for full motion compensation can
be calculated. From such a simulation the minimurd maximum cylinder lengths
throughout the simulated time series can be detemhi Consequently the minimum
stroke length required to enable full motion congaion can be derived through the
following equation:

Istroke = I max = I min (6.74)

A practical minimum dead length, required to accadate the upper and lower
gimbal connections, must be defined beforehandadfoeve full motion compensation
the derived stroke length has to satisfy the folhmacriterion in accordance with the
definitions stated previously in Figure 6.3:

Imin b |stroke2 |dead (6.75)

If this restriction is not met, the studied Stewaletform cannot fully compensate the
simulated motions: the stroke length will not “fitito the fully retracted cylinder. The
neutral height of the platform should then be agjdiand the process is repeated until
the cylinder dimensions satisfy the stated criteribhe smallest neutral height that
satisfies this criterion will produce the final hitecture. A larger neutral height will
increase the total cylinder length, which can digantly influence the critical buckling
force as elaborated in section 7.2.5.

6.4.3Design Case

Platform Architecture

For the design case of the prototype, the top ask Brame dimensions have been
based on the available deck space on board of k\amsael. The deck space limitations
were defined in Chapter 4 as 6 by 6 metres. Thezetwee radii of both top and base
frame have been set at 3 metres. To provide adeqaai for the gimbals, a practical
separation angle of 30° (equal to a half separatingle of 15°) has been chosen
between the gimbal pairs in both top and base fraifith setting these parameters, the
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geometry of both frames is determined. Furthermafter expert advice, the dead
length of the cylinders was set at 0.5 metre.

Design Sea State

The design sea states for the Ampelmann prototype wefined (section 4.3.2) as
beingHs = 2.5m withT, = 4.5sandHs = 2.5m andT, = 5.5s. A quick analysis reveals
that the largest vessel motions and therefore atgest required cylinder strokes will
occur in the sea state wilh = 5.5s. This sea state shall be used for all éurttesign
exercises.

Vessel Length Variation

To examine the effect of the vessel length on thew&t platform cylinder
requirements a small study has been carried ow@.vEssel motions were simulated in
the design sea state with an incoming wave direaifol65 degrees. Motion RAOs for
different vessel lengths were obtained from DELFRACIinear three-dimensional
radiation—diffraction code, by scaling a generipy vessel design. For this study the
Ampelmann platform was located at 10 metres froenGbG of each vessel towards the
aft. For each calculation, a set of 10 simulationsrof 3 hours was done; the neutral
height was adjusted until the cylinder check ciaterwas met. The results of this design
exercise are shown in Figure 6.28.

Required Cylinder Lengths vs Vessel Lengths
Ampelmann at 10 meters from the center of gravity
Hs=2.5m Tz =5.5s Wave dir = 165°

7 —— Lmax e

’\0\‘\‘ -a- Lneutral
6 Lmin

Cylinder Lengths [m]

20 30 40 50 60 70 80
Vessel Length [m]

Figure 6.28Required cylinder lengths for varying vessel lesgth
for full motion compensation in the design seaestat

Position on deck
Also the effect on the required cylinder lengths baen studied as a function of the
location of the Ampelmann on deck. Applying the saoonditions as in the previous
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study, but now using the RAOs of a 50m supply VMeske required cylinder lengths
were determined for different Ampelmann locationsdeck. The advantage of placing
the Ampelmann close to the CoG is significant lstitated in Figure 6.29.

Required Cylinder Lengths vs Ampelmann location on deck

Ampelmann mounted on a 50m supply vessel
Hs =2.5m Tz=5.5m Wave dir = 165°

Cylinder Lengths [m]
[9)]

3 ———— - Lmin
-= Lneutral |——
Lmax
1
-5,00 -7,50 -10,00 -12,50 -15,00 -17,50 -20,00

Distance between the CoG and the Ampelmann lower frame centre [m]

Figure 6.29Required cylinder lengths when varying the Ampelmbntation on deck

6.4.4Evaluation

The cylinder lengths are preferably kept as smalpassible for economical reasons
(cylinders have to resist buckling and a lengthiéase will require thicker cylinders and
a larger power requirement). With two design exsiperformed for the Stewart
platform some conclusions can already be drawn. Rezaninimize cylinder lengths it
is favourable to use a vessel of 50 m or longer;résponse of smaller vessels in the
design sea state results in an increase of thdregaylinder length. Also, it can be
advised to have the Ampelmann located not too famfthe vessel CoG, since the
required cylinder lengths will increase signifidgntvhen the distance to the CoG
exceeds 10 m when mounted on a 50 m vessel.

This vessel motion based design method has somertamp disadvantages. First of
all, vessel motions are stochastic variables aedréisulting minimum and maximum
values for the required cylinder lengths will degem total simulation time used while
still including a random aspect. The second dovwnsidthis design method is that it is
iterative and therefore cumbersome. A final disatiwge is that for this design method
all but one platform variable remains fixed. Thissin procedure leads to a required
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minimum cylinder stroke length, but no optimizatimachieved with respect to the
cylinder forces, power requirement or dexterities.

6.5 Scaling Based Design

6.5.1Determination of Architectures

A second approach that has been used to desigwai$platform for the Ampelmann
Demonstrator was by examining the architecture xiftiag Stewart platforms. As a
starting point the architectures of three differStewart platforms have been examined:
the Micro Motion System, the Simonita (discussedGhapter 3) and the Simona
(presented in Chapter 2). The main parameterstemersin Table 6.5; from this data,
the heights of the platforms in neutral positiorravdetermined, as well as the neutral
cylinder lengths (i.e. the lengths when extendeti Wwalf the stroke).

Table 6.5Comparison between different Stewart platform depigrameters [34]

MMS SIMONITA SIMONA

R¢ 0.320 0.532 1.600

Rp 0.380 0.569 1.650

St 0.038 0.100 0.300

Sp 0.048 0.040 0.100
Imin 0.474 0.700 2.081
Imax 0.674 1.100 3.331
Ineutral 0.574 0.900 2.706
Zneutral 0.499 0.838 2.635
Ri/ Ineutral 0.56 0.59 0.59
Ro / Iheutra 0.66 0.63 0.61

By calculating the ratios between the radii of tbp and base platforms and the
cylinder’s neutral lengths, it was noticed that #énehitecture of these Stewart platforms
is quite similar. This was to be expected when ke mind that all three platforms
serve as motion simulators and their architectuliettverefore aim at a large workspace
while avoiding (near) singularities.

The ratios between the radii of the top and bamadrand the cylinders neutral lengths
yielded a first estimate of the top and base plaidii for different Ampelmann
architectures. The spacing between the joints et ptatform & ands, at the top and
base plate, respectively) has a more practicaksb#sére has to be enough space to
place the valves and connect the hoses. For theehnamn Demonstrator architecture,
a conservative estimate was made for these dimensibhis led to the preliminary
architectures of platforms using cylinders with2],3 and 4 metre stroke as given in
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Table 6.6. From this table it can be concluded thay the platforms with stroke
lengths of 1m and 2m satisfy the criterion of hgvanmaximum base frame radius of

3.00m.

Table 6.6Platform architectures for different stroke lengths
Half separation Half separation

s TS Pemne | dece | e, Deadlengn
gimbal pairs gimbal pairs
Istroke [M] R [m] Ry [m] st[m] sp [m] ldead [M]
1 1.25 1.38 0.20 0.13 0.67
2 2.15 2.35 0.35 0.20 0.70
3 3.08 3.38 0.50 0.30 0.80
4 4.05 4.45 0.68 0.38 1.00

6.5.2Dexterity of Platforms with Similar Shapes

To verify the adequacy of the architecture of thBsmwart platforms, their minimum
dexterities throughout their workspace were catedland compared with the proposed
constraint of 0.2 as prescribed by Advani [34]. ldeer, this resulted in widely varying
dexterity values for platforms with similar shap&s. examine this phenomenon more
closely, a study was conducted using the architestof the three existing platforms:
MMS, Simonita and Simona. The architecture of ealaltform was scaled to different
sizes by multiplying the top and base radii, gimpaécings, stroke lengths and dead
lengths with a scaling factor, therewith keeping tehape” of each platform constant
and only varying the size. From examining the mimmdexterities throughout the
entire workspace of each of these three platformslifferent scaling factors, the
dexterities proved to be significantly dependentl@nplatform size. Figure 6.30 shows
that the minimum dexterity varies for different keg factors and that at a scaling
factor of 1 (the actual platform size) the minimdexterity of the MMS is less than the
prescribed lower limit of 0.2. In Figure 6.31 thénimum dexterities are plotted against
the corresponding stroke lengths, illustrating thiae dexterity of the studied
architectures is favourable at cylinder stroke thagf around 1m and will drop when
the total platform size including cylinder strokither increases or decreases.
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Dexterity vs scaling factor Dexterity vs Stroke Length
for scaled architectures
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Figure 6.30Dexterity versus scaling  Figure 6.31Dexterity versus stroke length
factor (=1 for original Stewart platform)

The reason for the size dependency of dexteritybeafound in the difference in the
effect that cylinder motions have on the transkgiand on the rotations. This is
explained with the use of Figure 6.32 and Figu&36Figure 6.32 illustrates a small
platform performing a translation and a scaleddanglatform in the same pose. The
ratio between the translation and the cylinderrmsiten of both platforms is the same. In
Figure 6.33 both platforms perform a rotation. Ndve ratio between rotation and
cylinder extension not the same: to arrive at thmes rotation the smaller platform
requires a smaller cylinder extension than the elarglatform. Following the
“philosophy” of dexterity, this would mean that tte¥ger platform has a less efficient
use of its change in cylinder length, only duedalisg.
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Figure 6.32Scaled translation pose
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Figure 6.33Scaled rotation pose
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It was shown earlier (Section 6.2.5) that dexteistgetermined by the inverse of the
condition number of the Jacobian:

. 1 1
Dexterity=—~ = ——— 6.76
_l .
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The values in the Jacobian are defined by thegdtaween cylinder length changes
and the platform translations as well as the rabietsveen cylinder length changes and
the platform rotations. Since scaling alters th#gsabetween cylinder length changes
and the platform rotations, the Jacobian and tbezethe dexterity changes with
scaling. As a result, the value of a constrainttfie minimum dexterity will always be
arbitrary and will depend on a Stewart platformesizhe only hard constraint is zero:
that is when a degree of freedom is added and ¥séerma behaviour becomes
unpredictable. Therefore, in the remainder of thisearch only qualitative comparisons
will be made between dexterities of different pdatfis, and only when the sizes of these
platforms are comparable.

6.5.3Evaluation

The different architectures of Stewart platforms e Ampelmann system which
were scaled from existing platforms all resultedeifficient workspaces and (near)
singularities were avoided. However, during thialisg based design stage no study
was conducted to research whether variation oflifierent architecture parameters can
result in an increase of the motion range, thusroping the workspace.

In addition, the axial cylinder forces were yetht® studied. A significant difference
between the Ampelmann system on the one hand anMS, Simonita and Simona
on the other hand is the loading condition. Sifte Ampelmann has to be equipped
with a gangway of considerable mass (section 4.8.rge bending moment (which is
absent in the other three systems) occurs at thteecef the Stewart platform top frame.
To counteract this large bending moment, the axilihder loads will decrease in some
of the cylinders and increase in other cylindeesulting in higher maximum cylinder
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forces. This effect can be reduced by increasimgttdp and base frame radii: any
external bending moment around a horizontal axizdanteracted by the vertical
component of the axial force in the cylinders. Thagnitudes of the required axial
forces depend on the lever arms of these forcemhvdre related to the top and base
frame radii: a platform with larger radii will regqa smaller cylinder forces to
counteract the same external moment. However, suclalteration of a platform
architecture leads to a change in its workspacetlamsl its maximum excursions. It is
apparent that a design method is preferred in whpthmization is enabled for not only
workspace and dexterities, but also for the cylirideces.

6.6 Stroke Based Design including Optimization

6.6.1Introduction

At the point in time when the Stewart platform aretture for the Ampelmann
Demonstrator needed to be decided upon in ordexckieve timely delivery for the
tests, it was not yet known which vessel the Ampgimwould be mounted on for tests,
demonstrations or future transfer operations. Aseksnotion based design was
therefore not considered an option. The scalingdaesign procedure yielded platform
architectures which were not yet optimized; theeet of parameter variations on the
resulting workspace, dexterities and cylinder ferere still to be examined. Therefore
a third design method was developed.

For this design process a fixed cylinder strokeglenwas selected first. To create a
range of Stewart platform architectures with thegknders, the other five Stewart
platform parameters were varied: the radii of thg and bottom frame, top and bottom
gimbal pair distances and the cylinder dead len@¥. examining the calculated
workspace, dexterities and cylinder forces of tliéeint platform architectures a
preferred architecture could be selected.

6.6.2Stewart Platform Design Procedure

The design procedure is illustrated in Figure 6a8HMblocks in this process are treated
in this section.
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Platform Architecture

Figure 6.34Stroke based design procedure

Stroke Length

For this design procedure the stroke length o$ialicylinders was chosen as the only
fixed input parameter within the platform architget This stroke length was set at 2
metres. A design for a system with this stroke fbvgas initially requested by potential
Ampelmann users while a preliminary study showeat this stroke length will enable
motion compensation in the previously defined desiga states.

Load Cases

In the design process, two preliminary load cases Section 4.5.2) were considered:
a centric loading caused by the transfer deck coetbivith an eccentric loading caused
by the gangway and personnel standing on the tip amrentric loading of a heavy
component. It must be mentioned here that thest: dages have been used solely to
enable a qualitative comparison between the diftepatform architectures and the
effect on the cylinder loads. The final detailechdng conditions are addressed in
Chapter 7, where the loads are determined in aaoced with design codes and
dynamic effects are taken into account.

Size Constraints

When choosing values for the top and base radéiciap consideration was given to
the size limitations mentioned earlier; a maximumsé radius of 3.00 metres.
Furthermore, the top radius was not to exceed thee kradius due to structural
considerations.

Other Architecture Parameters

The architecture of a rotationally symmetric Stewglatform can be described by 6
parameters (Section 6.2.1). The parameters andatations of their values used for
this design procedure are listed in Table 6.7.
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Table 6.7Stewart platform architecture parameter variations

Minimum Maximum )
Step size
value value
R¢ 2.50m 3.00m 0.25m
Rp 2.50m 3.00m 0.25m
St 0.25m 1.00 m 0.25m
Sp 0.25m 1.00 m 0.25m
Istroke fixed value = 2.00 m
lgead 0.75m 1.75m 0.25m

Calculation Procedure

The parameter variations as listed in Table 6.7ewesed to create an extensive set of
different Stewart platform architectures. Subsetlyenarious calculations have been
performed in MATLAB for all resulting platform aritbctures. The following steps
have been performed:

1. The 6DoF workspace was determined by varying theetkisplacements and the
three rotations of the base frame in small stepitevthe top plate remains fixed.
When one of the cylinders reaches its minimum orximam length, the
workspace limit is found. This yielded a large amipof platform poses, and the
non-simultaneous system excursions as definedi6 6ould be deduced

2. For poses covering the entire workspace the déxteri the platform was
calculated and the minimum dexterity was determined

3. For the design load cases the axial forces in itheyinders were calculated for
each pose resulting in maximum pushing and puflimges.

For each platform architecture the calculation pchze provided:

« Non-simultaneous system excursions
e Minimum and maximum dexterity
¢ Minimum and maximum axial forces in cylinders

The different geometries have been assessed argptanal architecture could be
selected based on a set of design considerations.

Analysis of the Calculation Results

The calculation procedure for a large set of Stewkatform architectures enabled a
good assessment of the effects of the differentamaters on the platform
characteristics. The characteristics most infludnd®y alteration of architecture
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parameters are the maximum and minimum cylindecefr By using larger top and
base frame radii, these values can decrease sigmilfy. Moreover, reduction of the
separation distances between the gimbal pairs ettdp and bottom were found
beneficial for keeping the extreme cylinder fordew. The correlation between the
Stewart platform parameters and the maximum exzussivas less straight-forward, as
was the relationship between the design paramatsisthe minimum and maximum
dexterities.

Nevertheless, a clear relationship was found betwd#e minimum occurring
dexterities of the examined platforms and the exé&recylinder forces as shown in
Figure 6.35: the architectures with the lowest galtor minimum dexterity experience
the largest cylinder forces. In addition, low vaufr minimum dexterity are also
related to smaller heave excursions (Figure 6.36).

Cylinder Forces vs. Minimum Dexterity Heave Excursion vs. Minimum Dexterity
0.2
g oFmax| | go,le v 0'.'0": o Jo
.“..2 = Friin ;;.-: 012 3 o‘ * L4
é 08 s 0.08 b
E : g0
é A Y 0.04 ‘s"p é 0.04
-400 -300 -200 -100 0 100 200 300 400 ° 2 21 2.2 23 24 25 2.6 27 2.8
Extreme cylinder forces [kN] Heave excursion capability[m]
Figure 6.35Extreme cylinder forces vs. Figure 6.36Heave excursion vs.
minimum dexterity minimum dexterity
of different platform architectures of different platform architectures

Design Considerations

As a conclusion from the previous two figures itnche stated that platform
architectures with a minimum dexterity below a a@rtvalue are preferably not
considered due to the associated higher cylindeefoand smaller heave motion range.
Although the choice of such a threshold value resairbitrary, the use of a threshold
value is a straight-forward method to discard s lappropriate architectures. In this
design process, all platforms with a minimum déatteof less than 0.12 have been
rejected for this specific platform size category.

Subsequently, a trade-off had to be made betwg#atrm architecture that creates
a large motion range, and one that results in loval acylinder forces. Since the
Ampelmann aims to compensate ship motions, thetitumality of this system increases
with a larger workspace. Generally, when compatimg maximum ship motions in
each degree of freedom to the non-simultaneousrsixnis of a Stewart platform, it
becomes clear that the limiting degree of freeddra Stewart platform is always the
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heave. A platform with an architecture that canfqren large heave excursions is
therefore preferred. On the other hand, having lagtal cylinder forces, either in
tension or compression, call for cylinders withagger rod and casing diameters, which
calls for larger components and a larger powerirement, making the platform more
expensive. For the latter reason, the architectwis the highest cylinder loads were
discarded to create a shortlist of preferred piatfarchitectures.

Preferred Architecture

After discarding all architectures with the lowesihimum dexterities and the highest
axial cylinder forces, the platform architecturesstbfit for the Ampelmann could be
listed (Table 6.8). Finally, the architecture wittie largest heave excursion capability
was selected as the preferred Stewart platformitanthre to be applied for the
Ampelmann Demonstrator.

Table 6.8Shortlist of architecturefor the Ampelmann Demonstrator Stewart platform

Platform Axial Non- Non-
Architecture parameters [m] height [m] Cylinder  Dexterity [-] simultaneous simultaneous
9 Forces [kN] Excursions [m] Excursions [1
R; Ry St Sp  lgeaq Settled Neutral Fpax  Fmin Max  Min X y z ] [’} ]

275 300 025 025 125 215 340 66.8 -33.7 0.233 0.149 363 331 250 55 53 76
3.00 3.00 025 025 150 239 3.63 66.3 -352 0.234 0.154 3.79 343 248 50 48 73
275 3.00 025 050 100 202 325 67.8 -357 0.233 0.138 359 330 246 55 53 75
250 3.00 025 025 125 225 3.47 654 -342 0231 0.133 359 329 245 61 58 83
3.00 3.00 025 050 125 227 349 67.6 -38.1 0.234 0.145 3.75 3.42 244 50 47 72
3.00 3.00 050 025 125 227 349 67.2 -37.7 0.234 0.150 3.75 3.42 244 51 48 72
275 3.00 025 025 150 251 372 659 -36.3 0233 0.139 3.74 341 242 55 52 79
250 3.00 025 050 100 210 3.31 66.5 -345 0.232 0.124 356 3.28 242 61 57 81
3.00 3.00 025 025 175 274 395 683 -37.5 0.234 0.146 3.89 353 241 50 47 76

6.6.3Evaluation

The stroke based design method proved to be aciegiffiway to determine a final
Stewart platform architecture since it providedighs in the three most important
resulting platform characteristics: workspace, daties and cylinder forces. However,
the final architecture selection remains arbitrdrgble 6.8 presents alternative platform
architectures of which the heave excursion, minimdexterity and cylinder forces
differ only slightly from the chosen concept. Nethetess, the design method provides a
clear procedure for determining future Stewartfptat architectures for Ampelmann
systems, also in case the design requirementdtarech
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6.7 Evaluation of Design Methods

6.7.1General Stewart Platform Design

The architecture of a rotationally symmetrical Saevplatform is determined by six
parameters: the top and base radii, the separdiit&ince between gimbal pairs at top
and base, the cylinder stroke and the cylinder deadth. These six parameters
determine the motion range (or workspace) of afquia, which is one of a platform’s
key characteristics. In the case of the Ampelmaema®@nstrator, a larger workspace
will allow compensating larger ship motions. Thesida of the architecture of the
Ampelmann Stewart platform must therefore be foedssn a workspace as large as
possible. In addition, platforms under the samelilog but with different architecture
parameters will have different values for the maximcylinder forces. These forces are
preferably kept as low as possible to keep the aimkassociated costs of the cylinders,
the hydraulic components and the power requirehognt

Stewart platforms with a different architecture biisimilar size can be compared by
calculating the dexterities throughout the entirerkgpace for each platform. The
minimum dexterity of each platform provides goosight in both the motion range and
the maximum cylinder forces in a qualitative sentbe platforms with the lowest
minimum dexterities are associated with small wpdces and high cylinder forces.
Although choosing a threshold value for minimum teeity is arbitrary, it enables
discarding a large set of less appropriate platf@rohitectures. In addition, this
calculation facilitates detection of configuratisimgularity: when the dexterity equals
zero, singularity occurs.

6.7.2Vessel Motion Based Design

The Ampelmann system is to be mounted on a hostel/eg a certain location on
deck. When the host vessel and mounting locatiordeck are known, and Motion
Response Amplitude Operators (RAOs) of the vessehgailable, the motion of this
vessel in various sea states can be simulated.e§uéstly, the required Stewart
platform cylinder lengths can be determined for &®a state and incoming wave
direction. The vessel motion based design procecuesented in 6.4 can be
recommended in case an Ampelmann system is to batet permanently on a known
host vessel. However, it is advised to perform fhriscedure for various architecture
parameters while calculating both the minimum detiés (to exclude singularities) and
the maximum cylinder forces. A selection of thefpneed architecture can then be
based on the platform with the lowest cylinder émcthe aptness of the workspace is
already included in this design process.
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6.7.3Scaling Based Design

The architectures of three existing Stewart plat®mere compared by determining
the ratios between the radii of the top and bas#fggms and the cylinders’ neutral
lengths. Since the values of these ratios were stirtfte same, the question arose
whether it is possible to design an appropriatéfgria architecture by merely scaling
the six parameters (top and base radii, separdigiance between gimbal pairs at top
and base, cylinder stroke and cylinder dead lengtha constant scaling factor. In
theory, the translational motion range should iasesby this same scaling factor, while
the rotational motion range remains the same. Hewescaling of the separation
distances and the dead length can be hamperedhbtigat considerations: they require
some minimum value to fit the gimbals and the adinends. In addition, the maximum
cylinder forces will not be increased by the samalisg factor, neither will the
minimum dexterity. A calculation procedure is tHere still necessary to acquire forces
and dexterities and optimization must still be agkd by altering the design
parameters.

6.7.4Stroke Based Design

Since the Ampelmann Demonstrator had no envisagechanent host vessel, there
was no fixed motion range requirement. The deckepiaitations given in Chapter 3
gave a maximum value for the base radius; the adfus was chosen not to be larger
than the base radius. While the stroke length viasen fixed at 2.0 metres, all other
architecture parameters were varied, creatinggelaet of architectures. For all these
different architectures, the extreme cylinder fgrcend minimum dexterity was
determined. By first discarding all designs withminimum dexterity below a chosen
threshold and subsequently rejecting the architestwith the highest extreme cylinder
forces, a shortlist of architectures was reachesinihis list, the platform providing the
largest heave motion range was selected.

The stroke based design process yielded the fteaVe8t platform architecture for the
Ampelmann Demonstrator as well as a clear procefturdetermining future Stewart
platform architectures for Ampelmann systems irecdasign requirements are altered.
It should be noted, however, that the final loadamdition was not yet determined
during this design process: the transfer deck amdjgay were not designed at the time.
To acquire the optimized architecture for a chosglinder stroke length, the exact
loading condition must of course be applied.

6.7.5Validation of Platform Motion Range

Subsequently, the motion compensation capacityhef selected Stewart platform
architecture was examined for three different Viesgees. For this, the motions in all
six degrees of freedom were simulated for theseselssin different sea states
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(significant wave height in steps of 0.5m) to c#oe if the platform stays within its
motion range. It was found in [41] that the st&tadtproperties of these simulations are
constant when a time length of 20 hours is useduBitions of 20 hours were therefore
done for each vessel, with the Ampelmann placedraetre from the vessel’'s side and
aft. Due to the stochastic nature of waves andemprently of vessel motions, however,
motions outside the Stewart platform’s workspace a&lavays occur. A certain amount
of residual motions of the platform must therefdre accepted. It was decided to
theoretically approve offshore access when theduesitranslational motions of the
transfer deck stay within a chosen limit of 0.5 mast This choice is justified by the

passive motion compensating capacity of the TABictvtallows for residual motions
without compromising the transfer operation.

The results of these assessments are presentéguie 6.37, including an estimate of
the contribution of the Ampelmann mass (estimateck tat 10 tons) to the roll mass
moment of inertialy, of the vessel. The figure shows that the objectifenabling
motion compensation in a sea stateHaE2.5m is reached when the Ampelmann is
mounted on a 50m vessel with an incoming wave timeof 165°.

== y
Vessel type:  Anchor handling tug Vessel type:: Multi purpose vessel Vessel type: Offshore support vessel
Dimensions:  24m x 10m x 2.75m Dimensions: 50m x 12m x 3.80m Dimensions: 70m x 16m x 5.60m
Displacement: 120 tons Displacement: 900 tons Displacement: 4000 tons
Max. sea state: Hs =2.0m Max. sea state: Hs =2.5m Max. sea state: Hs = 3.0m
Workability: 85% (S. North Sea) Workability: 93% (S. North Sea) Workability: 97% (S. North Sea)
Contribution to ly: 10% Contribution to Iy 1.0% Contribution to Iy 0.1%

Figure 6.37Motion compensating capacity of the Ampelmann Destrator design
on different vessels
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7. Certification and Tests

7.1 Introduction

To enlarge operational weather windows for offshouebine maintenance, the
Ampelmann system is to provide safe access to tkasetures in sea states with
significant wave heights larger than the accessgidimit of the currently used access
systems. For this, the Ampelmann system has to nheethighest offshore safety
standards. An objective statement on the desidpniction and operation of the system
is therefore essential. To acquire such a cendichloyd’s Register has been asked to
perform a design appraisal, survey the fabricatibthe components and witness full
scale tests after completion of the system. Intamdito prove that the Ampelmann is
an inherently safe system an extensive seriesstif tewve been performed. This chapter
describes the certification process by Lloyd’s Reggias well as the different tests that
have been performed on the Ampelmann Demonstrator.

7.2 Certification

7.2.1Introduction

As stated in Chapter 5, one of the main requiremehthe safety based design of the
Ampelmann system is to have no failure of any $tma¢ component. The structural
integrity of all components has been ensured ieetlstages: proper design of the system
and its components, proper fabrication of all congrds and a test to prove the load
bearing capacity of the integral system. Lloyd’'sgReer, an independent certifying
authority whose services include risk assessmaerats,contracted to objectively assess
these three stages:

* The structural design was to be assessed throdghkign appraisal

« A fabrication survey was to ensure proper fabraratind use of the specified
material

* The bearing capacity of the integral system wasetbested and witnessed by
a surveyor

7.2.2Code for Lifting Appliances in a Marine Environment

Lloyd’'s Register has been requested to perform sigdeappraisal of the structural
design of the Ampelmann system. As there are ncifipeodes for these types of
systems Lloyd’'s Register considered its “Code fdfting Appliances in a Marine
Environment” (CLAME) of January 2003 [44] as beitlge most appropriate to verify
the structural integrity of the Ampelmann. Althougifferent in nature, an Ampelmann
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system can be compared to an offshore crane isethge that both systems are designed
to lift a predetermined maximum load on board wésasel in offshore conditions.

CLAME defines four load combinations to be usedtfa design of lifting appliances
(Table 7.1). Each of these cases defines a loamtindition for the total structure and its
components. The resulting stress in all componkeassto be lower than the allowable
stress of the material. The maximum allowable stiesiny component is to be taken as
the material yield stress of the component conckmeltiplied by a stress factd¥
defined by Lloyd’s Register and which depends @nltiad case considered.

Table 7.1Load Cases defined by Lloyd’s Register in CLAME

Load Case Stress factor F
Case 1 Crane operating without wind 0.67
Case 2 Crane operating with wind 0.75
Case 3 Crane in stowed condition 0.85
Case 4 Crane subjected to exceptional loading 0.85

Definitions
In these load cases CLAME uses several terms varellefined as follows:

Safe Working Load  Maximum static load which the appliance is certifte lift.
(SWL)

Live Load Sum of the Safe Working Load (SWL) ofappliance and
the static weight of any component of the applianhéh is
directly connected to, and undergoes the same maspthe
safe working load during the lifting operation.

Dead Load Self-weight of all components of thaergtappliance which
are not included in the Live Load.
Duty Factor Makes allowances for the regularityhwivhich a lifting

application is used and the severity of load lifteith respect
to the SWL. A single duty factd¥y = 1.20 is to be used for all
offshore cranes.
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Hoisting Factor Accounts for all dynamic effectst mxplicitly determined
and separately accounted for.

The dynamic force due to hoisting for offshore emiis to
include the effect of relative movement of the eramd load
in addition to normal hoisting shock and dynamieets.

When a motion compensator, shock absorber, or aimil
device is fitted, proposals to use lower hoist destwill be
specially considered.

Load Case 1
Load case 1 accounts for the loading conditionhef ¢rane when operating without
wind and is defined by:

Fd[Lg+Fh(L1+Lm)+L2+Lh3}

with:
Fq = Duty factor [-]
Fn = Hoisting factor [-]
Lg = Dead loads [N]
L = Live loads [N]
Lh1 = Horizontal component of live load due to heal &im [N]
Lh2 = Next most unfavourable horizontal load [N]
(usually due to slewing acceleration)
Lhs = Horizontal component of dead load due to hedltam [N]
Load Case 2

Load case 2 is used for the loading condition efdfane operating with wind loads:

Fd[Lg+Fh(Ll+Lm)+L2+Lh3:|+Lw

with:
Lw = Most unfavourable wind load [N]

Load Case 3

Load case 3 considers the crane in its stowed tiondwhen subjected to forces
resulting from accelerations due to the vessel'tiane and static inclination combined
with wind loads. The crane is to withstand two leaghbinations:

€) Acceleration normal to deck of + 1.0 g.
Acceleration parallel to deck in fore and aft direc of + 0.5 g.
Static heel of 30°.
Wind of 63 m/s acting in fore and aft direction.
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(b) Acceleration normal to deck of + 1.0 g.
Acceleration parallel to deck in transverse ditif + 0.5 g.
Static heel of 30°.
Wind of 63 m/s acting in a transverse direction.

Load Case 4

Load case 4 considers the following exceptionall loanditions:
e Coming into contact with buffers
»  Failure of hoist wire or sudden release of loadcfanes with counterweight
e Testloading

7.2.3Definition of Ampelmann Load Cases for Design Appresal

The load cases defined in CLAME are applicabletfar design of different marine
lifting appliances such as offshore cranes. Thaseshave been based on:
e Operational Conditions (Load cases 1 and 2)
« Stowed Condition (Load case 3)
e Special Cases (Load case 4)

The use of the Ampelmann system will, however adiffonsiderably from the use of a
crane when regarding the operational conditionsvels as the special cases. For this
reason both the operational procedure and speasaiscof the Ampelmann system will
be looked upon in-depth in this section to providiéored load cases for this specific
system.

Operational Conditions

In operational conditions the first difference beém the Ampelmann system and a
crane is the fact that the Ampelmann can providéan@ompensation in six degrees of
freedom for all components above the upper gimbadll the Telescopic Access Bridge
(TAB), the transfer deck assembly, the foundatiow aipper frame (upper gimbal
chairs, upper gimbals and coupling frames). Thesmponents combined form the
superstructure as shown in Figure 7.1. In additi@nlive loads, personnel in this case,
are also kept motionless during motion compensatksna result the accelerations that
the host vessel will encounter do not apply on rii@ion compensated masses. This
causes a significant reduction of the resultingdéo& the system during operations.
Furthermore the operational procedure as preséntedction 5.4.5 results in different
load cases that apply during different stages withe procedure. For instance, people
will only walk over the TAB when motion compensatits active. Another important
difference is the load carrying capacity intendadcrane will generally have a large
load carrying capacity compared to its own weighihereas the Ampelmann carries
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mostly its own weight. These differences call falifferent approach in determining the
load factors, stress factors and applied accetgrstito be considered for the
Ampelmann system.

Telescopic Access Bridge (TAB) Tip

g
& ‘V\ Transfer Deck Assembly

Foundation and Upper Frame

Figure 7.1 Ampelmann superstructure definitions

The Operational Mode of the Ampelmann system ignddfas all situations in which
the system’s hydraulic pressure is activated, wlith exception of special cases. The
Operational Mode starts and ends in the stowed itondand includes the starting
procedure, the positioning of the Telescopic Acd&sdge (TAB) against the offshore
structure, the transfer of people in full compeimsamode, the ending procedure and all
transient phases in between. The stages in theatipeal procedure have been
described in section 5.4.5 and illustrated in Fégbirl2. Table 7.2 lists these different
stages and notes for each stage whether or notepampon the transfer deck or on the
TAB, whether motion compensation is active and Wweethe TAB is being used, either
actively or passively.

As can be seen in Table 7.2, the operational progeeshows a number of stages with
similar loading conditions. The different stages tbé operational procedure have
therefore been lumped into five distinct loadinmaiions, indicated in Table 7.2 by the
background colors:

» Boarding and Disembarking the Transfer Deck (green)
» Starting and Ending Procedure (light yellow)

e Compensation Fade-in and Fade-out (yellow)

» Compensation Mode (tan)

» People Transfers (orange)
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Table 7.2The different stages in the Ampelmann operationa¢@dure

Motion Slewing/
People  People Compen- Luffing/
stage  Condition ondeck onTAB  sation Notes Telescoping

1 Stowed Condition no no no No hydraulic pressure no

2 People Boarding yes yes no Pressure, safe mode no

3 Safe Mode yes no no All 6 cylinders retracted no

4 Moving TAB outwards yes no no Telescoping, Luffing, Slewing active
Safe to Settled yes no no Moving with vessel no
Settled yes no no Active motion control no

B Settled to Neutral yes no no Moving with vessel no
Neutral yes no no Moving with vessel no

6 Neutral to Engaged yes no Compensation Fade-in no
Engaged yes no yes Motion Compensation

7 Positioning TAB yes no yes Slewing, Luffing, Telescoping active

Free Floating yes no yes Constant pushing force TAB passive

8 Contact Structure yes no yes TAB tip resting on landing point passive

9 People Transfer yes yes yes people walking over TAB passive

10 Retraction TAB yes no yes Telescoping active

11 Engaged to Neutral yes no Compensation Fade-out no
Neutral yes no no Moving with vessel no

12 Neutral to Settled yes no no Moving with vessel no
Settled yes no no Moving with vessel no
Settled to Safe yes no no Moving with vessel no
Safe yes no no All 6 cylinders retracted no

13 Moving TAB to vessel yes no no Telescoping, Luffing, Slewing active

14 People Disembarking yes yes no Locked no

15 Stowed Condition no no no Locked , no pressure no

In the loading situation where people board ormilsark the transfer deck, the control
system is in its safe mode and the Stewart platiorits settled position. In the settled
position the load path within the system is the samw in the stowed condition. Since
the stowed condition presents a more severe loaghnglition including large vessel
accelerations, the boarding and disembarking l@pdiondition can be omitted.
Furthermore, the condition during compensation fiadend fade-out is a transient state
between the platform’s neutral state (taken intooaat during the starting and ending
procedure) and full motion compensation. The laaghton in this transient state will
therefore not be considered.
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As a result, three typical and determining loadesaare defined for the Ampelmann
system during its operational mode as present@dlie 7.3:

Table 7.3Determining load cases in the Ampelmann operatiorale

People People Motion Slewing/
ondeck  onTAB Com_pen- Lufflng_/ Notes
sation Telescoping

* Trajectory between Settled and Neutral
1 Starting/Ending yes no no active * Accelerations of vessel
* People on transfer deck

* Platform pose within workspace
* Motion Compensation active

2 Compensation Mode yes no yes active * People on deck, none on TAB
* Active Slewing, luffing, telescoping
* Platform pose within workspace
* Motion Compensation active
. * Contact with structure
& People Transfers yes yes yes passive

* People on deck
* Max 1p on TAB
* Passive Slewing, luffing, telescoping

Stowed Condition

The second load case to be considered is the stmeadition. In the Stowed
Condition, the Ampelmann system is not pressureed in its settled position. During
the Stowed Condition, the tip of the TAB is seatdasd, enabling horizontal and
vertical load transfer from the tip to the vessetkd This load case can be considered
similar to CLAME load case 3.

Special Cases
Next to the Operational Mode and the Stowed Camnlitivo Special Cases have been
defined for the Ampelmann system, which will beereéd to as Emergency Cases.

The first Emergency Case is when a double failweurs during the Operational
Mode; the control system will then cause the motiompensation to abort. As a result,
the control system will retract all six Stewarttfdam cylinders within 10 seconds to
reach the platform’s settled position. As a consive assumption one person is
considered to be standing on the tip when a falllseethis occurs.

The second Emergency Case accounts for the situatia normal operation during
motion compensation when an injured person neetie warried over the TAB by two
other persons. This situation results in 3 perstasding on the tip of the TAB in the
most extended position as the worst case.

All Ampelmann Load Cases
As a result a total of six load cases have beesepted to Lloyd’s Register to be used
for the design appraisal of the Ampelmann systeheyTare listed in the most right
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column of Figure 7.2. Lloyd’s Register agreed te dpplicability and use of these load
cases for the Ampelmann design appraisal.

Ampelmann ‘

CLAME ‘ ‘ Offshore Crane ‘ ‘ Ampelmann System ‘ ‘ Load Cases

Starting / Ending

Compensation

Load Case 1 Crane Operations Ampelmann Operations Mode

- with wind - with wind

- without wind - without wind
Load Case 2 People Transfers

Stowed Condition ‘

I

Load Case 3 Stowed Condition

Double Failure

3 Persons on Tip

Load Case 4

Special Cases
Contact with
buffers
Failure of Host
Wire

Emergency Cases

N I

Test Loading

Figure 7.2 CLAME load cases and resulting Ampelmann load £ase
as agreed with Lloyd’s Register

7.2.4Resulting Ampelmann Design Loads

After having defined the six different load casesr fthe Ampelmann, the
corresponding design loads were determined for daatli case. For this, the used
working loads, factors and parameter values haven béetermined first; these
conditions are presented in Table 7.4 and will iseutsed hereinafter.
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Table 7.4Load cases: operational mode, emergency casest@ndd condition

Operational Mode Emergency Cases Stowed
Starting/  Compensation People Double 3 Persons Stowed
Ending Mode Transfers Failure on Tip Condition
SWL Transfer Deck [kN] 16 16 15 15 13 0
SWL Tip [kN] 0 0 1 1 3 0
Duty Factor [-] 1.2 1.2 1.2 1.2 1.2 1
Hoisting Factor [-1 1.15 1.15 1.15 1.15 1.15 1
Wind Speed [mis] 0/20Y 0/20Y 0/20" 20 20 63
Accelerations
Vertical [m/s2] 3.55 0.5 0.5 3.55 0.5 10
Horizontal [m/s2] 35 0.5 0.5 35 0.5 5
Between Within Within Within Within
Stewart Platform Pose Settled pre-defined pre-defined pre-defined pre-defined Settled
and Neutral Workspace Workspace Workspace Workspace
Contact Loading
Free-float Slewing [kN] 0 0 1 0 1 0
Free-float telescoping  [kN] 0 0 9 0 9 0
Slewing Moment [kNm] 0 150 0 0 0 0
Stress Factor [ 0.67/0.75Y 067/0.75° 0.67/0.75” 0.85 0.85 0.85
Max heel [ 5 5 5 5 5 30
Max trim [ 2 2 2 2 2 10
Max Roll [ 10 10 10 10 10 10
Max Pitch 1 5 5 5 5 5 5

YWhen wind is considered, the higher stress factor is used

SWL on Transfer Deck

The maximum number of persons allowed on the teandéck during operation is
sixteen of which one operator. This results in &imam design load on the system of

16.0 kN uniformly distributed over the transfer Kec

SWL on Telescopic Access Bridge

From the operational procedure follows that onlg @erson is allowed on the bridge
at any time and the governing load case on thedefgc bridge will then occur when
one man is standing on the tip of the bridge. Tduasls to a SWL of 1.0 kN at the tip of
the telescopic boom in its most extended positiime emergency load case with 3
persons on the bridge results in a load of 3.0 kkha tip of the TAB in the most

extended position.
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Duty Factor

As the Ampelmann system is used for offshore appbtios, the duty factor as
normally applied for offshore cranes is uség:=1.2. (CLAME c¢h3-3.2) The duty
factor applies to both, the live and the dead loads

Hoisting factor

The hoisting factor accounts for all dynamic eféetttat are not explicitly determined
and separately accounted for. When cranes aredmes, this factor is related to the
maximum hoisting speed. The Ampelmann system ant®tinteract all wave induced
vessel motions (and thus velocities) during operatin addition, all starting and ending
procedures have been programmed with gentle faglesid fade-outs, resulting in no
shocks i.e. dynamic effects. Also, no hoisting &isocan occur since the appliance is
not used for hoisting. During the starting/endimggedure, the maximum velocity used
to raise the upper part of the Ampelmann is préneefin the control system and equals
0.25m/s. The extension/retracting speed of thesdelging bridge is limited to 0.1 m/s;
during the luffing procedure, the maximum verticpleed at the tip equals 0.15m/s
when the TAB is fully extended. All cylinders hagesoft start/stop procedure due to
ramp-up ramp-down valve electronics. Relating thedecities to the Code for Lifting
appliances, the hoisting factor corresponding tmiating velocity of 0.25m/s is found
to be between 1.1 and 1.15 depending on the crgree A hoisting factor of 1.15
therefore seems conservative and appropriate ®irus\mpelmann load calculations.
This value applies on the live loads: all loadd tnadergo a certain motion during the
operational procedure.

The Stewart platform has been designed in suchyativat it is able to compensate the
expected vessel motions (based on a 50m vessel5in 2ignificant wave height).
However, depending on the vessel type and locaifahe Ampelmann on the vessel,
and also taking into account the stochastic charatie waves and resulting vessel
motions, there will always be a chance that thdandglr stroke is insufficient to
compensate an incidentally large motion. Precastibave been taken to prevent
dynamic shocks of the transfer deck and TAB whendylinders reach their buffers
through a “soft-stop” by the control software.

Wind Speed

The wind forces are to be calculated accordinglt&E regulations. The maximum
wind speed during the operational procedure israsduto be 20 m/s. The maximum
wind speed for the emergency case is also set at/20since an emergency can only
occur during operations. For the Stowed Conditiha,maximum wind speed is 63 m/s.
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Vertical and Horizontal Accelerations

To calculate the loading conditions the accelenatiof all masses are to be taken into
account. However, when the Ampelmann system ispieration the ship motions are
counteracted by the Stewart platform keeping theesiructure and boarded personnel
nearly motionless. Due to inaccuracies of the m@éagulevices and the control system
residual motions and thus horizontal and verticak$erations can occur. Consequently,
Lloyd’s Register recommended taking into accoursidhéal horizontal and vertical
accelerations of the transfer deck and TAB duringtiom compensation of 0.5 m/s
This proved to be a very conservative assumpticshasn by measurements during the
test phases (section 7.3.3).

In three of the load cases presented in Tableh&&tperstructure and personnel will
be subject to the accelerations of the host vessel:

+ Stowed Condition
*  Operational Mode during Starting and Ending
» Emergency Case Double Failure

During the Stowed Condition, the structure has é¢oable to withstand the survival
condition of the vessel on which it is mounted. Fhevival conditions are defined by a
vertical acceleration of +/-1g, a horizontal accatien of +/-0.5g, a heel of 30° and a
trim of 10°, all in accordance with CLAME load cé&seAs a result, the accelerations to
consider in the Stowed Condition equal 10mstically and 5 m/shorizontally.

The accelerations that are to be taken into accioutite survival condition will not
apply during operations. To perform transfer operat safely, operational conditions
should be defined first. Operational limits can blefined by the maximum
environmental conditions (sea states) in which #mpelmann system is able to
counteract (nearly) all host vessel motions. Howeas stated in Chapter 6, the motions
to be counteracted by the Ampelmann system dependnty on the sea state in which
it is operation, but also on the vessel charadiesi¢dynamic behaviour represented by
Response Amplitude Operators), the location of Ahgpelmann system on the vessel
deck and the direction of the incoming waves. Tperational limits will therefore be
specific for each vessel in combination with thealiion of the Ampelmann on deck. As
a consequence, the determination of the maximurel@ations during operational
conditions will be case-specific. Nevertheless, edu@ should be defined for the
maximum accelerations during operational conditimnske into account for the design
appraisal. After consultation with Lloyd’s Registdyased on generic ship motion
calculations in accordance with CLAME the maximuroribontal and vertical
accelerations during operations was chosen at &5 m
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In the Operational Mode the superstructure is caisem settled to neutral height
before motion compensation is engaged; this i®dale starting procedure. Similarly,
after motion compensation is disengaged the supetste is lowered back to its settled
position. During both the Starting and Ending prhee, the maximum accelerations of
the Ampelmann system are therefore equal to tharmam accelerations encountered
by the host vessel. In addition, the superstruatfithe Ampelmann system encounters
accelerations due to its motion path of 1.25m betwthe settled and neutral position.
The control system runs this motion path in a piiedd S-curve of 10 seconds with a
constant acceleration of +/-0.05 fy/while reaching a maximum velocity of 0.25m/s.
The maximum value for the vertical accelerationimyithe starting/ending procedure
was therefore set at 3.55 fu/s

In the Emergency Case Double Failure, the motianpamsation will end with a soft
stop and all Stewart platform cylinders will slowlgtract. This procedure is similar to
the Ending procedure. The accelerations to be takenaccount in the Double Failure
load case have therefore also been set at 3.5¥enfisally and 3.5 mfhorizontally.

Stewart platform poses

The Stewart platform has two basic static posesp(mitions): the settled and the
neutral position. The settled position is definedtlae platform position with the six
platform cylinders fully retracted. When the cylard are fully extended, the platform
has a shift of 2.50 metres normal to the bottonmé&a The position between the
minimum and maximum platform height is defined s heutral position: a shift of
1.25 metres from the settled position, normal ® llettom frame (Figure 7.3). When
the platform is in stowed condition, the platforsi always in the settled position.
During the Starting and Ending procedure, the pfatf moves strictly between settled
and neutral position in a trajectory normal to lf@se frame. These positions are not to
be confused with the platforstatesmentioned in section 5.4.3, which indicate the
platform’s condition in the control system.
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Settled Position Neutral Position

Figure 7.3Settled and neutral position of Stewart platform

During transfer operations the active motion congpéion will be operational. In
principle the platform will then be able to assuargy pose within its workspace as
defined in Section 6.2.6. However, extreme poses (@aximum yaw or maximum
roll) are preferably avoided for two reasons:

e Extreme poses can lead to high cylinder loads
« Extreme poses limit motions in other degrees afdoam.

As discussed in Section 6.2.7, the axial loadshin gix hydraulic cylinders of the
Stewart platform have unique values for a givemlileg condition in combination with
a certain platform pose. Since each pose implifferdnt cylinder orientations, each
pose results in a different distribution of the axtylinder loads. Extreme platform
poses can cause very high compression forces i sgtmders in combination with
tension forces on other cylinders. As an examgie, aylinder forcedN have been
calculated for a load of 100 kN placed on the @wfrthe top frame in combination
with different translations of the bottom frametle surge direction (Table 7.5).

Table 7.5Cylinder forces for 100 kN centric load at diffetrsnrge translations

x=0.0m x=0.5 x=1.0m x=15m x=2.0m
N1 [kN] 20.5 13.8 6.5 -1.6 -10.8
N [kN] 20.5 26.8 324 37.8 43.4
N3 [kN] 20.5 20.4 20.5 20.7 20.9
N4 [kN] 20.5 20.4 20.5 20.7 20.9
Ns [kN] 20.5 26.8 324 37.8 43.4
Ne [kN] 20.5 13.8 6.5 -1.6 -10.8

Note: a minus denotes a tension force
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Extreme platform poses will also limit the motionsother degrees of freedom. For
example, a large yaw rotation will “reserve” a kangart of the stroke length and will
thus reduce the possible excursions in all otheredes of freedom. It is therefore
preferred to avoid extreme platform motions. Reaiduotions during people transfers
can then be accounted for by the free floating tions of the TAB.

For the two aforementioned reasons the total piatfavorkspace has been limited by
the control software. Based on the maximum heaveliade of the Ampelmann
Demonstrator of 1.25 m, the maximum heave amplitoae been limited to 1.2 m to
account for the cylinder buffer lengths of 5 cnmc® extensive ship motion simulations
(Chapter 6) have shown that the heave motion ptetbe governing translation, the
combined translations have been programmed to widyn a defined sphere with a
radius of 1.2 metre from the platform's neutralifas:

X+ Y+ < 1.2

Furthermore, the rotations have been programmebetdimited to the following
values:

Maximum roll = +/- 10 degrees
Maximum pitch = +/- 5 degrees
Maximum yaw = +/- 15 degrees.

The Ampelmann platform will be kept in its workspamoundaries at all times by the
control system. The workspace boundaries are shawrigure 7.4, Figure 7.5 and
Figure 7.6. The translational workspace is showgr@y and the rotational workspace is
shown in blue in all three two-dimensional views.

Figure 7.4 Rotational and translational workspace boundani¢ise x-y plane
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Figure 7.5Rotational and translational  Figure 7.6 Rotational and translational
workspace boundaries in the y-z plane  workspace boundaries in the x-z plane

Contact Loading

During the people transfer phase, contact load&tgveen the TAB and the offshore
wind turbine will occur. In the longitudinal diréch of the gangway, the contact load is
caused by the tip pushing against the structutberfree-floating mode. The maximum
value of this load is defined by the maximum pughurce in the TAB, which equals 9
kN, keeping the tip of the TAB in contact with tlaading point. If this pushing force is
exceeded, pressure relief valves ensure that dnie fdoes not exceed 9 kN: the TAB
will slide inwards.

Slewing Force

During operations in the compensation mode loaé taes slewing force is taken into
account. The maximum operating slewing force isingef by the capacity of the
slewing motor; the maximum operational slewing maotregjuals 150 kNm.

During the stage of people transfers, the freetiftigamode of the TAB is engaged.
The maximum force in the transverse direction ef TAB working on the tip has been
set at 1 kN; when this force is exceeded, the gaggwmill slew using pressure relief in
the hydraulic slewing motors thereby keeping thérticontact with the landing point of
the offshore structure.

Stress Factor

For a crane in operation CLAME uses two differdntss factorsk = 0.67 when wind
is not considered and = 0.75 in case wind is taken into account (loacesas and 2).
These same stress factors will apply on all Ampeimaperational load cases. For both
Emergency Cases, the stress factoF af 0.85 shall be used (see Table 7.4). A stress
factor ofF = 0.85 is also used for the Stowed Condition.
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Resulting Loads

The determination of all resulting loads in thefeliént load cases has been elaborated
upon in the Ampelmann Demonstrator Basis of Desighich was used by Lloyd’s
Register as the main reference document to cortaadesign appraisal. The resulting
loads at the centre of the top frame of the Stewhatform (the upper gimbal level)
have been calculated using an extensive spreadsheeter to enable the cylinder load
calculations described in the next section. Tatbesiows the resulting calculated loads
on the Stewart platform at the centre of the ugmibal level for all load cases.

Table 7.6Resulting loads at centre of upper gimbal leveltfie Ampelmann load cases

Normal Operation Emergency Cases
Stowed
Starting/ Motion People Double 3 Persons Condition
Ending Compensation Transfers Failure on tip
Fx [kN] 54 7 8 54 8 54
Fy [kN] 65 8 17 65 17 81
Fz [kN] 233 167 160 233 160 217
Mx [kNm] 494 356 344 523 388 529
My [kNm] 40 5 6 41 6 37
Mz [kNm] 121 167 31 129 33 142

7.2.5Cylinder Buckling Check

With the loading conditions defined for all loadsea, a check on all structural
components and connections could be performedssStaculations were performed by
the different manufacturers for all componentsdnaadance with the Basis of Design.
Subsequently Lloyd’s Register performed a verifaratof all calculations ultimately
leading to a Design Appraisal Document (DAD).

Special consideration shall be given in this secto the assessment of the Stewart
platform’s six hydraulic cylinders. The cylinderd® must be checked for buckling in
the different load cases. Due to the Stewart plat® motion characteristics, different
axial loads will occur in each different platfornoge, in combination with specific
cylinder lengths for each pose. Subsequently, athlinations of axial loads and
cylinder lengths have to be checked against th&limgccriterion.

Critical Buckling Force

As a conservative assumption Lloyd’s Register dtéttat for the buckling calculations
the cylinder was to be modelled over its entirgythrusing the properties of the cylinder
rod. CLAME Ch3-2.19 to 2.21 is then used to detamthe maximum allowable stress
in the rod as a function of the cylinder lengtheTgffective cylinder length corresponds
to lengthLy as presented in Figure 7.7. This is the lengtivéet the upper and lower
gimbal points.
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' Effective cylinder length: L N

< el
' '

Cylinder roc
Figure 7.7 Schematic Cylinder Representation

Next, the slenderness ratio of the cylinder modedis a rod can be determined:

=KL
r
With:
K = A constant which depends on the end constraimitions of the
member and is obtained from CLAME 3.2.8 [-]
Ly = Effective rod length, depends on platform posg [
r = Effective radius of gyration ¥ (I,0a/Acq) [M]

With the cylinders being free to rotate but coried against translation at both ends,
value K equals 1.0 for the modelled rod in accordance WtHAME table 3.2.8.
Subsequently CLAME table 3.2.10 presents a tab#égamg a critical compressive
stresso., to the rod as a function of its slenderness, itgenml yield stress and a
Robertson constaat The Robertson constant accounts for the crogmasmf the rod
and the axes of buckling [45]. The Ampelmann Stéwtatform cylinder rods are made
of C45 with a rod diameter of 90 mm. As a resulaterial yield stress of 370 N/mMim
is used in combination with a Robertson constait.5f which applies for rod diameters
over 40 mm. The critical compressive streg®f the rod can now be determined as a
function of the effective rod length as shown in Figure 7.8.

critical compressive stress
. | . .

Figure 7.8 Critical compressive stress as a function of effective cylinder lendth

Subsequently the maximum allowable axial cylindead due to buckling can be
determined for the different load cases using thlewing equation:
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Nmax = F |]Tcr Do?od

With:
Nmax = Maximum allowable axial force in cylinder [N]
F = Load case dependent stress factor [-]
Ocr = Critical compressive stress [N/rfim
Arod = Cross-sectional area of rod [r‘?‘]m

Finally, the buckling check can be performed fochedoad case by applying the
resulting loads at upper gimbal level (Table 7.6)the Stewart platform in a large
amount of different poses throughout its limitedrkgpace defined in section 7.2.4. The
results are shown in Figure 7.9, where the blawk tepresents the maximum allowable
axial cylinder force; the coloured dots represéuet actual cylinder forces in different
platform poses with each colour representing aerbfiit cylinder and each dot
representing a different platform pose. From thgrsghs it can be concluded that the
buckling criterion of the cylinders has been metdi relevant load cases.

Starting/Ending Compensation Mode

People Transfer

g ]
k]
k]

358 4 4.5 )
Lwl[m]

Allowable buckling
\: force as a function
of cylinder length

(Ley)

Nk
N kN

Each colour
represents a cylinder;
Each dot represents a
platform pose

35 4 45 5
Leglml Leglml

Figure 7.9 Cylinder buckling check in the different load ca$er all platform poses
within the limited workspace
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7.2.6Fabrication Survey

The certification process for lifting appliancegju@es that in addition to the design
appraisal, both the fabrication and functional itgstof the lifting equipment is
witnessed by Lloyd’s Register surveyors. The fadiiam survey of the Ampelmann
Demonstrator included the following scope:

1. Identification of materials against relevant mt certificates

2. Review of welding procedures and welder qualifivasi

3. Review of NDE-procedures, -personnel qualificatiand -reports

4. Review of test reports of the N2 pressure cylin@deis the Piston Type
Accumulator

5. Monitoring of fabrication activities and inspectinfcomponents

6. Monitoring of assembly

7. Final visual inspection of assembly

8. Witnessing of functional testing

9. Review of data book

After appropriate completion of the aforementioretivities an inspection statement
was issued (Appendix B).

7.2.70verload Test

As an additional part of the certification processoverload test was conducted with
the Ampelmann system mounted on the deck of thet 8minco. This test was
conducted in the harbour of Harlingen in the Ndtrats. The load used was equal to
1.5 times the maximum SWL on the tip (in load cBseergency Condition - 3 Persons
on Tip) resulting in a certified test load of 450kpunted at the tip with the Telescopic
Access Bridge (TAB) at its maximum outreach of 15 The TAB was luffed and
slewed +/- 5 degrees and telescoped 1m. After catiopl of the test, the TAB, transfer
deck and Stewart platform were visually inspected gound sound, with no
deformations or defects observed. After completibithis test an inspection statement
was issued (see Appendix B).

7.3 Test Phases

7.3.1Motion Tests

Position Control on Cylinders

After the Stewart platform of the Ampelmann Demaoaistr was fully assembled, the
first series of motion tests was performed: posittontrol tests on each cylinder. For
these tests each cylinder was individually contlto perform sine wave motions as
shown in Figure 5.5. The first step was to verhig tookup tables as provided by the
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valve manufacturer against logged valve controinalig in combination with the
resulting cylinder velocities during motions. Thieabled enhancement of the lookup
tables which form an important part of the valventcol module. Subsequently, the
proportional gain and the feed forward gain in¢batrol system could be tuned in such
a way that during the sine wave test motions tharoberror for each cylinder was
minimized.

Valve Measured

Control Cylinder
''''''''''''''''''''''''''''''' Lengths
n Position
i Transducer

Set Points
Cylinder i
Length

Proportional

Control

'
Table 1 Valve

1 Control
% 1+ Signal

\ Stewart
Valve platform
Cylinders

Sine Wave

Feed Forward

Set Point
Velocity !

Hydraulic
pressure

HPU

Figure 7.10Preliminary set-up for valve control

After enhancement of the lookup tables and tunihthe control gains, an accurate
motion performance was achieved. However, accui@s/occurred at the extremes of
the harmonic motion, thus where the velocity chandjeection. The result was a small
shocking cylinder movement at the amplitude of emchion. After a thorough analysis
this was found to be caused by the valve spoolachearistics. The initially chosen valve
had a spool with a 10% overlap as shown in Figutd.7The advantages of such an
overlap are a more secure null position and leskalge. However, as a result such a
valve also has a deadband (Figure 7.11) sincefltexos associated with a significant
band of the spool position. As a consequence, seygthe flow in the cylinder requires
a “jump” in the valve control signal as well as g@ool position. This jump caused the
small shock motion of the cylinders at the ampltuaf each motion. In addition the
deadband caused poor and inaccurate performafiosvataround zero.
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Figure 7.11Characteristics of a valve with an overlap spool

To improve the performance, it was decided to ltaeespools modified. The overlap
was reduced to 1.5% which is considered a crilegal(a smaller lap can cause spool
instability in the null position since flow can dgsdeak to the A or B actuator ports).
This significantly reduced the deadband. In addittbe spool was machined into a
progressive spool; this altered spool shape endiidé®r flow accuracies at small valve
control signals. These alterations are shown imrféi¢Z.12 and led to smooth cylinder
motions when reversing the flow. As a result, theck motion of the cylinders at the
amplitude of each motion was eliminated.

criical | Progressive
ritica apl I:<_ spool Flow A
n
L}

" Reduced

deadband
—> <+

i
)
i h
* Enhanced — ik
A Pressure B flow acuv"- ! Valvg control
In at small flows signal

Figure 7.12Characteristics of a valve with progressive spoal eritical lap

Full Workspace Test

Although the platform motions as defined in 7.2rd leept within the predefined limits
by the control system, control errors can resultposes outside of this envelope.
Therefore the platform was tested in its full war&se to verify that the cylinder
motions do not become physically hampered in amnsepdhis can occur by design
flaws, for instance in the geometry of the gimbalsinsufficient length of the hydraulic
hoses. To this extent all cylinders were fully exted, first individually and later in
different combinations. An example of one of therkepace tests is shown in Figure
7.13.
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Figure 7.13W0rspace test

6DoF test

In the high speed controller, the kinematic caltolamodule calculates the required
cylinder lengths based on the desired relativestations and rotations between the
Stewart platform’s top and bottom frame. This medwas programmed based on the
theories as described in Chapter 6. To test thiduteoand the actual resulting motion
performance of the Stewart platform, the upper &arhthe platform was commanded
to perform surge, sway, heave, roll, pitch and yastions, individually and in different
combinations as well as at various frequencies. d@roper functioning of this module
was checked visually by observing all platform rons.

7.3.2Redundancy Tests

In accordance with the fail-operational reliabilftyrmat as defined in 5.2 the system
was designed and built to have all critical nomtinral components redundant. This
resulted in the system set-up presented in Figur4 (Bhown previously in Chapter 5).
All of the critical functions were tested on theedundant behaviour by putting a single
component out of order and record that the Ampetmamtomatically calls upon its
installed redundant component. Meanwhile, the entiystem has to continue
functioning safely and without any noticeable effiec the predefined period of time.
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Figure 7.14Final set-up for redundant motion control

Paosition transducers

The position transducers form an essential pathe@fmotion control loop, since the
measured cylinder lengths are continuously requiocednable control of the cylinder
behaviour. The redundancy of the six main measuuinitgs, which are placed inside
each cylinder, was achieved by installing an addél external position transducer on
each cylinder. At the start of each operation, wtienplatform is in safe mode and all
cylinders are retracted, the High Speed Contr¢f8C) automatically checks whether
all transducers detect the cylinders at their mimmlength. To account for the
occurrence of possible noise peaks low-pass filtatsrate limiters were included in the
control system, resulting in a smooth an accurasitipn signal. If a wire would break,
this is immediately detected by the HSC which dlyeswitches its input signal to the
external transducer of the relevant cylinder. T¢agety procedure was tested during
platform motions by disconnecting the internal fiosi transducer. The broken wire
was immediately detected and the switch was madeaity to the back-up transducer.
The effects on the platform motions were negligible

Valves

In compliance with the safety philosophy, two valweere installed on each cylinder.
During operation, both valves receive the voltageessary to perform the desired
motion, but only one valve per cylinder is enableg the Programmable Logic
Controller (PLC), thus only one valve is operatioaa any time. When a valve is
enabled by the PLC and receives correct power gupipt valve returns a Valve Ready
signal to the PLC. When the power supply of thet fialve fails, it will stop functioning
(the spool returns to its centred null positiomgssprings) and the Valve Ready signal
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is stopped by the valve. When this Valve Readydigtops, the PLC is triggered to
perform a valve switch: the other valve is dire@habled and takes over the full motion
control. This procedure was tested by disconnedtiagpower supply of the first valve

during platform motions. This redundancy was testadcessfully: the valve switch

procedure is so fast that it was difficult to netitvisually.

Another trigger for a valve switch is the positienror logic signal. Each valve
monitors its own spool position during operationdmynparing the spool position to the
expected position related to the valve voltage aighhis is to detect stick slip due to
particles in the hydraulic oil. If the spool positihas an error of over 30% for longer
than 490 ms, the position error logic output sigaalet to low and the PLC switches to
the redundant valve using the enable signals.

Hydraulic Power Units

The hydraulic power unit (HPU) was made redundantising two units, each with
enough capacity to actuate the entire AmpelmantesysBoth units run simultaneously
during operation; if one unit stops, the operattan continue without any effects. The
PLC will detect the stopping of a HPU and will yey a “code orange” since
redundancy is lost. This was tested successfully imnaddition both HPUs were
stopped to test the functionality of the Piston &ylsccumulator (PTA). This proved
that the 300 litres of pressurized hydraulic osidle the PTA allow for at least 30
seconds of platform motions after both HPUs arpstd.

High Speed Controller

During the redundancy tests, two high speed cdetsolvere used: one as the master
and the other as the slave controller. The masteiraller was continuously monitored
by the PLC using a live signal. As soon as thisaigvas low, the PLC would make a
switch to reroute all input and output signals ie slave controller. This set-up was
tested during platform motions by simply turning tife master controller. However,
this procedure caused the platform to make a suddeck motion which is considered
unacceptable during operations. Analysis of thechwprocedure revealed the cause of
this shock mation: when the master controller istaved off, it takes a small time
interval (some milliseconds) for the live signaldmp under the threshold for the PLC
to consider it as a low signal. After this intervalswitch has to be made for the valve
signal from the master controller to the slave ruldr output, which also takes some
time. In this time, a random analogue signal ig fem the shut down master controller
to the valves, resulting in random cylinder behavitor a period of around 20 ms:
enough to cause a shock motion. After this shotlenithe switch has been completed,
the platform returns to the normal motion path.
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After this test it was concluded that having theo thigh speed controllers in the
system set-up as previously described, resultedl@ss safe situation than having only
one controller since the reliability of the highesp controller was considered to be
much higher than the reliability of the physicaliteW. It was therefore decided to adjust
the system set-up by adding a processor to theathwantrol system that functions as a
“watchdog”: it monitors the functioning of the higipeed controller and sends the
platform to its safe mode in case the controllepst This adjustment is discussed later
in this document.

Programmable Logic Controller

For the Ampelmann prototype, a set of 2 PLCs haeenbused which are
commercially available as a redundant pair andcaramonly used in safety-critical
applications. They work according to the mastevislaoncept with the slave on hot
stand-by. A number of integrity signals from eadtCPRare continuously monitored by
the other PLC. In case the master PLC fails, thgesPLC immediately takes over all
functions. This redundancy has been tested by kinicoff the master PLC during
platform motions. The platform motions continuedrmally and no effect was
observed.

Octans

With the Octans being the main source of data émechotion compensation, having a
redundant Octans was a logical step. However, hawio Octans systems connected to
the same HSC immediately created signal errorsh wgiidden peaks appearing
randomly in the motion data received from both semsSimultaneous logging directly
from both Octans systems revealed that this eres mot coming from the Octans data.
Although the exact reason for these odd errors matsfound, the suspicion is an
overflow in the high speed controller buffering: ilghusing only one Octans in
combination with data logging in the high speedtailer, the same random peaks
appeared. It was concluded that it was safer tee rev additional processor with a
“watchdog” function monitoring the Octans functipisgmilar to the monitoring of the
high speed controller.

Adapted system configuration

After the first series of redundancy tests, thaesysset-up was adjusted as shown in
Figure 7.15, with the Octans and HSC non redundastead, a dedicated watchdog
processor was integrated to monitor the criticalcfions of both the Octans and the
HSC. As soon as a failure is detected through eitteeHSC live signal, the Octans data
flow check or the Octans system check, the watclwegrides the valve signals by first
fading them to O Volt and subsequently reducingrth® the safe mode voltages
causing the platform cylinders to retract at a gpmegrammed speed to have the
Ampelmann system arrive in its settled position.
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Figure 7.15Adapted system set-up with one Octans, one Higle@&g@m®ntroller and a
Watchdog Processor

7.3.3Motion Compensation Tests

In July 2007, the Ampelmann Demonstrator was maliotea barge which was towed
to the Nieuwe Waterweg, (connecting the Port oté&dam with the North Sea) for the
first actual motion compensation test (Figure 7ab@ Appendix A7). Near Hoek van
Holland, with the North Sea just around the cortiee, Ampelmann performed its first
motion compensation in a sea state estimated amktse significant wave height.
Measurements on the transfer deck motions wereopeeid using an Octans: the
registered residual motions of the transfer deckewao larger than 4 cm and 0.5
degrees. It was concluded from this test that tlséian compensating performance of
the Ampelmann Demonstrator was satisfactory.

Figure 7.16First motion compensation test

158



7.3.40perational tests

Operation and Emergency Simulation

For the final test of the Ampelmann Demonstratgoeeson was to access an offshore
wind turbine from a vessel using the AmpelmannaystBefore performing such a test,
however, the operational procedure of personnekfest was extensively tested onshore
first. To this extent a full scale dummy wind turbi boat landing with ladder was
assembled, copied from a typical offshore wind inegb(Figure 7.17). An inherent
advantage of the Ampelmann system is that its Steplatform can function as a ship
motion simulator. The transfer deck could thus betlled to perform pre-described
ship motions simulating the situation of the transfleck when the Ampelmann is
disengaged. Motion compensation could also be sited] either by keeping the
platform steady in its neutral position, or by ¢theg the expected residual motions like
recorded during the outdoor tests in July 2007.

This test set-up, shown in Figure 7.17, enabledulsiting the entire operational
sequence of transferring a crew from the deck véssel to the Ampelmann transfer
deck, positioning the gangway against the turbioat landing and transferring people
to the dummy offshore wind turbine ladder. Thistare test configuration also served
as the main training facility for Ampelmann operato

Figure 7.17Operation simulation with full scale dummy boatdang

In addition to the operation simulations, emergesaiere also simulated by manually
creating a failure in one of the critical comporserbr instance by disconnecting a
valve’'s power supply or a position transducer. Ty the Ampelmann system could
be tested on its operational continuation and thew@&mann Safety Monitoring System
(ASMS) could be tested as well. Any loss of redumayashould send the ASMS into a
code orange, which becomes a code red after agteendined time interval if the
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operator fails to finish the operation himself. &lshe functioning of the watchdog was
successfully tested: a shutdown of either the Gctan the HSC gently sent the
Ampelmann Stewart platform to a safe mode withcglinders retracted. In addition,

the gangway and free-floating functions of telesggpluffing and slewing were found

to passively follow the different transfer deck ioas.

Offshore Access Test

The final operational test was performed in Decan2d®7 at the Offshore Windpark
Egmond aan Zee (OWEZ). For this test the Ampelmsystem was mounted on the
deck of the Smit Bronco, a 25 m tug boat. A crews wansferred to and from an
offshore wind turbine in a safe, fast and easy (Fgure 7.18). Unfortunately for this
test, the wave conditions were mild during thig:tdse significant wave height did not
exceed 0.5 m. Nevertheless, this test proved tlegatipnal procedure of the system
including personnel transfer. With this first ogéraal test, the design and development
of the Ampelmann Demonstrator had been completitdpwegh after this test some
alterations were made to the system to enhanaafédy and performance as described
in the next chapter. Nevertheless, motion compénsaind safe transfers of personnel
were still to be proved in wave conditions withignificant wave height of 2.5 m.

Figure 7.18First operational test

7.4 Evaluation

The objective of the presented certification wonkl dests in this chapter was to prove
the safety of all of the Ampelmann system’s criticamponents and ultimately prove
its main functionality, which is to provide safecass to offshore wind turbines by
motion compensation. A separation has been madeebat structural and non-
structural items of the Ampelmann system’s criticainponents. The safety of the
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system was proven through a certification proces$ medundancy tests, while the
functionality was confirmed by operational tests.

Certification

The safety of all critical structural components baen achieved by proper design and
proper fabrication. Both the design and fabricatafnall structural components was
verified through independent assessment by LloRREgister, who also withessed an
overload test. The design appraisal, however, gfdoebe a challenging task since no
specific regulations existed to verify the Ampelmademonstrator design. Based on
Lloyd’s Register's Code for Lifting Appliances inMarine Environment, a set of load
cases has been developed specifically focused en Atmpelmann purpose and
operational procedure. These load cases were agmihdLloyd’'s Register, who
ultimately issued a full certification of the emtistructural design.

Redundancy Tests

In accordance with the fail-operational safety @édphy all critical non-structural
components were installed redundantly. The cofftetttioning of these components is
constantly being monitored by the Ampelmann Safdgnagement System (ASMS);
failures are therefore detected immediately andfdlilare is to be isolated while the
back-up component directly takes over the taskitwo cases redundancy proved to
create undesired effects. In the case of the Hgge& Controller (HSC) a switch could
not be made fast enough to its back-up unit, theksing an unacceptable shock
motion during this switch. When the back-up Octams installed, the data integrity
was compromised, probably by a buffer overload. bath cases a solution was found
by using a dedicated processor as a watchdog &pérdiently monitor the functions of
the HSC and Octans. In case the watchdog monittause, the platform is set in safe
mode. It is noted that this was only a temporafytemn; the arrangement was later
altered to enable the originally envisaged hardveadhitecture, including two HSCs
and two Octans (as will be described in the nexiptdr). After all other redundancies
were tested satisfactorily, the Ampelmann Demotwmtravas considered ready to be
tested in operation.

Operational Tests

As a final Ampelmann safety aspect the risk of hnreeors had to be addressed. To
prevent such errors, the operational proceduretbade flawless. For this, first the
Ampelmann was tested on its motion compensatioraafp where it proved its
compensating capacities in a sea state with a fiignt wave height of 1.5m.
Subsequently, the entire operational procedure wwated onshore using a dummy
landing zone based on an offshore wind turbineat lending and ladder. This allowed
training operators for the entire procedure inatgdpositioning the tip against the
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landing point. Finally, although in mild wave cotidns, the full operational procedure
was successfully tested offshore at the OWEZ wamthfin December 2007.

Operational Limit

After the operational test at OWEZ, the Ampelmaren®@nstrator still had to prove
its full motion compensating capacity in waves wvatisignificant wave height of 2.5m.
In May 2008, the Ampelmann Demonstrator was mouwntedhe Taklift 4, a floating
sheerleg of 83m length, to assist in the decomomsgsj of an offshore platform.
During this project the Ampelmann system met iteragional limit: personnel transfers
using motion compensation were achieved in a sgasstip tdHs=2.8m. Beyond this
wave height, the limiting factor was found to bee thositioning of the tip of the
gangway against the offshore structure’s landingqitpas residual motions of the
transfer deck and gangway hampered safe positiokiogever, it was found that once
the tip was placed against the structure, the wasichotions of the transfer deck were
adequately accounted for by the passive compegsatapacity of the Telescopic
Access Bridge. Moreover, it is noted that for thisject the Ampelmann was placed at
the side of the barge near the bow, where heavensoare increased significantly due
to pitch motions. If the Ampelmann would have beéaced amidships the operational
window could even have been increased.

Final Improvements

The Ampelmann Demonstrator served as a prototymetoonstrate both the safety
and functionality of the Ampelmann concept. Neveldls, there was still room for
improvements to the system after the first openatidest. As a consequence of the test
results discussed in this chapter, the motion obrget-up was altered in order to
comply with the full redundancy philosophy. For sthithe original High Speed
Controller (chosen for its prototyping aptness) weslaced by controllers commonly
used in industrial applications. With these new [d%Gast switch was enabled from the
master to the slave controller after detection ¢dimre of the master controller. This
new set-up was tested successfully with negligiffiiects on the Stewart platform
motions. The new set-up also allowed connecting @adans motion sensors to the
control system, thereby enabling the originally isaged motion control set-up
presented in Figure 5.6.

As a final major modification, the maximum lengthtbe Telescopic Access Bridge
was increased from 15m to 20m. This was done edtprests from the industry to allow
a larger distance between vessel and offshore tgteuc Placing a longer and
consequently heavier TAB on top of the original vigtgt platform required a new
certification process which was successfully cotgule After these final improvements
had been made to the system, the Ampelmann Deratorstvas renamed Ampelmann
A-01.
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8. Conclusions and Outlook

8.1 Conclusions

8.1.1Introduction

The development of the Ampelmann from initial idet a fully functional prototype
presented many challenges. The most prominent W&ygrove the concept of active
motion compensation in all six degrees of freedgmmeans of scale model tests and
(2) build a prototype, the Ampelmann Demonstratorprove its ability of providing
safe access to offshore wind turbines. The prototygs been developed with a strong
emphasis on the inherent safety of the systemtrémsfer system has been designed to
be fail-operational. The Ampelmann Demonstratoteayés critical safety features have
been addressed and assessed through four mairohalaequirements:

e  Stewart platform motion range

e Stewart platform motion integrity
e Safe operational procedure

e Structural integrity.

8.1.2Scale Model tests

The basic Ampelmann principle has been defineth@asdmpensation of motions of a
transfer deck on a vessel moving in six degreefrefdom by combining Stewart
platform technology with advanced motion measuramétroving this principle
required performing a series of tests for whichnal$ sized platform was used and
which was connected to a motion sensor throughst émmputer with custom made
software.

These tests demonstrated that both a motion sensba Stewart platform can be fast
and accurate enough to keep a transfer deck neadtionless on a moving
underground. The test results led to the concluthian for the frequencies of interest
motion compensation in six degrees of freedom éhrically feasible provided that a
drift free motion sensor is used and signal fitigrin the software is properly adjusted.
The results also justified the next step of thieesch: building a full-scale Ampelmann
prototype.

8.1.3Stewart Platform Motion Range

To increase the accessibility of offshore wind ines, it was concluded that the
Ampelmann system should enable safe transfersanstes with a significant wave
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height of 2.5m. For this, the Stewart platform rieggia motion range large enough to
provide sufficient motion compensation of the tfansdeck during mentioned sea
states.

The motion range of a Stewart platform relates dafiyeto its six architecture
parameters; the extreme forces in the platforrmdglis within this motion range (for a
given load case) are also related to these arthigeqoarameters. To come to an
appropriate Stewart platform architecture for anp&imann system, its architecture
parameters have been varied to create a largef sfferent architectures, enabling
assessment of the motion range and extreme cylfiodegs (preferably minimized for
cost reduction) of the different architectures. Femch architecture the minimum
dexterity throughout the entire motion range must dalculated to verify that no
singularity occurs. The value of the minimum deixyealso enables a good qualitative
assessment of the different architectures: the dowelues are associated with small
motion ranges combined with high cylinder forcesnitiing the platforms with the
lowest minimum dexterities is a fast method to heac shortlist of the most apt
architectures. Ultimately, the designer can makeade-off between a platform with a
large motion range and a platform with low extremgdinder forces. For the
Ampelmann Demonstrator the architecture with thngdat heave motion range was
selected.

In a given sea state, the required motion rangeificient motion compensation by
the Ampelmann system depends highly on the vesges, tthe location of the
Ampelmann on deck of this vessel and the incomimgendirection. The workability
limit of the Ampelmann Demonstrator must therefbee stated for specific cases and
can be calculated using the results of vessel maiimulations.

8.1.4Stewart Platform Motion Integrity

No single component failure may hamper the opematioprocedure of the
Ampelmann; therefore the system had to be designedccordance with a fail-
operational reliability regime. To achieve suchateility it has been concluded that all
non-structural critical components have to be ifeslaredundantly to ensure the
integrity of the Stewart platform motions.

It proved to be feasible to arrive at a set-uptlf@r entire Ampelmann motion control
architecture that is fail-operational, thus allogvithe operational procedure to continue
normally for at least 60 seconds after any singlemonent failure. Nevertheless, it is
imperative to verify the proper functioning of alsmdant configuration: an extensive
series of tests performed on the Ampelmann Dematostrevealed that the redundant
set-up of some components led to unpredictable siretk effects. This was remedied
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later by using components especially apt for theppse of redundancy. Thus in
addition to the selection of appropriate compondotsa redundant configuration,
performing failure tests is a must.

8.1.5Safe Operational Procedure

A purpose-built gangway is crucial for safe andyeascess from the Ampelmann
transfer deck to an offshore wind turbine; a Tadgsc Access Bridge (TAB) was
therefore custom-made for this project. To positie@ TAB against the landing point
on an offshore structure the TAB should be equippéti motion control in three
degrees of freedom: slewing, luffing and telescgpBy having these three degrees of
freedom go into a free-floating mode after the ¢igntacts the structure, residual
motions of the transfer deck can be allowed fohwid additional risks.

The Ampelmann Safety Management System (ASMS) kas beveloped to monitor
all motion system functionalities and switch to ack-up component in case of a
component failure. In such case, a safety procedueagaged by the ASMS, allowing
the operator to finish the transfer operation witlene minute before automatically
ending the operation, while warning the operatwst(iminute) and personnel (after first
minute) using audible and visual alarms. After asteely testing the operational and
safety procedures of the Ampelmann Demonstrataa# concluded that the proposed
operational procedure yields a safe and easy #ansfitine, whereas the selected safety
procedure provides sufficient time to abort therapen safely at any point in time.

8.1.6Structural Integrity

All of the Ampelmann Demonstrator’s critical strucl components had to be
designed and manufactured properly to withstanduttimate loading conditions. This
presented a practical problem since no specifiggdesodes existed for the design
appraisal of a system such as the Ampelmann. Megkrdo be possible, however, to
specifically outline load cases for the Ampelmagstam by thoroughly assessing the
different stages within the operational procedune accounting for the emergency
cases.

8.1.7Design Inclusive Research

Due to the nature of this thesis it was consid@rgzbrative to include design activities
in the research in order to check whether all dtaté-objectives had been met and to
develop new knowledge. The applied design inclusiesearch approach was first
manifested in the safety-based system design to igaight in the viability of a fail-
operational system set-up. Secondly, the dedicdésign of the Ampelmann Stewart
platform was necessary to reach an architecturefapthe required vessel motion
compensation, thereby integrating the fields okaesh of ship motions and Stewart
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platforms. Finally the design of the Ampelmann Destoator’s structural components
was used for verification of the structural intégragainst the load cases developed
specifically for the Ampelmann system. All threesidg actions combined contributed
to the development of the Ampelmann Demonstratee, testing of which in turn
facilitated the validation of these design actions.

Within this research the most prominent designoactiias designing the architecture
of the Ampelmann Stewart platform. Three designhmés have been studied which
have all lead to valuable conclusions. The vess#lam based design method created
insight in the influence of both vessel length &mel location of the Ampelmann on the
vessel deck on the required cylinder lengths. Algtothis method will be useful when
designing an Ampelmann system for a known dedichted vessel, this research was
specifically focussed on creating an Ampelmannesysto be used for a wide range of
vessels; therefore other design methods were examiA platform design method
based on the scaling of an existing platform aechitre proved to give a good starting
point to yield a platform with a large workspace ilwhavoiding singularities.
Nevertheless, optimization of the platform (i.ecrease of workspace and decrease of
maximum cylinder forces) can still be achieved higration of the design parameters.
The design procedure which led to the architectapplied in the Ampelmann
Demonstrator Stewart platform was based on assumioglinder stroke of 2 metres
while having all other design parameters variableind) the design process for
optimization of both workspace and cylinder loads.

With this stroke based design process a final Stewktform architecture was
reached which met all predefined requirements. Heweor this Ampelmann design to
achieve full motion compensation in sea states witkignificant wave height of 2.5
metres it has to be mounted on a vessel with aHenfghO metres or more. If a smaller
vessel is used the workability will be reduced sithe use of smaller vessels will
generally result in larger motions. For this reshathis has been accepted: the limited
deck space of a 25 metre vessel does not allowrfakmpelmann footprint larger than
the predefined 6 by 6 metres. And although vesskelsver 50 metres in length may
allow for a larger footprint, in practice it is fod that deck space is always scarce and
therefore the chosen footprint is considered coivegnalso for larger vessels. As a
final conclusion, it can be stated that furtherimj#ation of the Stewart platform
architecture could have been possible if the fanalct design loads would have been
known at forehand. However, these loads are ma&ialysed by the dead weight of the
platform, which in turn was determined by the resil the component design. This
shows that design inclusive research has beentafideifor a process as presented in
this thesis.
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Overall, the design included in this research iiatéd the validation of the hypothesis
stated in 2.5.3, that the combined technologies @tewart platform and a motion
sensor enable compensating wave induced vessebmaoith six degrees of freedom.
This is an addition to scientific knowledge in thield of active motion compensation
and opens doors for other Stewart platform apptioaton vessels.

8.1.8Main Research Objective

The main objective of this thesis was to prove @matAmpelmann system can, in a
safe manner, significantly increase the accesibdf offshore wind turbines when
compared to presently used systems. The significaerease in accessibility was
qguantified in this study by proving that the Ampalm Demonstrator could safely
perform personnel transfers in sea states withgaifgiant wave height of 2.5m. To
address the safety aspect of this objective, theldpment of both, the system design
and the operational procedure were safety-baseal rd3ulting system, the Ampelmann
Demonstrator, has been validated through an extessiries of tests as well as through
a certification scheme. It can be concluded from fimdings of this work that the
required safety demands have been met both inytheat in practice. Concerning the
increase in accessibility, computer simulations ahd later stage operational offshore
experience have proven that safe personnel transfer feasible in sea states with a
significant wave height of at least 2.5m.

8.2 Outlook

8.2.1Status by the Summer of 2010

After an offshore transfer demonstration at OWExns final alterations were made
to the Ampelmann Demonstrator, the most prominemsdeing the reinstatement of
the fully redundant motion control set-up and thgtallation of a longer gangway. This
enhanced version of the Ampelmann Demonstrator mased A-01; the second
Ampelmann system named A-02 was built in 2009. myrihe first half of 2010,
Ampelmann systems A-03 and A-04 were constructddfoir Ampelmann systems
are commercially available and have been appliedifferent offshore projects.
Amongst these projects are the decommissioningnobféshore platform (Figure 8.1
and Appendix A8), where motion compensation wasieaeld in sea states up to
Hs=2.8m, and the installation of transition piece®fihore wind turbines (Figure 8.2).
By the summer of 2010, the four Ampelmann systemgehjointly provided over
25.000 personnel transfers to more than 100 ofésktuctures from over 15 different
vessels in projects off the coast of four differemtinents.
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Figure 8.1 Ampelmann at platform Figure 8.2 Ampelmann at transition piece
decommissioning installation

8.2.2Application in the Offshore Wind Industry

During the completion of this thesis the Ampelmaystem had not yet been applied
for its originally envisaged task, namely to seagean access method to offshore wind
turbines. Due to its current size and weight, thetean is best apt for vessels with a
length of 50 metres and more, whereas so far tissel® applied for offshore wind
turbine maintenance are generally smaller. For warns with a large number of
turbines situated at a large distance from theastgoort we may well see larger vessels
(with a length of 50m or more) permanently locatgthin the farm to accommodate
crew and spare parts. Such a vessel can also acmbetenan Ampelmann system in
order to enable safe personnel transfers in s¢éesstip to a significant wave height of
2.5m thereby significantly increasing the acce$igiband thus uptime of an offshore
wind farm.
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Appendix A: Videos

Appendix Al: IMU Test
A short video of a test executed to measure thiapeance of an IMU motion sensor
can be downloaded at www.ampelmann.nl/appendices.

Appendix A2: 6DoF Joystick Test

A short video of a visual motion test with the Qwtamotion sensor used as a 6DoF
"joystick" to move the MMS can be downloaded at wampelmann.nl/appendices.

Appendix A3: Scale Model Dry Test
A short video of the dry test with the Ampelmanalscmodel can be downloaded at
www.ampelmann.nl/appendices.
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Appendix A4: Scale Model Resonance
A short video of the resonance that occurred duttregAmpelmann scale model wet
tests can be downloaded at www.ampelmann.nl/appesdi

Appendix A5: Scale Model Wet Test
A short video of a wet test with the Ampelmann scalodel can be downloaded at
www.ampelmann.nl/appendices.
el | WS |
- % } 8

Appendix A6: Resonance Simulation
A short video of the resonance simulated in Sinkulcen be downloaded at
www.ampelmann.nl/appendices.
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Appendix A7: First Motion Compensation Test
A short video of the motion compensation test ef Ampelmann Demonstrator can be
downloaded at www.ampelmann.nl/appendices.

Appendix A8: Ampelmann During Operation
A short video of the Ampelmann Demonstrator dudngoperational procedure can be
downloaded at www.ampelmann.nl/appendices.
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Appendix B: Ampelmann Certificates

Certificate no: RET0207058/1
Page 1 of 1
PFroject:  Ampelmann Demonstrator (motion system)
Client:  Delft University of Technology Office:  Rotterdam
Dept. : Offshore Engineering
Ampelmann Demonstrator Project
Stevinweg 1
2628 CN Delft
Clients Order Number: ~ AmpelmannDemonstrator.1 Date:  20.04.2008
Order Status: Complete
Inspection Dates
Frst.  16.01.2007 Final:  17.12.2008

This statement is issued o the above named client in order to state that the undersigned Surveyors did attend their premises at Delft,
the Netherlands and the works of na b.v. d on and b the above dates in order to witness the
fabrication and functional testing of the undernoted lifting equipment :

E (1 LI DEMONSTRA SYSTEM

The following scope of inspection was carried out:

- Identification of materials against relevant mill test certificates
- Review of welding procedures and welder quali
- Review of NDE-procedures, -personnel qualifications and —reports.

- Review of test reports of 28 (twenty-sight) 501. N2 pressure cylinders and 1 (one) Piston Type Accumulator.

- Monitoring of fabrication activities and inspecting of companents  gimbal, gimbal block, gimbal pin, rod-end, cylinder end, bottom ~frame,
connection-frames, piping, cylinders, gimbal-chair bottom frame, tap-frame, connection-frames and gimbal chair top-frame) as per agreed schedule
- Monitoring of assembly

- Final visual inspection of assembly.

- Witnessing of functional testing

- Review of data book

ions

A

P. Kuijpers for A.]. Bolland, H. Appelo and self

Surveyors to Lloyd's Register Nederland b.v.

A member of the Lioyd's Register Group

Lloyd's Register, its affiliates and subsidiaries and their respective officers, employees or agents are, individually and callectively, referred ta in this clause as the “Uoyd's
Register Group'. The Lloyd's Register Group assumes no fesponsibility and shall not be liable to any person for any loss, damage or expense caused by reliance on the
information or advice in this document or howsoever pravided, unless that person has signed a contract with the relevant Lioyd's Register Graup entity for the provisian
of this information or advice and in that casa any responsibility or liabllity is exclusively on the tarms and conditions set out in that contract.

Form 1123Local (2005.02)
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Certificate no: RET0207058/2

Page 10f 1

l{élo&il's
giSter INSPECTION STATEMENT

Project
access bridge

Client:  Delft University of Technology

Dept. : Offshore Engineering

Ampelmann Demonstrator Project

Stevinweg 1
2628 CN Delft

Clients Order Number: - AmpelmannDemonstrator.1

Inspection Dates
First:  16.01.2007

Ampelmann Demonstrator (transfer deck and telescopic

Office:  Rotterdam

Dste:  20.04.2008

Order Status: ~ Complete

Final:  17.12.2008

This statement is issued to the above named client in order to state that the undersigned Surveyors did attend the premises of SMST,
B x

Franeker, the onand the above

the undernoted lifting equipment :

ONE (1

dates in order to witness the fabrication and functional testing of

CK AND TELE! ESS BRID

The following scope of inspection was carried out (ref. LR Groningen no. GRO0703028) :

- ldentification of materials against relevant mill test certificates
- Review of welding procedures and welder qualifications
- Review of NDE-procedures, -personnel qualifications and —reports.

- Monitoring of fabrication activities and inspecting of components ( transfer deck, telescopic access bridge, luffing cylinders (2x), telescopic cylinder

1x, slew bearing and set of accumulators ) as per agreed schedule.
- Monitoring of assembly.

- Final visual inspection of assembly.

- Witnessing of functional testing

- Review of data book.

Lloyd's Register, its affiliates and subsidiaries and their respective officers, employees or agents are, individually and collectively, referred 1o in this clause as the *Lioyd's
Register Group'. The Lloye's Registar Group assumes no responsibility and shall not be liable to any person for any loss, damage or expense caused by reliance on the
infarmatian or advice in this document or howsoever provided, unless that person has signed a contract with the relevant Lloyd's Register Group entity for the provision

e

P. Kuijpers for R.van Smeerdijk , H. Terpstra and self

Surveyors to Lloyd's Register Nederland b.y.

A member of the Lioyd's Register Graup

of this information or advice and in that case any responsibility or liability s exciusively on the terms and conditions set out in that cantract,

Form 1123Lecal (2005.02)

178

Asiie



Certificate no: RET0207058/4

Page 1 of 1
Froject:  Ampelmann Demonstrator
Client:  Delft University of Technology Office’  Rotterdam
Dept. : Offshore Engineering
Ampelmann Demonstrator Project
Stevinweg 1
2628 CN Delft
Clients Order Number:  AmpelmannDemonstrator.1 Date:  20.04.2008
Order Stalvs:  Complete
Inspection Dates
First. 14.12..2007 Final: 14.12.2008

This statement is issusd to the above named client in order to state that the undersigned Surveyor witnessed on 14.12.2007, the
offshore test of the undernoted equipment at OWEZ Windfarm located in block Q5 of the Dutch Continental Shelf :

PELMANN DEMONSTRA'

The following scope of inspection was carried out:

- Witnessing of functional offshore test of D ing TU Delft Offshore test procedure
- Visual inspection after testing, found structure sound and observed no deformation or defects,

P. Kuijpers

Surveyors 1o Lloyd's Register Nederland b.v.

A member of the Lloyd's Register Group

Uloyd's Register, its affiiates and subsidiaries and their respective officers, emplayess or agents are, individually and collectively, referred to in this clause as the ‘Lioyd's
Register Group'. The Lioyd's Register Group assumes no responsibility and shall net be liable to any person far any lass, damage or expense caused by reliance on the
information or advice in this document or howsoever provided, unless that persan has signed a contract with the relevant Lioyd's Register Graup entity for the provision
of this information or advice and in that case any responsibility or liability is exclusively on the terms and conditions set cut in that contract.

Form 1123Local (2005.02)
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Certificate no: RET0207058/3

Page 10of 1
Project:  Ampelmann Demonstrator
Clent:  Delft University of Technology Office:  Rotterdam
Dept. : Offshore Engineering
Ampelmann Demenstrater Project
Stevinweg 1
2628 CN Delft
Clients Order Number: ~ AmpelmannDemonstrator.1 Date:  20.04.2008
Order Status: Complete
Inspection Dates
Fist10.12..2007 Final:  10.12.2008

This statemant s issued (0 the above named client in order to state that the undersigned Surveyor did attend the premises of Ship Dock,
Harlingen , the Netherlands on the above mentioned date in order to witness the load testing of the under noted lifting equipment :

NSTRATOR

The following scope of inspection was carried out:

- i ing of d test of D ling TU Delft test procedure (450 kgs at 15 m. outreach)
- Visual inspection after testing , found structure sound and observed no deformation or defects.
- Signed off test procedure

P. Kuijpers for P.Nijholt and self

Surveyors to Lloyd's Register Nederland b.v,

A member of the Uayd's Register Group

Lloyd's Register, its affiliates and subsidiaries and their respective officers, emplayees or agents are, individually and collectively, referred to in this clause as the ‘Lloyd's
Register Group'. The Lioyd's Register Group assumes no responsibility and shall not be lisble to any person fer any loss, damage or expense caused by reliance on the
information or advice in this document or howsoever provided, unless that person has sigred a contract with the relevant Lloyd's Register Group entity for the provision
of this informatian or advice and in that case any responsibility or liability is exclusively an the terms and conditions set out in that centract

Form 1123Local (2005.02)
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Document no RET0207058-02
Issue number &~ 2
Page 10f4

l%e Y?S Design Appraisal Document
gister

Lloyd's Register Nederland B.V. Date
Plan Appraisal Department 09 November 2009

Weena-Zuid 170, 3012 NC Rotterdam

Postal: P.O. Box 701, 3000 AS Rotterdam Quote this reference on all future communications
Telephone: +31(0)10 2014200 RET0207058-02/SH/issue2

Telefax: +31(0)10 4117580

Ampelmann Company
Ampelmann Personnel Transfer Access Bridge (TAB)
Model: Demonstrator 1

1. The drawings listed below have been examined for compliance with:
Lloyd's Register "Code for Lifting Appliances in a Marine Environment, July 2008" Chapter 3,
Section 2 & 3 as applicable and are assigned an appraisal status as indicated in the status column,
subject to the under noted comments:-

The structural aspects of the 'Ampelmann Demonstrator’ have been examined for operation for the
following design conditions

Design Parameters
Self weight .
Duty factor .
Minimurn design temperature

Limiting Operational Envelope*

Rotations:
static heel ... 12/5°deg
static trim . 15/2°deg
roll [¢]. 0° deg
pitch [6] 1 5° deg
yaw [y] 115° deg
Translations:
112m

surge [x-longitudinal] .
sway [y-transverse]
heave [z-vertical]
Maximum vessel accelerations for TAB operanon normal to deck [z]
Maximum vessel accelerations for TAB operation - parallel [x-y]

:3.5m/s?

*The limiting values of sea state, wave period, wave height etc. which give rise to the limiting
vessel responses stated above are vessel/hull type specific and are outside the scope of this
appraisal. The full range of geometric limitations rotations and displacements for the TAB are
as specified in the Basis of Design Document PR_AM_DE_QA_LR_DA_BOD_C, 03-07-2009.

Loading Conditions

TAB rotating infoutboard — Compensation cylinders not extended
Live load on transfer deck only... S 16 kN
Hoisting factor (on TAB 300, telescopic bridge & tip self weight) ...t 1115

Lioyd's Register Nederland 8.V.
is a member of the Lloyd's Register Group
Uoyd's Register, its affiiates and subsidiaries and their respective officers, employees or agents are, individually and collectively, referred to in this clause as the ‘Lloyd's
Register Group*. The Lioyd's Register Group assumes no responsibility and shall not be liable to any person for any loss, damage or expense caused by refiance on the
information or advice in this document or howsoever provided, unless that person has signed a contract with the relevant Lloyds Register Group entity for the provision
of this information or advice and in that case any responsibilty or liabiity is exclusively on the terms and conditions set out in that contrac.

Form 6438CP (2008.07)
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Document no RET0207058 02
Issue number ;2
Page 2 of 4

Engagina/disengaging compensation - Telescopic bridge unit retracted
Live load on transfer deck only
Vertical accelerations additional to vessel accelerations-normal to deck [z]
Hoisting factor (Applicable to all loads above and incl. upper gimbal chairs)

Positioning TAB — Compensation On
Live load on transfer deck only............
Residual accelerations with compensation engaged [x,y,z].
Hoisting factor (on TAB 300 and telescopic boom)

Operational Personnel transfer
Longitudinal contact loading max. push force {x]

Transverse contact loading [y}...
Live load on transfer deck
Live load on TAB 300 & te!escop\c boom »
Residual accelerations with compensatxon engaged [x v,z }. .
Hoisting factor ... . .

Emergency Personnel Transfer 1
All parameters as for operational transfer other than:
Live load on transfer deck.. .

Live load on TAB 300 & telescop\c boom

Emergency case 2 -Retraction without motion compensation
Live load on transfer deck...
Live load on TAB 300 & telescopic boom
Accelerations (Longitudinal {x] Transverse [y] Vertical [z])
Hoisting factor . .

2. Documents

Drawing No. Rev. Title Status Date

PR-AM-DE-QA-LR-DA- C  Ampelmann Demonstrator Basis of Design RI 3 July 2009
gg{i ZCOD-BOD»H C  TAB300 Centre of Gravity RI 3 July 2009
0701200-B-10-11 C  General weld assembly B 3 July 2009
0701200-B-10-14 A Baseparts 1 B 3 July 2009
0701200-B-10-20 B TAB300 - Base frame assembly RI 3 July 2009
0701200-B-10-21 A TAB300 - Base frame welding-1 B 3 July 2009
0701200-B-10-24 B TAB300 - Base frame parts-1 B 3 July 2009
0701200-B-10-30 C  TAB300 - Base frame assembly RI 3 July 2009
0701200-B-10-31 D TAB300 - Base frame welding/machining B 3 July 2009
0701200-B-10-34 C  TAB300 parts 1 B 3 July 2009
0701200-B-10-35 B TAB300 parts 2 B 3 July 2009
0701200-B-10-41 D T-Boom welding B 3 July 2009
0701200-8-10-44 C  T-Boom parts-1 B 3 July 2009
0701200-B-10-45 D T-Boom parts-2 B 3 July 2009
0701200-B-10-60 A Boomtip type 2 assembly RI 3 July 2009
0701200-B-10-61 B Boomtip type 2 welding B 3 July 2009
0701200-B-10-64 A Boomtip type 2 parts1 B 3 July 2009
0701200-B-05-60 B Platform basic design B 3July 2009

Lioyd's Register Nederland B.V.
s a member of the Lioyd's Register Group
Form 6438CP (2008.07)
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Drawing No.
0701200-B-56-14
0701200-B-56-40
5129_v2_Q
0701200-B-08-61
29620
0701200-8-86-20

29620_03.MCD
29620_04.MCD
29620_05.MCD
29620_06.MCD
29620_07.MCD
29620_08.MCD
AMP-00

AMP-01-1
AMP 00-A-01
AMP 00-B-01
AMP 00-C-01
AMP 00-D-01
AMP-03
AMP-04-1
AMP-10-1
AMP-10-2
AMP-10-3
AMP-10-4
AMP-10-5
AMP-10-6
AMP-11-1
AMP-11-2
AMP-11-3
AMP-12-1
AMP-12-2
AMP-12-3
AMP-12-4
AMP-12-5
AMP-12-6
AMP-12-7
AMP-12-8
AMP-13-1
AMP-13-2
AMP-13-3
AMP-14-1
AMP-14-2

Form 6438CP (2008.07)

Title

General parts 1

Operator Platform / Waiting area assembly

DW 125x80x6000 (ASI Soest)
T Cyfinder basic design
VDW 120/90 x 2000 (Vremac)

Luffing cylinder assembly (Vremac VDW 125/90 x

895)
Vremac cylinder calculations

Vremac cylinder calculations
Vremac cylinder calculations
Vremac cylinder calculations
Vremac cylinder calculations
Vremac cylinder calculations

Double acting cylinder with the annular end being Ri

charged with pump pressure
Assembly Ampelmann

Top Frame — Ampelmann motion system

Bottom-Frame Ampelmann
Bottom Gimbal-chair Ampelmann
Top Gimbal-chair Ampelmann
General assembly

AMP-04-1

Sub assembly bovengimble

Juk voor stangkop

Stangkop

Pen voor bovengimble

Borgplaat

Lagerblok

Sub. assembly ondergimble

Juk voor ondergimble

Gaffel

Assembly gimble stoel onderframe
Steun plaat

Versterkingsplaat

Front plaat

Steunribbe boven

Buis

Bevestigingsplaat

Gimble plaat

Koppelframe 1

Koppelframe 2

Koppelframe 3

Gimble stoel - gangway bevestiging
Gimbte bevestigingsplaat

Document no
Issue number
Page 3 0f 4

RET0207058-02
2 o

Status Date

B 3 July 2009
RI 3 July 2009

9 November 2009
9 November 2009

B
B
B 3 July 2009
B

RI 9 November 2009
RE 9 November 2009
Rl 9 November 2009
RI 9 Noverber 2009
RI 9 November 2009
Rl 9 November 2009

3 July 2009

R 3 July 2009
RI 3 July 2009
RI 3 July 2009
RI 3 July 2009
Rl 3 July 2009
RI 3 July 2009
Rl 3 July 2009
R 3 luly 2009
B 3July 2009
B 3July 2009
B 3luly 2009
R 3 July 2009
B 3July2009
R 3July 2009
3 July 2009
3 July 2009
3 July 2009
3 July 2009
3 July 2009
3 July 2009
3 July 2009
3 luly 2009
3 July 2009
3 July 2009
3 July 2009
3 July 2009
3 July 2009
3 July 2009
B 3 July 2009

W W W W W W W W m

© = ® =

Uoyd's Register Nederland B.V.
is a member of the Lioyd's Register Group
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Document no RET0207058-02
Issue number

Page 4 of 4

Drawing No. Rev. Title Status Date

AMP-14-3 - Wigvormige plaat B 3 July 2009
AMP-14-4 - Bevestigingsplaat B 3 July 2009
AMP-14-5 - Verstijvingsplaat - 1 B 3 July 2009
AMP-14-6 - Verstijvingsplaat - 2 B 3 July 2009
AMP-14-7 - Gangway bevestigingsplaat B 3 July 2009
MO0946/07 - Calculation of slewing Ring (IMO) Rl 3 July 2009
42-321900/2-07661 - Double race ball slewing ring RI 3 July 2009
42-321900/2-07661-5 - Double race ball slewing ring RI 3 July 2009
0701200-C-07-02A A Ampelmann Starframe and Baseframe - Analysis Rl 3 July 2009
0701200-C-07-03A. A Ampelmann Starframe and Baseframe Extra Info. RI 3 July 2009
0701200-C-07-04A A Ampelmann Starframe and Baseframe Extra Info. #2 RI 3 July 2009

3. Comments

31 This Design Appraisal Document (D.A.D.) cancels and supersedes the previous D.A.D. number RET0207058-
01/SHI/issuet, dated 03 July 2009.

32 This appraisal is limited to the structural aspects of the Ampelmann Demonstrator. The appraisal of the control
system is outside the scape of this appraisal.

33 Following an emergency loading condition the appliance is to be taken out of use and subject to survey before
the appliance is put back into service.

34 Structural bolts to the gimbal chairs, upper and lower, are to be a minimum of Grade 10.9 unless stated
otherwise.

35 The attachment of the appliance to and the adequacy of the supporting structure in way are to be to the
Surveyor's satisfaction.

36 All materials and workmanship, including welding details and NDE, are to be to the Surveyor's satisfaction.

3.7 The appliance is to be surveyed, marked and tested in accordance with the-appropriate requirements of

Chapter 9 of the Code to the Surveyor's satisfaction.

S.J. Hermans

rveyor
Energy
Rotterdam Office

Lloyd's Register Nederland B.V.

orfdon Office
oyd's Register EMEA

Appraisal Status Key

B Examined and found in accordance with the Code(s) and/or Standard(s) specified on page 1 of this Design
Appraisal Document
RI Used for information only

Lioyd!'s Register Nederland B.V.
is a member of the Lioyd's Register Group
Form 6438CP (2008.07)
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Samenvatting

De afgelopen decennia is duurzame energie steetmngdoigker geworden als
alternatief voor het gebruik van fossiele brandstof Van alle verschillende soorten
duurzame energie heeft windenergie zich weten tplamien tot een kosteneffectieve
alternatieve energiebron. Hierdoor is de windindestiitgegroeid tot een grote
internationale bedrijfssector. Steeds meer winditd worden offshore geplaatst, waar
windcondities over het algemeen gunstiger zijn diamet land. Een nadeel is echter dat
offshore windparken qua investeringskosten en draetskosten duurder zijn dan
windparken op het land. Bovendien worden offshonedparken steeds verder uit de
kust gebouwd waar de omgevingscondities ruiger. Zijih schept een uitdaging wat
betreft het onderhoud van de windturbines. Moméntesrdt onderhoudspersoneel
hoofdzakelijk met behulp van schepen naar de vaff$tiore windturbines overgezet,
waarbij een schip met de boeg tegen de windturhingt en men vanaf de boeg door
middel van een ladder op de windturbine overstdahwege de veiligheid kunnen deze
overstappen enkel plaatsvinden in rustige golfdieslimet een significante golfhoogte
(Hg) tot ongeveer 1.5 meter. Offshore windparken ayaties met ruigere golfklimaten
kennen daarom een verlaagde toegankelijkheid, arafel stilstandtijden en verlies van
inkomsten tot gevolg heetft.

De toegankelijkheid van offshore windturbines kaanzenlijk worden verhoogd
indien personeel veilig naar de turbines kan woralegrgezet in golfcondities met een
significante golfhoogte tot 2.5 meter. Een dergeliyerhoogde toegankelijkheid vergt
evenwel een nieuwe overstapmethode. Het nieuwe s@apmysteem dat in dit
proefschrift wordt geintroduceerd heet "Ampelmaen'maakt het veilig overzetten van
personeel en goederen mogelijk door een schip deziem van een overstapdek dat stil
kan staan ten opzichte van de vaste wereld. Dit idegemonteerd bovenop een
zogeheten Stewart platform (vaak gebruikt als astdewoor viuchtsimulatoren), wat
een systeem is dat met behulp van zes hydraulisthders bewegingen kan maken in
alle zes graden van vrijheid. Dit Stewart platfomordt gemonteerd op het dek van het
schip. Om het overstapdek van het Stewart platfstilie laten staan ten opzichte van
de vaste wereld, worden de bewegingen van het (dek het) schip continu
geregistreerd door een bewegingssensor. Hierdaurdrude cilinders van het Stewart
platform vervolgens op een dusdanige wijze wordangastuurd dat een stabiel en
stilstaand overstapdek wordt gecreéerd. Een logphanaf het dek biedt vervolgens
toegang tot de offshore windturbine. De doelstglliran dit onderzoek, waarvan de
resultaten in dit proefschrift worden gepresenteerde bewijzen dat het gebruik van
een Ampelmann systeem de toegankelijkheid van ofésvindturbines op een veilige
manier kan verhogen.
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Allereerst is onderzocht of de combinatie van desefgllende technologieén in het
Ampelmann systeem (een Stewart platform en een diag&sensor) een voldoende
shelle en nauwkeurige aansturing kon leveren omoaenstapdek op een bewegend
schip bewegingloos te krijgen. Hiervoor is een seigsten gedaan met een schaalmodel
bestaande uit een klein Stewart platform, een bmgsegensor en speciaal voor dit
project ontwikkelde software. Deze zogeheten paofafencept werd uitgevoerd door
eerst het gecombineerde systeem bovenop een @@eart platform te plaatsen om
scheepsbewegingen te simuleren. Zo konden de systestaties worden getest en de
besturing worden verbeterd. Vervolgens is het doiadel op een bootje van 4 meter in
golfcondities op bewegingscompensatie getest, mesitief resultaat. Deze
schaalmodelproeven vormden het bewijs van het Amg@eh concept: het verkrijgen
van een stilstaand overstapdek op een bewegeng. Soki positieve testresultaten
hebben geleid tot de volgende fase: het bouweregarprototype.

Met dit prototype, de Ampelmann Demonstrator, mdestvezen worden dat het
mogelijk is personeel veilig over te zetten naast®aoffshore windturbines in echte
zeecondities. Voorafgaand aan de ontwikkeling varthpelmann Demonstrator, zijn
de volgende systeemeisen gesteld:

» Hoge veiligheidsnormen

» Systeem toepasbaar op een breed scala aan schepen
» Geen speciale toebehoren vereist op de windturbine

» Toegankelijkheid in zeecondities tdt = 2.5m.

Voor het ontwikkelen van een inherent veilig Ampahm systeem werd edil-
operational veiligheidsfilosofie toegepast. Dit betekent da het falen van een
willekeurig component de overstapprocedure minsté@sseconden normaal moet
kunnen worden voortgezet. Dit is genoeg tijd onoderstapprocedure veilig te kunnen
voltooien en het platform terug te krijgen in eailige stand. Deze veiligheidsfilosofie
is in het ontwerp van de Ampelmann Demonstratontggieerd middels vier vereisten:

* Bewegingsbereik van het Stewart platform

« Bewegingsintegriteit van het Stewart platform
e Veilig operationele procedure

* Integriteit van de constructie.

Het ontwerp van het Stewart platform moet voldoebdeegingsruimte bieden om
scheepsbewegingen te kunnen compenseren in zegesidiHs = 2.5m. Om de meest
geschikte architectuur te bepalen voor het Stewdatform van de Ampelmann
Demonstrator is een ontwerpprocedure ontwikkelaeritior is eerst een groot aantal
mogelijke opties voor de architectuur parametepabbd, bij een cilinder slaglengte van
2 meter en begrensde afmetingen van het bovenneéarivame. Vervolgens is voor
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elke architectuur met een berekeningsprocedurbéweegingsbereik bepaald, alsook de
extreme axiale cilinderkrachten. Ontwerpen diedeidtot de grootste cilinderkrachten
zijn afgewezen omdat grote cilinderkrachten grotatederdoorsneden vereisen met
bijbehorende hogere kosten. Uiteindelijk werd datfpkmarchitectuur met het grootste
verticale bewegingsbereik beschouwd als de meesthgee voor de Ampelmann
Demonstrator. De prestaties van dit platform zijm erschillende typen schepen
onderzocht door middel van bewegingsimulaties. §&steld werd dat het gekozen
Stewart platformontwerp bewegingscompensatie kegrém in een zeetoestand udg

= 2.5m op schepen met een lengte vanaf 50 meter.

Voor goede bewegingscompensatie moeten de bewegirage het Stewart platform
betrouwbaar zijn en niet beinvioed worden door nfdée componenten. Alle niet
constructieve kritische onderdelen van het Stewatform zijn daarom redundant
ontworpen om te voldoen aan de fail-operationaligle¢idsfilosofie. Vanwege deze
redundante samenstelling kan het systeem na eémgsé@n een kritisch onderdeel nog
ten minste 60 seconden operationeel blijven. Zeéradergelijk onderdeel faalt, wordt
dit door het Ampelmann Safety Management SystenMBfgedetecteerd. Dit systeem
reageert onmiddellijk door de storing te isolerem @ver te schakelen naar het
reservecomponent. Bovendien wordt de operator gaaliawd om de operatie binnen
een minuut te voltooien. Door middel van een uitgale reeks testen is bewezen dat
het systeem fail-operational is.

Om de overstap van het personeel veiliger te makezen operationele procedure
gedefinieerd. Het Ampelmann systeem wordt bedieoldlens deze voorgeschreven
operationele procedure door operators die hierzgaropgeleid. Daarnaast houdt het
ASMS voortdurend toezicht op alle systeemfunctiaswaarschuwt het systeem de
operator in geval van storing aan een onderdeetoBgang vanaf het overstapdek van
de Ampelmann naar een aanlandpunt op een windturbiordt op een veilige en
gemakkelijke manier mogelijk gemaakt door een losagbDeze Telescopische Access
Bridge (TAB) is uitgerust met drie graden van \eifh die de operator in staat stellen
het uiteinde van de loopbrug tegen een aanlandigupbsitioneren. De free-floating
functies van de TAB zorgen ervoor dat contact nettdanlandpunt wordt behouden,
zelfs wanneer het overstapdek restbewegingen érvaar dienen tevens als
veiligheidsprocedure om de loopbrug tegen het adplant gedrukt te houden in het
geval van een noodsituatie. De veiligheid van dgzerationele procedure is bevestigd
door testen op land en offshore.

Om de integriteit van de constructie van de Ampelm®emonstrator te kunnen
garanderen, zijn zowel het ontwerp als de fabriczge alle constructieve onderdelen
van het systeem door de certificeringinstantie tlsyRegister geévalueerd. Voor de
ontwerpbeoordeling leidde dit tot een praktischbpgem, omdat er geen specifieke
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ontwerpregels bestonden voor een Ampelmann syst€gmbasis van de bestaande
regels voor hijsapparatuur in een maritieme omggewrerden er zes specifieke
belastinggevallen geformuleerd voor het Ampelmaysteem; deze werden akkoord
bevonden door Lloyd's Register om te worden gebruilor de ontwerpbeoordeling.

Gebaseerd op het ontwerp, de fabricage en een alastingsproef is een volledig

certificaat afgegeven ter bevestiging van de irteigrvan de constructie van de
Ampelmann Demonstrator.

De ontwikkelingsfase van de Ampelmann Demonstrigteind 2007 afgerond met een
geslaagde overstapdemonstratie op het Offshore pEikdEgmond aan Zee (OWEZ).
In 2009 is het tweede Ampelmann systeem gebouwdplgg door nog eens twee
systemen in de eerste helft van 2010. De vier Byatezijn commercieel verkrijgbaar
en zijn reeds toegepast in offshore windenergi¢epten alsook olie -en gasprojecten.
Tot en met de zomer van 2010 zijn met de vier Amein systemen gezamenlijk meer
dan 25.000 overstappen uitgevoerd in golfconditigsHs = 2.8m. De volgende stap
voor de Ampelmann is om gebruikt te worden voorodespronkelijk geplande taak,
namelijk om de toegankelijkheid van offshore winbines aanzienlijk te verbeteren.
De Ampelmann technologie heeft zich bewezen aléggeeinethode voor het overzetten
van personeel naar vaste offshore constructiesolftandities met een significante
golfhoogte van meer dan 2.5 meter, waardoor Oftshccess net zo makkelijk is
geworden als het oversteken van de straat.
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