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- Pump and valve actuators.

Draught monitoring can be done with pressure transducers, or ultrasonic range measurements. Typical installation is
hooked up with a pressure transducer through a valve in the shell, or by means of a vertical range or sounding pipe
with an ultra-sonic range transducer looking down through the pipe. The sounding pipe can be located outside the
shell, or inside in which case it has to be fitted through the shell with a valve.

Figure 22 Internally mounted draught sensor

In order to represent the draught and inclination of a module each floater module should be outfitted at least with a
draught sensor in combination with accurate list and trim indication, or with three draught sensors if no list and trim
are captured. Because of redundancy, cost of draught sensors and low cost of tilt sensors, it is expected that a solution
with two draught sensors in combination with redundant inclination measurements will be favourable.

Ballast actions in response to decision to change load lines can be manual or remote operated. In case of manual
operation the ballast pumps, valves and water ballast tank soundings may be done locally manually.

In case of remote operation, the DCS should be outfitted with tank gauges in each water ballast tank, and control and
feedback of status to valves and pumps.

The ballast management system arrangement includes piping, pumping and control system similar to regular ship
installations and is not further elaborated in this report.
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4.2.4 Floater motions

When deformation of a floater is small, individual floater motions can be represented by 6 degrees of freedom for a
specified reference point. These are 3 translations in X, y and z direction, combined with heel, trim and yawing angles
around the same x, y and z direction. The translations and rotations together define the overall position and attitude
of the entire domain of the specific floater. So when motions are known in a single reference point, then motions in
a remote point assuming a rigid body can be calculated by linear extrapolation under small rotations, or by full 3D
transformation using a Direct Cosine Matrix or a quaternion transformation. The latter is simple math. The challenge
is to capture the motions in the reference point to required accuracy.

It is further noted that motions, velocities and accelerations are directly related as they are time derivatives of each
other. Measurements of motion measurements can thus be grouped in 3 types focused on displacements, velocities
or accelerations.

There are different concepts to capture motions of a floating object. Following are recalled here:

- Inertial measurement using spring supported mass. Inertial loads due to motions and motion periods result
in changes of the load and displacement of the spring. Either the load in the spring or the displacement is
electrically measured by the acceleration transducer and forwarded to the measuring device.

- Inertial measurement of the rate of turning or turning velocity. These are based on gyroscopic precession.
Classic solutions used (expensive) rotating gyroscopes but modern bulk produced sensors are based on
oscillating cantilevers. Turning rates along the longitudinal axis of the cantilever beam result in out of plane
bending of the beam which is electrically measured and forwarded to the measuring device.

- Laser ring gyro and fibre optic gyro turning rate measurements. The measurement principle is based on
changing propagation speed of light along a loop that rotates in global coordinates. The optic interference
pattern between input and output signals is detectable with common data communication grade optical
sensors and provides highly sensitive output with extremely low drift and bias error. Both laser ring and FOG
based sensors can be sufficiently accurate to detect the earth rotation rate of 15 deg/hr and thus enabling to
find true North indication. The principle of measurement however is focused on turning velocity.

- GPS position measurement. The absolute position of a GPS receiver in earth fixed coordinates can be
obtained to ~1 metre accuracy using reference signals from series of Satellites orbiting the earth. By
combination of multiple receivers, also rotations may be obtained. GPS systems provide absolute position
output, and can in addition provide absolute velocity indications from Doppler shifts in the carrier waves
received from the satellites.

- Magnetic compass heading measurement. Where heading alignment is related to the projection of the earth
magnetic field vector onto the horizontal plane. Magnetic compass output provides a direct rotation
indication which can be affected by local factors as magnetic inclination, deviation and electromagnetic
interference soft iron magnetic bias. On large steel structures the signal to noise ratio for magnetic compass
operation is often poor.

- Velocity indications from speed log, or propeller RPM

Over the past 10 years, inertial based sensors have been included in standard low grade personal equipment as phones,
cars, computer games and toys. The bulk production and R&D around IC chip silicon based MEMS sensors has
boosted their performance. Rugged and extremely low cost sensors are now commercially available with OEM sensor
parts costing under 10 Euros. Performance of these sensors has increased by the possibility to operate them with
smart noise cancelling algorithms, and by combining multiple units to further maximise signal/noise ratio.
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Part # Gyro Full Scale Gyro Accel Full Scale Accel Digital Logic Supply Operating Voltage Package
Range Sensitivity Range Sensitivity Output Voltage Supply Size
UNITS: (°/sec) (LSB//sec) @) LSB/g V) (V +/-5%) (mm)
+250 131 2 16384
%' +500 65.5 4 8192
12C or SPI 1.7-19 171-36 3x3x1
+1000 328 +8
ICM-20948 +2000 16.4 16 2048

Figure 23 Consumer electronic 9 DOF MEMS sensor for 3D acc, gyro and magnetic.

The challenge for inertial based motion and attitude measurements always remains in the decreasing signal to noise
ratio of velocities and accelerations with lower motion levels and long motion periods. This is because for quasi-
stationary displacement, the motion period increases to infinity and corresponding velocities and accelerations drop
to zero. There will always be some level of electronic noise and on ships and offshore floating structures there will
be further noise levels by vibrations and operations that can be substantial while motion induced acceleration and
velocity levels are extremely low.

Dynamic motions around known equilibrium positions can generally be captured well with inertial based instruments.
But quasi-stationary motions with long periods require absolute motion or rotation reference measurements.

Other or additional measurement input are used to determine motions with quasi-static character. Most common
approach is by combining inertial measurements with quasi-static inputs for heading, vertical reference, and absolute
position. Quasi-static references are obtained:

- GPS position updates in 3D providing quasi-stationary position

- Depth or altitude sensors providing vertical coordinate to reference sea level

- Earth gravity true vertical which is included in the 3D acceleration results for heel and trim.

- Magnetic or true heading reference from (fibre optic gyro compass, magnetic compass, or GPS reference.

Figure 24 Various grades inertial navigation systems - IXsea PHINS / Xsense MTi series

Data fusion algorithms are used to determine motion parameters that match the quasi-stationary measurements as
provided by the absolute motions reference for longer term, and the usually much more high frequent inputs from
the inertial measurements for the short term. Various more and less complex data fusion algorithms are used.
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Common algorithms in use are (extended) Kalman filters for higher end sensors and complementary filters for low
cost solutions.

Prices for integrated solutions vary from

- low cost ~1500 Euro for high signal to noise ratio applications as in small boats, cars and drones,
- medium cost 10 kEuro for marine applications including accurate heave compensation.
- high end 100 kEuro for high precision attitude, north seeking, and even under water operation

It is expected that the low cost of MEMS type of sensors may be a favoured solution in combination with low cost
GPS. The large number of floater modules to be instrumented calls for low CAPEX solution, and the expected short
motion periods suggest that signal to noise ratios will be fair

4.2.5 Loads in structure, chain stoppers and connectors

The interaction between the various parts in the island and the floaters are transferred as loads. As such they are an
important aspect of the evaluation of the now state of the island, and how that relates to the design. That is necessary
for structural health monitoring of

- Floater structures internally
- Linking joint connectors
- Mooring lines.

A distinction is made between direct and indirect load measurements.
Direct Measurements

These appear to be the most common sense approach to measure loads by inserting calibrated load cells between the
interface where the forces and loads are to be monitored. This can provide a “direct” measurement of the load quantity
via a calibrated load cell. The size and the operational procedures to build and hook-up marine floating structures to
each other and to mooring arrangements however impose constraints.

- Direct measurement of internal structural loads is general not possible as continuous structures cannot be
interrupted to insert calibrated load cells.

- The design of linking joints is challenging in terms of transferring the expected loads, constraining
unfavourable relative motions and trying to allow for some flexibility to share loads between the statically
over determined spread of connectors. Inserting calibrated load cells will thus require custom designed
sensors to be sensitive to exactly the load components that are of interest. Measurement Device Properties
as selectivity, sensitivity, will be determining feasibility.

- Direct measurement of mooring line loads is complicated by their installation procedure. The bottom end is
fixed to the anchor point. A load sensor could be installed prior to installation there. In case of the
Space@Sea Mediterranean concept the sensors will be piled underneath the sediment layer and will likely
not survive. The top end of the mooring line is tightened to the mooring line connector during installation.
Options to perform direct measurements might be considered with shear pin type solutions, or wire rope load
cells. Shear pin solution are in line with the load path. They have to be installed prior to hook-up and cannot
be easily maintained or replaced. Wire rope solutions might be possible to consider as they can be retrofitted
but they are complicated from a mechanical point of view and are not easily adopted to operation with heavy
load chain moorings.
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Fully constructed from
light and durable brushed
Anodised Aluminium

Five-wheel design, improving

accuracy (clear anodised) Linchpins are fitted to the top sheave pins,

making cable or synthetic rope installation quick and simple

Easy to install
and replace batteries
(AA Standard Alkaline)

Compatible with a wide
range of synthetic ropes
and electrical cables with
diameters of 4-30mm.
Rapid tension force measurement
up to 600m per minute

Environmental
protection IP67 or NEMA6 Non-corrosive mounting feet

Figure 25 Wire rope loadcell for retrofit direct line load measurement

Indirect measurements

The deformation of the load carrying construction is often used as an indirect measurement of the transferred load.
This approach can be used for measurements of structure internal loads, as well as mooring loads and connector
loads.

The principle is that applied loads to a structure will induce a given deflection or deformation pattern in the structure
that can be measured. If the deformations are a continuous and preferably linear function of the applied load, then
the load can be determined from observed deformations if the observed deformations are selected properly.

A

Figure 26 Calculated structure strains as function of applied (wave) load

Hull monitoring and advisory systems are becoming normal practice in shipping and offshore industry. Structural
loads as bending moments, torsion moments and axial loads may be related to measured strain or stresses by
combining measured results with transfer functions as can be calculated using design tools as FEM, hydro dynamic
diffraction and CFD codes.
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The detailed design of the floater modules suggests solutions in steel or concrete. Hot spot and cold spot stresses and
strains should be measured in the floater structure to measure internal loads, but also to check internal stress levels
and loading against material specifications. Strain sensors are commercially available on the market to be casted
inside concrete structures or retrofitted to any structure.

Following, approaches are listed as indirect measurement for structure loads:

- Material strains and stresses in structures using strain and displacement sensors. Strain sensors can be regular
foil type strain gauges that are glued, wired and protected, but also (spot) weldable strainguages, long base
straingauges, fibre optic strain sensors and vibrating wire sensors.

- Deflection measurements using digital image processing

Classic hot spot and cold spot strain measurements are the most common approach to do strain and stress
measurements. Two principal challenges are listed for indirect load and in particular strain measurements. These are:

- Cabling efforts that increase very fast with increasing sensor numbers, installation area and vessel
compartmentation.

- Protection of the strain sensor and the mother material that is observed against electrical noise (moisture)
and in particular corrosion of the motion material that will have a dramatic effect on sensor performance over
long term.

Figure 27 Regular bondable strain gauge requiring extensive protection against moisture and corrosion
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