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Within the Space@Sea project, funded by the Horizon 2020 program, a concept for
a floating island was developed. The main idea is to create space in the offshore
environment, which can be used to harvest renewable energy, grow food or build a
maritime transport and logistic hub. The island is designed as an assembly of platforms,
which are connected by ropes and fenders. These connection elements are considered
critical, as they have to carry extreme loads in the severe offshore environment. At the
same time, any failure in the connecting elements might put the entire platform structure
at risk. This paper presents a feasibility study for the fault detection in the connection
elements using Extended Kalman filters. For various test cases, typical parameters of
the connecting elements are estimated from motion data of the structure. Thus, the
technique reveals changes in the connections. For various test cases, it is shown that
fault detection is possible. Not only a failure of a single connecting rope but also multiple
faults in the system can be detected.

Keywords: extended Kalman filter, fault detection, offshore, floating islands, multi body dynamics,
Pierson-Moskowitz power spectrum

1. INTRODUCTION

The Space@Sea project was launched in November 2017, as part of the EU innovation and research
program Horizon 2020. The aim of this project was to develop a durable and sustainable solution
for the creation of space in marine environments using flexible floating islands. For this purpose,
a modular system consisting of floating multi-function platforms was developed. Initially, four use
cases were defined: (1) A transport and logistics hub, (2) a facility for generating electricity from
renewable sources, (3) a structure for aquaculture to produce food (Schultz-Zehden et al., 2018)
and (4) a permanent habitat for people. The implementation of floating modular platforms as an
additional terminal of a port is described in Souravlias et al. (2020). The easy implementation of
a combination of several of these use cases was a key goal of the project and therefore, a major
focus was put on the modularity of the platform system. Modularity was also a key factor for
construction and maintenance of the system to allow for an easy connection and separation of
individual elements (Flikkema and Waals, 2019). Figure 1 shows a possible platform arrangement
of a setting with 25 platforms with mooring elements at the corner platform elements. The corner
platforms are marked with “C;” the edge platforms with “E” and the platforms inside of the platform
arrangement with “I.”
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o, 0.0 The diagonal entries of the initial covariance of the estimated
Re=| o . o | € R (meas) X (Mimeas) (38)  error PLO in 37 are setto 107% and 5-107° for P;;O. The variance
0 0 of of the measurement noise 0.2 in 38 is 4 - 104,

3. RESULTS AND DISCUSSION

where o2 is the variance of the measurement noise. It is assumed, ~ Parameter estimation using the Extended Kalman filter, is applied
that the estimates of the initial states and the measurement noise  to detect faulty ropes of the Space@Sea platform arrangement.
are uncorrelated, there are only entries in the diagonal of P}, Parameters for the simulation model are summarized in Table 1.
and Ry. The platforms are excited by wind generated ocean waves, which
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FIGURE 5 | Rope numbering for a squared 5 x 5 platform array with 25 platforms and 30 ropes. Faulty ropes for test cases A, B, and C are marked.

FIGURE 6 | Normalized estimated rope stiffness test case |, fault free system.
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are modeled by the Pierson- Moskowitz power spectrum. The
model is used to generate data from the acceleration sensors,
which are used in the estimation process. Different settings are
reviewed: (a) one or more faults in selected ropes are assumed,
(b) the wind speed is altered, (c) the platform array size is
changed, and (d) the number of measured accelerations is varied.
Simulation settings used in this work are shown in Table 2. The
test case notation refers to the following diagrams, in this work
squared platform arrays are considered. The ropes are numbered
according Figure 5, represented for a squared 5 x 5 platform

array with 25 platforms and 30 ropes. The simulation is starting
when the platform elements are in equilibrium, not moving and
the mooring elements are without tension. The measurement
values are superimposed with a white noise with a variance of
0.0004 to include sensor noise. To decrease simulation effort,
every 4th measurement value, which equates a time step of 0.2 s,
is used for the iterative estimation process. For all simulations,
after a simulation time of 210, the rope stiffness of faulty ropes
in the model is set to 80% of the non-faulty rope which is
indicated in Figures 7-12 by blue dotted lines. The Kalman filter

A
12345678 9101112131415
161718192021222324252627282930
Rope Number
B
1234567 8 9101112131415
161718192021222324 252627 2829 30
Rope Number
C
1234567 8 9101112131415
161718192021222324 2526272829 30
Rope Number
FIGURE 7 | Normalized estimated rope stiffness test cases 1A (A), 1B (B), and 1C (C).
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FIGURE 8 | Normalized estimated rope stiffness test cases 2A (A), 2B (B), and 2C (C) including uncertainties of model parameters.

fault detection process is launched 200 s after the simulation
start. For better comparability of the estimated rope stiffness,
the stiffness parameter is set to one for the non-faulty rope and
0.8 for the faulty ropes. A rope fault is indicated, when the
normalized estimated rope stiftfness is falling below the boundary
of 0.95, which is indicated by a horizontal dashed line. The
normalized estimated rope stiffness in the bar plots indicates the
normalized estimated rope stiffness after 600 s in test case 1A,
1B, 1C, 2A, 2B, and 2C. For the other test cases, the normalized
estimated rope stiffness is shown after 1,200s. On the basis of

the Figures 6-12, the trend of the estimated rope stiffness is
explained for simulations carried out once. After this section,
a higher number of simulations are included for selected test
cases to test the repeatability of the simulations. Figure 13 shows
statistical results of the rope fault detection time.

Figure 6 gives the results for the fault free test case I, it can be
seen that all estimated rope stiffness are near one, which indicates
that there are no faults in the system.

Figure 7 shows test cases 1A, 1B, and 1C, where specific ropes
are considered to have a significantly lower stiffness: In Figure 7A
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FIGURE 9 | Normalized estimated rope stiffness test cases 3A (A), 3B (B), and 3C (C).
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rope 1, in Figure 7B rope 20, and in Figure 7C ropes 1, 9, and 20
are considered to be faulty. The time until the fault is detected
differs: Fault in rope 1 is estimated after 9's, and fault in rope 20
after 101 s. All three faults in Figure 7C are estimated within 84s.

In order to test the robustness of the filter against platform
mass changes caused by different loading, against the deviation
of fender properties and against different wave conditions, some
parameters of the model are varied. The platform mass m,y, the
vertical damping value d;, the additional mass in z direction
Mzaq4, the fender damping dy and the fender stiffness k; are

altered for all platforms by random values for the following
simulations. All platform masses were altered by random values
of £1%, all vertical damping values by random values of 45%,
all additional masses in z direction by random values of +5%
and all fender stiffness and fender damping values by random
values of £10%. Figure 8 shows test cases 2A, 2B, and 2C with
the same fault cases as Figure 7, including parameter variation
for robustness examination. The results show, that all faults are
detected. The uncertainties in the parameters leads to a longer
detection time. The fault in rope 1, Figure 8A, is detected after
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FIGURE 10 | Normalized estimated rope stiffness test cases 4A (A), 4B (B), and 4C (C).

18s, fault in rope 20, Figure 8B, after 126 s and all tree faults,
Figure 8C, are estimated within 130 s after the faults set in.
Stiffness in rope 20 is detected significantly later. Rope 20 is
located between the ropes 19 and 21 as shown in Figure5,
which go through the same platforms. Changes in its stiffness
are more difficult to detect. In this case the estimator has
to distinguish between the cases of one fault in the middle
rope, or two smaller faults in the parallel adjacent ropes. The
effect of these cases on the overall dynamics of the system is
relatively similar.

Figure 9 shows test cases 3A, 3B, and 3C for fault detection at
a wind speed v195 of 16 m/s. A fault in rope 1 is found after 16 s
Figure 9A, a fault in rope 20 after 858 s with a narrow difference
to other estimated rope stiffness Figure 9B. Three faults occur
as depicted in Figure 9C, a fault in rope 20 is not indicated.
Figure 9C shows that at a lower wind speed, a fault in rope 1
is estimated more than three times faster than a fault in rope
9. A change of stiffness in one of the ropes on the edge of the
platform array, like ropes 1, 15, 16, or 30, has a higher influence
on the platform dynamics than a stiffness change in ropes located
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FIGURE 11 | Normalized estimated rope stiffness test cases 5A (A), 5B (B), and 5C (C) with acceleration sensor only placed on the edge- and corner platforms.

inside the platform structure. Therefore, it is easier for the filter
process to detect these rope faults. A changing stiffness of ropes
inside the platform array with two adjacent parallel ropes is not
as critical for the platform safety, because there are at least two
parallel ropes nearby supporting the faulty rope, which is not the
case for ropes placed on the edge of the platform array.

Figure 10 shows test cases 4A, 4B, and 4C for fault detection
at a wind speed v195 of 10 m/s. A fault in rope 1, Figure 10A
and 1 and 9, Figure 10C can be detected, faults in rope number
20 were not detected, Figure 10B. The fault detection process

needs more calculation steps as for the higher wind speed shown
before. This is due to the low platform excitation, which results in
small acceleration amplitudes measured by the sensors. Thus, the
smaller values deliver less information for the estimating process.

Figure 11 shows the results for test cases 5A, 5B, and 5C,
where the tree acceleration sensors per platform are just attached
to the edge- and corner platforms, which reduces the number
of acceleration sensors by 27. Test case 5A shows that the filter
detects not only the faulty rope as defect, when the stiffness
boundary of 95% is considered. There is a major difference
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FIGURE 12 | Normalized estimated rope stiffness test cases 6A (A), 6B (B), and 6C (C).

between the estimated value of the faulty rope 1 and the false  ropes. Faults in rope 20 were not detected. The estimated stiffness
positive ropes 4, 6, and 10. Faults in rope 20, Figure 11B were  of the faulty ropes 1 and 9 have the lowest values. The difference
not detected. Figure 11C shows the test case 5C with three faulty  to the false positive in rope 4, 6, 10, 12, 19, 21, 25, and 27 is small.
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Therefore, fault detection becomes unreliable, when only a small
number of sensors is used in the analysis.

Figure 12 shows the results for test cases 6A, 6B,
and 6C with a squared platform array of 64 platforms
(Supplementary Figure 1) and acceleration sensors attached to
all platforms. Forty-eight ropes are connecting the platforms,
therefore the Kalman filter has to estimate 48 rope stiffness.
Test case 6A in Figure 12A shows that the filter detects faults
in rope 1, which is placed on the edge of the platform array,
within 13s. The faulty rope 12 in test case 6B is detected after
17 s (Figure 12B). The test case 6C with faults in rope 1, 12,

and 35 shows that all faults are estimated within 79 s after the
faults occurred (Figure 12C). Faults in rope 35 are detected
significantly later. This rope goes through the center of its
connecting platforms, and, again, has neighboring ropes to the
left and right, which have a similar effect on the overall dynamics
of the structure, making changes more difficult to detect.

The trend of the normalized estimated stiffness in
Figures 7-12 differs by the location of the faulty ropes. The
normalized estimated rope stiffness of ropes that go through the
center of its connecting platforms, differ significantly compared
to the normalized stiffness of the model after a simulation time

15Test Case 2 Edge Ropes 15’I‘est: Case 2 Middle Ropes

15’1‘est Case 2 Inner Ropes 15 Test Case 3 Edge Ropes

0 0
0 10 20 30 0
Fault Detection Time [sec]

100 200 300
Fault Detection Time [sec]

5Test Case 3 Middle Ropes 15Test Case 3 Inner Ropes

1

10 10

0
10 20 30 10 20 30 40

Fault Detection Time [sec] Fault Detection Time [sec]

0

G H

15Test Case 4 Edge Ropes 15Test Case 4 Inner Ropes

101

0
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Fault Detection Time [sec]

Fault Detection Time [sec]

Fault Detection Time [sec]

FIGURE 13 | Fault detection time of test case 2 edge ropes (A), test case 2 middle ropes (B), test case 2 inner ropes (C), test case 3 edge ropes (D), test case 3
middle ropes (E), test case 3 inner ropes (F), test case 4 edge ropes (G), and test case 4 inner ropes (H).

TABLE 3 | Test case variation.

Test case: 2 2 3 3 3 4 4
Faulty ropes: Edge Middle Inner Edge Middle Inner Edge Inner
Average faulty rope detection time (s): 12 122 18 22 106 47 231 515
Minimum faulty rope detection time (s): 1 17 ih 33 16 139 248
Maximum faulty rope detection time (s): 28 291 33 40 295 79 312 650
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of 600, respectively 1,200s. These rope faults are more difficult
to detect. The normalized estimated rope stiffness of the residual
faulty ropes nearly reach the normalized stiffness value of the
faulty rope of the model if the wind speed is hight enough.
Faults in these ropes are also indicated if the normalized stiffness
boundary, indicating the minimal allowed normalized rope
stiffness, is lowered. If the number of sensors is decreased and if
uncertainties in the system are larger, a lower normalized stiffness
boundary can be useful because of the higher deviation of the
estimated stiffness of the non-faulty ropes. These deviations
lead to false fault indication of the non-faulty ropes, shown in
Figure 11.

To test the repeatability of the simulations, test cases 2, 3,
and 4 are simulated with alternating single rope faults for the
squared 5 x 5 platform array. Different settings with the average,
minimum and maximum rope fault detection times are shown
in Table 3. Faulty ropes placed on the edge of the platform array
like rope Nr. 1, 15, 16, and 30 are called “edge,” faulty ropes going
through the center of a platform “middle” and the remaining
faulty ropes are labeled as “inner” faulty ropes. For every test case,
50 simulations are evaluated, the results are shown in Figure 13.
As the fault detection of faulty “middle” ropes at test case 4, for
wind speed vi95 of 10 m/s, are not detectable, just “edge” and
“inner” ropes are considered. The fault detection times of test case
3 for middle rope faults consider faults on the middle ropes of the
edge platforms with the rope numbers 2, 14, 17, and 29, where all
faults are detected. Rope faults in the remaining middle ropes for
test case 3 are detectable by a probability of 25% and not listed in
Table 3 and Figure 13E.

Fault detection for “edge” and “inner” ropes works well
by applying the extended Kalman filter. The faulty ropes are
identified and the estimated values of the normalized rope
stiffness are close to the true values in adequate simulation time.
Faults occurring in “middle” ropes are significantly harder to
detect, as the filter has to distinguish “middle” rope faults from
adjacent ropes faults, i.e., the influence of the middle rope on
the overall dynamics of the structure is almost identical to the
influence of the two adjacent ropes. The normalized estimated
stiffness values for these faulty middle ropes do not capture the
true values, as shown in Figures 7B, 8B, 9B, 10B, 11B for rope
number 20, but the estimated values differ significantly from
non-faulty ropes. There is a huge influence of the wind speed
on the fault detection process. For low wind speed, the detection
is less reliable, since the entire structure moves very little and
changes due to faults are also very small. This is shown in test case
4 in Figure 10 in comparison to test case 2 in Figure 8 and test
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