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Abstract: A digital twin is a virtual model of a real-world structure (such as a device or equipment)
which supports various problems or operations that occur throughout the life cycle of the structure
through linkage with the actual structure. Digital twins have limitations as a general simulation
method because the characteristic changes (motion, stress, vibration, etc.) that occur in the actual
structure must be acquired through installed sensors. Additionally, it takes a huge computing cost to
output changes in the structure’s characteristics in real time. In particular, in the case of ships and
offshore structures, simulation requires a lot of time and resources due to the size of the analysis
model and environmental conditions where the wave load acts irregularly, so the application of
a different simulation methodology from existing ones is required. The order reduction method,
which accurately represents the system’s characteristics and expresses them in a smaller model, can
significantly reduce analysis time and is an effective option. In this study, to analyze the applicability
of the order reduction method to the development of digital twins for offshore structures, the
structural responses of a multi-connected floating offshore structure were estimated by applying
the order reduction method based on distortion base mode. The order reduction method based
on the distortion base mode predicts the responses by constructing an order-reduced conversion
matrix consisting of the selected distortion base mode, based on the mode vector’s orthogonality and
autocorrelation coefficients. The predicted structural responses with the reduced order model (ROM)
were compared with numerical analysis results derived using the higher order boundary element
method and finite element method with in-house code owned by the Korea Research Institute of Ship
& Ocean Engineering and measured responses with a model test. When compared with the numerical
analysis results, the structural responses were predicted with high accuracy in the wave direction
and wave frequency band of the selected distortion base mode, but there are differences due to
changed characteristics of the structure when compared with the results of the model test. In addition,
differences were also seen in reduced order model evaluation with different sensor locations, and
it was confirmed that the more similar the extracted distortion base modes of input sensor location
set is to the distortion base modes of predicted location set, the higher accuracy is in predicting the
structural responses. As a result, the performance of the reduced order model is determined by
the distortion base mode selection method, the locations of the sensor, and the prediction for the
structural response.

Keywords: prediction of structural response; multi-linked floating offshore structure; distortion base
mode; sensor arrangement; reduced order model; digital twin

1. Introduction

Maintaining the structural integrity of ships and offshore structures during their
lifetime requires appropriate structural design, operation strategy, periodic inspection, and

J. Mar. Sci. Eng. 2024, 12, 262. https://doi.org/10.3390/jmse12020262

https:/ /www.mdpi.com/journal /jmse


https://doi.org/10.3390/jmse12020262
https://doi.org/10.3390/jmse12020262
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0002-9505-6802
https://doi.org/10.3390/jmse12020262
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse12020262?type=check_update&version=1

J. Mar. Sci. Eng. 2024, 12, 262

20f 18

maintenance using the classification regulations. Regarding the initial structural integrity
of a structure, the materials and dimensions of various structural members are determined
based on the design loads calculated through a statistical process at the design stage, and
even if the decisions are made according to the derived design plan and the design is
carried out well, damages occurring in long-term operation may cause structural defects.
Therefore, accidents may be prevented through inspection and repair of the structures at a
proper time.

Various theories have been proposed and researched on how to estimate a structural
response at a remote location from the physical sensor for real-time structural health
monitoring and diagnosis. Some researchers have proposed a method to convert sen-
sor measurements into various structural responses using a conversion matrix based on
the mode superposition assumption. Initially, many researchers conducted research on
constructing a conversion matrix through the relationship between physical quantities.
Moore [1] proposed a mathematical inverse algorithm based on the least square method to
calculate optimal approximate solution of physical system. Bjerhammar [2] researched a
mathematical inverse matrix algorithm for constructing a conversion matrix that represents
the relationship of physical system, and proposed various generalized forms for pseudo
inverse matrix. Additionally, Penrose [3] proposed a generalization of the inverse of a
non-singular matrix. A generalized inverse is used for solving linear matrix equations
consisting of a rectangular matrix with complex elements. Through the above research, it is
possible to evaluate physical quantities using the small number of sensor measurements
required. Therefore, in this study, the latter approach based on the mode superposition
method was used. Baudin et al. [4] established a conversion relation between 18 strain
gauges and hull girder moments using the natural vibration modes as the modal basis and
validated the model in the numerical domain. In addition, the sensitivity of the analysis
process according to the mesh size and mode superposition assumption was investigated,
which provided the theoretical background of the conversion model. Bigot et al. [5] esti-
mated the girder moment and stress on the hatch coaming corners in the numerical model
of a real container ship—Magellan—through the conversion model employing structural
response on the regular wave as the mode basis. They presented that the most accurate
estimates are obtained when using the regular wave response as the modal basis among
various types of hull structure responses. On the other hand, when the structural responses
on regular waves are used as a modal basis, there is no eigenvalue problem to identify
them, thus the eigen mode selection criterion must be newly defined. Therefore, Bigot
et al. [6] proposed an iterative mode selection process based on the orthogonality between
the hull structural responses.

In addition, various order reduction methods to build a digital twin for structural
health monitoring have been studied. Kefal et al. [7,8] and Kobayashi et al. [9] proposed a
method to obtain a very accurate structural response for some hulls through the inverse
finite element method. These methods require 400 to 800 sensor inputs on a relatively small
structural part, which may result in too many inputs to cover the whole structural parts
of a vessel. Han et al. [10] applied the order reduction method based on Krylov subspace
projection to a girder bridge structure, which is a finite element model that consumes a
lot of computational cost. This method reduces the order of the total degree of freedom
of dynamic system onto Krylov subspace. By using this method, the structural response
of girder bridge structure in time series was calculated up to about 15 times faster with a
fewer computational cost. Lai et al. [11] proposed a digital twin-based structural health
monitoring framework by combining the measurement and computational data using
building an artificial intelligence, deep learning techniques.

The method of reducing the system matrix requires accurate information about the
load condition to be simulated, but because wave loads act irregularly on ships or offshore
structures, it is not easy to obtain accurate load measurement data [12]. In the case of
machine learning, many attempts are required to calculate a high performance predictive
model, because the performance of the predictive model varies depending on the machine
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learning model, hyper parameters, selected scenarios [13-15]. However, the reduced order
technique based on conversion matrix has the advantage of selecting effective modes using
the orthogonality of the modes and it can calculate directly prediction of structural response
using the measurement data without load information. In this study, the reduced order
technique using conversion matrix was applied. We used the linear conversion relationship
to convert the bending stress at a measurement position to the bending stress at a prediction
position through the distortion base mode (DBM) to calculate the conversion matrix for a
module of multi-linked floating offshore structures and predicted their structural response.

2. Distortion Base Mode
2.1. Theoretical Background

The DBM-based method for predicting structural response is basically a method that
converts a measured structural response into a structural response to be predicted, as
shown in Equation (1), and the method uses the linear conversion relationships between
the individual structural responses.

S; = C-S, (1)

where S; denotes the output data to predict, Sy denotes input data to measure for the struc-
tural response such as displacements, stress. A representative method is linear regression,
which allows us to calculate the conversion matrix C most quickly and accurately. However,
a simple linear regression method has limitations in the case of a 3D finite element model,
consisting of many nodes and elements, and its analytical results. The approach may be
useful when the number of monitoring positions is relatively small, but it may not be suit-
able for large structures such as ships and offshore structures. Therefore, we constructed a
conversion matrix for a multi-linked floating offshore structure using DBM. This approach
may be applied based on the mode superposition assumption that all structural responses
of a structure may be expressed by the linear superposition of the base modes, as shown in
Equation (2).

St =151 + &St + - +INSY @)

where ¢ denotes modal amplitudes with N numbers that can express the input data S;
and output data of Equation (2). Here, as the base mode, various modes may be used,
including a DBM for uniform load, arbitrary load, wave load, and natural mode. In this
study, a DBM for wave load was applied to multi-linked floating offshore structure. All
structural responses of locations to be measured and predicted were expressed by the linear
superposition of the same DBMs. Additionally, according to the relationship, a conversion
matrix can be derived that predict structural response by measured sensor data.

2.2. Algorithm for Selecting DBM for Multi-Linked Floating Offshore Structures

Essentially, a DBM-based conversion matrix is calculated based on the results of a
numerical analysis, and the DBM was selected according to the mode selection algorithm
shown in Figure 1. First, a motion and structural analysis for multi-linked floating offshore
structure were performed with the regular wave conditions with various directions and
periods to generate a database for DBM selection algorithm. Among the results, some
of the results of the wave load analysis exhibiting structural behavior orthogonal to each
other based on the mode superposition assumption were selected as the DBM. Generally,
a motion and structural analysis for offshore structures were calculated in the frequency
domain to use the harmonic response for mode selection, but in this study, a time series
structural response was used. We extracted structural responses matching with the period
of the wave load and divided into 36 phase differences to create a database for mode
selection. The structural responses consisting the conversion matrix can be used from
bending moment for wave load, various stress components, but in this study, the bending
stress that predominantly acts on the structure was used. However, characteristics that
always have positive values such as Von Mises stress, may be difficult to apply. Finally, we
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prepared a set of numerical analysis results corresponding to each wave load case with
different directions, periods, and phase, as shown in Equation (3).

Si=[sh, 8%, 8] ©)
r(ili) = §]-8] > O(1) (4)
r(ilj) = Y ppa Si-Si ~ 0 (5)
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Figure 1. Flow chart for DBM selection algorithm.

Identifying the principal DBMs involves determining a set of structural responses that
are orthogonal to each other in the set of results of numerical analysis. The orthogonality
of each structural response is evaluated through Equation (4), where (i | j) represents the
correlation coefficients. Two DBM are orthogonal when the value is small, otherwise, they
are not orthogonal. S; in Equation (3) should represent the structural distortion base mode
of the entire structure. In this study, we used a DBM with the largest autocorrelation
coefficients. In addition, Fj; is a scaling matrix that normalizes S so that the absolute size of
the elements included in S may not affect the orthogonality evaluation due to the numerical
errors, and the definition of F is shown in Equation (6). To this end, only a wave load of
which autocorrelation coefficient of the first mode is 80% or higher may be included in the
correlation evaluation step. Here, autocorrelation refers to a correlation with itself, and it
means r(i | 7) for S.

Figure 1 shows the process of selecting DBM according to the correlations. The
calculation of the correlation requires two or more S vectors. Since S was not selected from
the set of results of numerical analysis when selecting the first mode, an inner product may
not be performed to calculate the correlations shown in Equation (5). Therefore, for the first
mode, we used the analytical results in the case where the autocorrelation coefficient was
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large. The number of DBMs should be defined by a user, and we used 20 principal DBMs
in the present study. Afterwards, a process for calculating all correlations between the
selected modes and all the other wave load cases is carried out. However, not all the wave
load cases in the set of results of numerical analysis are taken into consideration to evaluate
the correlations with the selected DBMs, which is because of the numerical incompleteness
in the orthogonality evaluation process.

It is preferable that a mode that is newly selected through the DBM selection algorithm
is orthogonal to all the base modes that have already been selected. The maximum correla-
tion coefficient between a previously selected mode and a wave load condition evaluated
by a newly selected mode is defined as #, as shown in Equation (7). A lower 7 means that
the wave load case evaluated by a new mode is orthogonal to all the previously selected
modes compared to the set of results of numerical analysis.

Fj = (max{ sil1<i< N})_15ij ©6)

# = max(r(ijnc ), i € [1, 1] )

The 7 value for all DBMs is obtained through Equation (7). When a mode correspond-
ing to the minimum among many # values, it becomes a new base mode. Meanwhile, when
the autocorrelation coefficient is 80% or more of that of the first mode, it is included in
the set from which DBMs may be selected. After the process of selecting the base modes
is completed, a total of 20 [B, w, @] vectors are defined. Since the analytical results for
the wave load cases correspond to each of these vectors, which are referred to as DBMs.
Among the set of results of numerical analysis, only the structural responses measured
and predicted at the DBMS may be expressed as in Equations (8)—(10). These vectors
constitute each row of the element matrices B and M in the conversion matrix A, as shown
in Equation (11). The conversion matrix A may be finally calculated through the relations
between the two structural responses.

St =B¢ 8)

Ss = M:¢ )
&=M"S, (10)

Sy =B-M'S, =A-S, (11)

3. Prediction of Bending Stress of Multi-Linked Floating Offshore Structure
3.1. Fluid-Structure Interaction Numerical Analysis for DBM

The motion and structural analysis of the multi-linked floating offshore structure
presented in Table 1 was performed using the in-house code of the Korea Research Institute
of Ships & Ocean Engineering (KRISO) [16]. The wave load acting on the structure and
the hydrodynamic properties along the wave load condition presented in Table 2 were
calculated through a motion analysis based on the higher-order boundary element method
and converted into time series through convolution transformation [17,18]. The converted
results of the motion analysis were transferred to a finite element model as shown in
Figure 2 for a structural analysis and used as the load conditions for performing a time-
series finite element analysis. The numerical model for the motion analysis was built
with 432 9-node higher-order boundary elements. For the structural analysis, the wave
load acting on the surface of the floating body, calculated from the motion analysis, was
integrated and made equivalent to a single node on a finite element. To eliminate energy
loss therefrom, four beam elements with infinite stiffness were linked to each node. The
wave load acting on a floating body is transferred to the beam structural members through
the beam elements. Using the bending stress of each beam element calculated through
the numerical analysis, the principal DBMs of the multi-linked floating offshore structure
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were selected through the DBM selection algorithm, and the conversion matrix was finally
calculated.

Table 1. Principal dimension of multi-linked floating offshore structure.

Principal Dimension

Dimension [m] B x L x Draft =18 x 36 x 1.005
Total Mass [kg] 30,041
Material Aluminum
Dimension of floating body [m] BxLxH=18x18x172
Center of gravity [m] 0.634 m
Center of buoyancy [m] —0.503 m
Dimension of beam connector BXxLxtl xt2=0.34 x 0.38 x 0.03 x 0.03
Elastic modulus of beam connector [GPa] 69.60
Spring constant of mooring line [N/m] 62,336.97

Table 2. Case of numerical analysis under wave load condition.

Wave Load Case

Heading angle [°] 0:15:90
Wave period [s] 3.0,3.5,4.0,4.5,5.0,5.5, 6.0, 6.5,8.0,10.0

Finite element
for mooring line, beam connector

Higher-order boundary element
for floating body

heading angle 45° T

Figure 2. Structural models of multi-linked floating offshore structures module (Sim et al., 2023 [16]).

3.2. Model Experiment for Multi-Linked Floating Offshore Structure

A model experiment was performed to measure and analyze the motion and struc-
tural response of the multi-linked floating offshore structure. The model experiment was
performed in the ocean engineering basin at the KRISO, as shown in Figure 3. Subsequently,
the six degrees-of-freedom motion, the mooring tension, and the bending stress of the beam
connectors were measured as shown in Table 3. Table 4 presents the wave load condition of
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model test. Afterwards, a data analysis was carried out to obtain the bending stress data to
be used in the DBM conversion matrix.

Figure 3. Installation for model test.

Table 3. Measurement items.

Measured Item Sensor DAQ System  No. Channels
6 DOF moti Structure in front Optical LED RODYM-6D 6
motions Structure behind Optical LED RODYM-6D 6
Stress on connector Bending stress 1-axis strain gauge NI system 48
beam Shear stress 2-axis Rosette gauge NI system 4
Tension lci)ﬁemoormg Tension Loadcell NI system 4
Irregular wave IRR-01 Capacitance probe NI system 1

Table 4. Wave load condition.

Wave Height/Significant =~ Wave Period/Modal

Type Heading Angle [°] Wave Height [m] Period [s]
0.351 3.00
0.478 3.50
0.624 4.00
0.790 4.50
Regular wave 0,45,90 0.976 5.00
1.000 5.50
1.000 6.00
1.000 8.00
1.000 10.00
1.000 4.00
Irregular wave 0, 45,90 (1)238 288
0.800 6.00

3.3. Setting of Input and Output Elements for DBM Conversion Matrix

The prediction of the structural responses of the multi-linked floating offshore structure
was carried out based on the measurement results of the bending stress obtained through
the model experiment. Therefore, the structural responses corresponding to the input and
output of the DBM conversion matrix were set to be the bending stress measured through
the sensors installed on the model. A total of 48 uniaxial strain sensors were installed on the
model at the positions shown in Figure 4. As sensors are unable to measure the structural
response of the entire beam structural members, the sensor positions were determined in
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consideration of the symmetry of the structure and the positions where a large bending
stress occurred.

E  1-axis strain gauge

39 38 37 33 32 31 | 22 9 8§ 7
i -
24, 23
o=
| EH 123, ! 'K
| 7 1 29: ! 12
1
| ES 36 35 34 M3 1 15 14 13 L IE
- . . | 1 - -
! 1
[N}
| P 1 B RE! | I
! 1
047 1 . K Is
! 1
| KX . ki | |
L
42 41 40 27 18 17 16 12 11 10
Y 26 |25
X hinged connection

coordinates system

Figure 4. Sensor arrangement on the model.

To analyze the effect of the DBM conversion matrix on the input and output, as shown
in Figure 5, the bending stress at the sensors corresponding to the output was set to be equal,
and the positions of the sensors corresponding to the input were divided into three input
sensor candidate groups, thereby comparing the predicted structural responses for each
candidate group. The first candidate group was a set of sensors installed on the structural
members of which cross-sectional direction was the same as the propagation direction of
the bow sea (0°). The second candidate group was a set of sensors installed on the structural
members, among the structural members of the unit structure described above, of which
the cross-sectional direction was the same as or perpendicular to the propagation direction
of the bow wave. The third candidate group was a set of sensors installed on the outer
structural members of the structure where a large bending stress occurred. In the present
study, we performed both the prediction of the structural response based on the results of
the numerical analysis and the prediction of the structural response based on the results of
the model experiment for each of the candidate groups, and analyzed the results from each
prediction to investigate the conversion matrix characteristics of the multi-linked floating
offshore structure with hinged connection.

OHe e
®

O
®

@
O Input sensor O output sensor

(a) 1st candidate

O ®

® OO
@

X

coordinates system

Figure 5. Cont.
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®
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® @@ ©

' @
X
coordinates system O Input sensor O output sensor
(b) 2nd candidate
OO ® ®
® ©

® ® © @

v e & @O
X
O Input sensor O output sensor

coordinates system
(c) 3rd candidate

Figure 5. Sensor location sets for input and output structural response. (a) a set of sensors installed
on the structural members of which cross-sectional direction. (b) a set of sensors installed on the
structural members, among the structural members of the unit structure described above, of which
cross-sectional direction was the same as or perpendicular to the propagation direction of the bow sea.
(c) a set of sensors installed on the outer structural members of the structure where a large bending
stress occurred.

3.4. Predicted Bending Stress through DBM Conversion Matrix

To calculate the conversion matrix for the three input sensor candidate groups,
20 principal DBMs for each candidate group were extracted, as shown in Table 5. The
importance of the selected principal DBMs is determined according to the sequence, and
thus the first DBM is considered as the most important DBM. The first DBM is calculated as
the autocorrelation coefficient between the bending stresses at the sensor position used for
the input generated in the same phase. From the second DBM, DBMs that are orthogonal
to the previously selected DBMs are extracted. As a result of extracting the principal DBMs
for the three candidate groups, the first principal DBM for all the three candidate groups
was determined as a wave load condition having an oblique sea (45°) and period of 4.5 s
with the maximum bending stress. However, from the second principal DBM, the principal
DBMs were all different among the candidate groups, because the structural members of
each sensor candidate groups have different structural characteristics. The principal DBMs
of the first input sensor candidate group were selected only under the wave load conditions
of the head sea and the oblique sea but not under the wave load conditions of the beam sea.
This was because, under the beam sea conditions, a large bending stress is not incurred at a
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structural member of which cross-sectional direction is perpendicular to the propagation
direction of the beam sea (90°). For the second and third input sensor candidate groups,
the DBMs were selected under the three wave direction conditions, but the proportions of
the wave load conditions of the wave directions were different in the principal DBMs. The
wave load conditions with heading angle 0° had the largest proportion in the second input
sensor candidate group, while the wave load conditions with heading angle 45° had the
largest proportion in the third input sensor candidate group.

Table 5. Results of the principal DBM selection for three candidate groups of input sensor.

Wave Load Case
DBM (Heading Angle/Wave Period)
1st Candidate Groups  2nd Candidate Groups 3rd Candidate Groups
1st mode 45°/45s 45°/45s 45°/45s
2nd mode 45°/4.0s 45°/4.0s 0°/5.0s
3rd mode 0°/55s 0°/35s 45°/5.5s
4th mode 90°/3.5s 90°/4.0s 0°/35s
5th mode 0°/5.0s 0°/6.0s 90°/5.5s

Figure 6 shows the predicted structural response of each of the input sensor candidate
groups based on the results of the numerical analysis. The input data was performed
with respect to the bending stress under the regular wave conditions of the three wave
directions that were not included in the principal DBMs. The accuracy of structural
response prediction was quantified by defining the mean relative error between the bending
stress predicted through the conversion matrix and the bending stress obtained from the
numerical analysis. The results of the prediction of the structural responses of the individual
candidate groups showed that the errors of the conversion matrix of the first input sensor
candidate group were 1.4%, 3.7%, and 10.2% for the wave load with heading angle 0°, 45°,
and 90°, respectively, indicating that the bending stress prediction accuracy was highest
under the wave load conditions with heading angle © and lowest under the wave conditions
with heading angle 90°. As shown in Figure 6, the error with wave load conditions with
heading angle 45° and wave period 6.0 s was large because not only the predicted value of
the bending stress was different from the results of the numerical analysis but also there
was a phase difference which was 1/3 the period or larger. In the second input sensor
candidate group, the mean relative error was 3.2%, 4.5%, and 1.6% for the respective wave
conditions, indicating that the bending stress prediction accuracy was highest, which was
opposite to the first candidate group. In the third input sensor candidate group, the mean
relative error was 1.3%, 1.2%, and 1.8% for the respective wave conditions, indicating that
the bending stress prediction accuracy was highest among the three candidate groups.
Figure 6 shows that the bending stress was predicted in the same phase as the results
of the numerical analysis for the three types of regular waves. The comparison of the
bending stress prediction accuracy among the input sensor candidate groups confirmed
that the results of the bending stress prediction were different among the three candidate
groups, which may be because of the principal DBMs included in the conversion matrix
of each candidate group. The first candidate group was composed of only the structural
members of which cross-sectional direction is the same as the propagation direction of
the bow sea, and the structural members have a large bending stress under the bow sea
and oblique sea conditions and a relatively small bending stress under the beam sea
conditions. As these structural characteristics are reflected, the DBMs constituting the
conversion matrix were mainly those for the bow sea conditions. Therefore, the prediction
accuracy was low under the wave load conditions with heading angle 90° for which no
principal DBMs were present. In the second and third candidate groups, the conversion
matrix included the principal DBMs for the three wave directions, but the bending stress
prediction accuracy was different. To compare the principal DBMs of the input and output
structural responses of the conversion matrix, we extracted the principal DBMs of the
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structural members corresponding to the output of the conversion matrix as illustrated
in Table 6. The comparison showed that the results of the principal DBM selection for
the output elements were similar to the results of the principal DBM selection for the
third candidate group. Therefore, the bending stress at different output positions was
expressed most accurately with the principal DBMs constituting the conversion matrix of
the third input sensor candidate group, as indicated by the highest bending stress prediction
accuracy of the third candidate group.

- -
o o = o

Bending stress [MPa]
n

100 105 110 115 120 125 130 135 140 145 150
time [sec]

(a) First candidate

20 T T T T T T T T T
O W |
4 4 T A SO 1 SO S (S 1 S 1 Nl \ (
A il 1 i 1 il il /4 fi i il
S T I I Il Il A
_ 0 {l h Il i i i {y ol \\ [ (! T \\ I \u {v |
F ool {1 Lo «w | \\ {l [ T (1 b h | {\ | {1 rh
AN A AR AN AN A N AN AN A
8 0'1 {1 «I I T «l I \n W {l {1 T T I \1 (1 «x g
YRR AR R R A A
Fof b RE R R R R R R
@ cheofh bl Wl b b T T (A T fi I o
A0E | e W P [t f I o o Wb Wb il I
wy | [ | Ml P hw Ml 14/! [ifi \{1 h{
18 Q‘”’ Wi’ W/ '\13//‘ \lyll \C"!” \C)Jl‘ \C)//’ l\:yll \C\/r' R\S‘J/‘ W \fyf
‘2200 1[;5 11‘0 11‘5 12‘0 1;5 1:‘10 1:‘35 1‘;0 1‘;5 150
time [sec]
(b) Second candidate

El
T

Bending stress [MPa]
o

@ = &

N
Q\A_
=
=
C:'_\___\
——
Q’:_\\
o

20 1 I I 1 I

100 105 110 115 120 125 130 135 140 145 150
time [sec]
(c) Third candidate

Figure 6. Prediction of bending stress of output sensor 1 for wave load condition (heading angle 45°,
wave period 6.0 s). (a) time series bending stress of output sensor 1 in 1st candidate group. (b) time
series bending stress of output sensor 1 in 2nd candidate group. (c) time series bending stress of
output sensor 1 in 3rd candidate group.
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Table 6. Principal DBMs of structural members corresponding to conversion matrix outputs.

Wave Load Case
DBM of Output Sensors (Heading Angle/Wave Period)
First mode 45°/45s
Second mode 45°/55s
Third mode 0°/5.0s
Fourth mode 0°/35s
Fifth mode 90°/5.0s

After comparing the results of the numerical analysis, we analyzed the prediction
results based on the model experiment results for each of the input sensor candidate
groups. Figure 7 shows the results of the bending stress prediction for each of the input
sensor candidate groups based on the model experiment results. The overall bending
stress prediction accuracy was lower than the prediction accuracy of the results of the
numerical analysis, and notably, there was a slight phase difference with the results of the
model experiment. This may be because the structural characteristics of the model were
changed due to the limitations in constructing an ideal model. Based on the finding that
the mean relative error was largest in the second candidate group composed of only the
structural members of a single unit structure. It was analyzed that the motion response
characteristics of the actual model changed due to the hinge connection, and as a result, the
structural response was out of phase with the numerical analysis. The comparison between
the results of the numerical analysis and the results of the model experiment showed a
phase difference in the structural response between the front unit structure and the rear one.
So, the phase difference in structural response between the numerical analysis and model
test was calculated and the phase difference was corrected by shifting it. Furthermore, the
high-frequency components and the noise components of the measurement data obtained
from the model experiment may have affected the performance of conversion matrix
response because it is mixed with the small structural response, thereby increasing the
mean relative error. Therefore, in this study, band-pass filtering was applied to remove
frequency components above 10 Hz.

The DBM-based bending stress prediction results for the model test are shown in
Figures 8 and 9. Figure 8 shows the measured bending stress values over time for sensors 1,
2, and 3 at the output location and the predicted values through the conversion matrix with
third sensor candidate group. The predicted results were shifted according to the measured
signal to compensate for the phase difference. Figure 9 represents the bending stress
RAO (response amplitude operator) for the measured of sensors 1, 2, and 3 and predicted
results with conversion matrix of third candidate group according to each heading angle
of wave load. Among the predicted bending stress RAOs, the accuracy for the wave load
condition with heading angle 45° shows the highest accuracy, because the DBMs for the
heading angle 45° were of high importance among DBMs. The bending stress prediction
based on the results of the model experiment through the DBM conversion matrix had a
larger mean relative error than that of the results of the numerical analysis as illustrated in
Figure 10. The prediction accuracy errors for the experimental results average 7%, 4%, and
1%, respectively, and the trends are the same as those in the numerical analysis. There are
two main reasons why the error has increased. The first cause is analyzed to be due to the
nonlinearity of waves and signal noise. Unlike numerical analysis that assumes linearity, in
the case of model testing, nonlinear wave loads such as green water and wave impact may
be applied, and DBM techniques based on numerical analysis have limitations in predicting
these. The second one may be because of the change of the structural characteristics of the
model, which was constructed to be different from the ideal numerical model.
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with heading angle 45° and wave period 4 s. (c¢) wave load conditions with heading angle 90° and
wave period 4 s.



J. Mar. Sci. Eng. 2024, 12, 262 15 of 18

30 — Measured
© ——Predicted
S 25
=,

5 20
1]
o
+ 15
v
(o))
£ 10
b=
o 5
m —\

0

3 5 7 9
Wave period [sec]
(a) heading angle 0°

30 — Measured
T ——Predicted
& 25 re cte
=
5 20
v
o
+ 15
)]

(o))
£ 10
2
o 5
o0

0

3 5 7 9
Wave period [sec]
(b) heading angle 45°

30 —Measured
T ——Predicted
S 25
=
S 20
v
o
+ 15
v
2 10
2
o 5
[

0

3 5 7 9

Wave period [sec]

(c) heading angle 90°

Figure 9. Bending stress RAO for output sensor 1, 2, 3 for third sensor candidate group. (a) wave
load conditions with heading angle 0°. (b) wave load conditions with heading angle 45°. (c) wave
load conditions with heading angle 90°.



J. Mar. Sci. Eng. 2024, 12, 262

16 of 18

10 M 1st candidate groups
9 M 2nd candidate groups
8 13rd candidate groups
X 7
S 6
=
L 5
w g
$
= 4
£
]
= 3
2
1
0

case 1(0°/4.0sec) case 2 (45° / 6.0 sec) case 3 (90° /5.0 sec)
Wave load case

Figure 10. Relative Error of bending stress prediction for three candidate groups.

4. Conclusions

In this study, we performed the prediction of structural responses of a multi-linked

floating offshore structure using a DBM-based conversion matrix. The principal DBMs of
the structure were selected based on the results of the fluid-structure interaction numerical
analysis, and the structural responses were predicted by the conversion matrix based on the
results of a model experiment. In addition, we generated three different combinations of the
sensor positions corresponding to the inputs of the conversion matrix, and comparatively
analyzed the results of the structural response prediction for each sensor candidate group.
From the results, we acquired the following conclusions.

1.

The DBM-based structural response prediction method was applied to a multi-linked
floating offshore structure. Based on the results of the fluid—structure interaction
numerical analysis, the conversion matrix was calculated through the principal DBM
selection algorithm. The structural response prediction accuracy was evaluated for
three candidate groups by varying the sensor positions of the structural members
corresponding to the inputs of the conversion matrix, and the evaluation showed that
the results of the structural responses were different among the three groups. This
indicated that the DBM-based conversion matrix of the multi-linked floating offshore
structure was affected by the selection of the sensor positions. The first to fourth
modes among the DBMs of the third group and the DBMs of the output sensor are
the same. The structural response prediction accuracy was high when the principal
DBMs of the structural members at the input positions were similar to the DBMs of
the structural members at the output positions.

We analyzed the bending stress prediction results obtained through the conversion
matrix based on the results of the numerical analysis and model test. The first
candidate group lacked the DBMs for the wave condition with heading angle 45° and
exhibited the lowest bending stress prediction accuracy for the wave condition with
heading angle 45°. The second and third candidate groups are composed of the DBMs
for the wave condition with heading angle 0°, 45°, 90°, but the second candidate
group had a phase difference for all the bending stress prediction results and exhibited
a lower bending stress prediction accuracy. The third candidate group showed a high
bending stress prediction accuracy with an error of about 1%, indicating that the
principal DBMs constituting the conversion matrix of the third candidate group reflect
the DBMs constituting the bending stress at the output positions. Therefore, to achieve
a high prediction accuracy for bending stress under various wave conditions, the
principal DBMs for the structural members at the input positions should be composed
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of regular waves of various directions and periods. In addition, it is important to
select DBMs for the output structural responses to determine the sensor positions of
the most similar DBMs.

3. The prediction error for model test may have been incurred because the principal
DBMs of the conversion matrix were prepared based on the results of the numerical
analysis. The application of phase difference compensation to the prediction results
brought out results that were almost the same as the measurement results. As such,
an actual structure may have structural characteristics that are different from its
numerical model. Therefore, it is necessary to confirm the similarity of the structural
responses of an actual structure in comparison with the results of the numerical
analysis. Further studies may need to be conducted to compensate the bending stress
prediction method by reflecting the structure characteristics of an actual structure that
may be changed from its numerical model [19].

To perform real-time structural health monitoring using digital twins, it is necessary
to be able to output a structural response with a certain level of accuracy or higher within
a short time [20-22]. In this study, a DBM-based order reduction method was used to
derive a conversion matrix that predicts the structural response for multi-linked floating
offshore structure with a mean relative error 1%. In addition, through comparison of
prediction accuracy according to sensor locations, a conversion matrix with similar DBM
between input and output was derived by considering the structural characteristics of
the structure. As a result of comparison with the model test, it was confirmed that the
prediction accuracy was reduced due to the different characteristics from the numerical
model. Despite these limitations, the DBM-based order reduction method can potentially
be used as an effective tool for predicting the structural responses, providing a basis for the
introduction for digital twins for structural health monitoring. In the future, to develop
the order reduction method, we plan to conduct research on optimized sensor locations
and prediction accuracy performance using advanced optimization techniques such as
machine learning.
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