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1. Introduction

The enforcement of the energy efficiency design index (EEDI) as an 

approach to decarbonization has led to a focus on improvement and 

further verification of the hydrodynamic performance of energy- 

saving devices (ESDs) used on ships to improve propulsion efficiency. 

With screw propellers still being a dominant propulsion device, the 

need for energy savings and emissions reduction has prompted 

research in ESDs that are related to propulsion efficiency. An 

efficiently and optimally designed hull and propeller can significantly 

recover lost energy during propulsion when used in conjunction with 

the ESDs. In recent years, ESDs have been crucial for both old vessels 

seeking retrofitting and new buildings. The improvement in propulsion 

performance from these devices plays a crucial role in complying with 

the EEDI and reduction of fuel consumption. 

Various types of ESDs are being used in the shipping industry. 

Some ESDs have been used to modify flows upstream and 

downstream of the propeller. An ESD in front of the propeller 

improves the inflow to the propeller plane. One downstream of the 

propeller makes use of the rotational flow of the propeller slipstream. 

In other cases, a composite device uses both mechanisms.

Kim et al. (2013) investigated a design of a duct-type ESD attached 

to the stern of a very large crude oil carrier (VLCC) hull. The research 

used computational fluid dynamics (CFD) simulation and considered 

the duct flow field, the hydrodynamic effects on resistance, and 

propulsive performance. Numerical flow analysis identified a 

reduction of hull resistance by the straightening effect of the stern flow 

and pressure recovery on the stern region. The power reduction was 

calculated to be 5%.

Bart and van Terwisga (2017) studied the effects of a duct and 

nozzles on propulsion devices. Koushan et al. (2020) considered a 

pre-swirl ESD that had fixed lifting foils mounted in front of a screw 

propeller. Using the lifting surface vortex model, the results showed an 

increase in 4% at the design point in comparison to when the ESD was 

not used. There are many ESDs that provide flow to the propeller by 

use of a pre-swirl stator (PSS) (Krol and Tesch, 2018; Henrich and 

Yan, 2017). The use of a composite device that incorporates a duct and 

pre-swirl stators has been extensively researched. The duct provides 

uniform velocity distribution to the propeller plane in addition to 

providing more thrust by use of the foil section. Such a device is a 

Mewis duct that incorporates fins to improve energy-saving 

performance (Mewis and Guiard, 2011).

When a duct is placed in front of a propeller, it has similar effects 

that are almost equal to those of a nozzle around a propeller. Nozzles 
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around a propeller are used to improve efficiency of the propeller due 

to their ability to accelerate the flow through the propeller plane. An 

increase of flow to the propeller plane increases the mass flux through 

the propeller, in turn contributing to a high amount of efficiency. A 

duct used in the ducted propeller is also believed to cut down the 

amount of axial kinetic energy losses and increase the flow rate 

through the propeller disk. Furthermore, it can be used to capture the 

viscous wake through the propeller wake, thereby increasing the 

propeller-hull interaction contribution to the efficiency (Bart and van 

Terwisga, 2017).

CFD has become an essential tool for the design of an ESD due to its 

ability to analyze a detailed flow that cannot be captured in 

experimental methods. Open-source software has gained extensive use 

in the ship building industry in the study of resistance, self-propulsion, 

and ship motions in waves. Park et al. (2013) developed a solver using 

open-source libraries for shipbuilding. Shen et al. (2014) applied 

dynamic overset grids in OpenFOAM for the self-propulsion and 

maneuvering of the Korea Research Institute of Ships & Ocean 

Engineering (KRISO) container ship (KCS). Seo (2017) used 

OpenFOAM to study the effects of wave periods on added resistance 

and motion of a ship in head simulations. Go et al. (2017) studied the 

effects of a duct before a KP505 propeller on the propulsion 

performance without a hull form. From the results, it was found that 

the duct is applicable to high-speed vessels such as containers. 

The present work discusses the use of an equalizing duct-type ESD 

located upstream of the KCS model’s propeller. The thrust 

improvement and flow through the duct have been analyzed to study 

the effects of the equalizing duct-type ESD. The duct was realized with 

a sectional NACA 4420 profile with an angle of attack of 20 degrees. 

Stators for the duct were not considered in this study. The performance 

of the KCS model with the equalizing duct-type ESD was compared 

with that of a KCS model without a duct. Three sizes of ducts were 

used for comparison to study how the duct’s size relative to the 

propeller diameter affects the generated thrust by the propeller.

2. Model Description

Fig. 1 shows the baseline of the equalizing-type ESD. The hydrofoil 

cross section is a NACA4420. The hydrofoil has an angle of attack 

(AOA) of 20 degrees and constant duct length and chord length. The 

diameters (DESD) used were 0.6DP, 0.7DP, and 0.8DP, where DP is the 

propeller diameter. 0.8DP was used as the maximum outlet diameter 

since a diameter larger than that would extend beyond the model’s 

keel.

3. Computational Methods

3.1 Governing Equations

To ship studied follows the continuity and Navier-Stoke’s equations:

∇∙  (1)




∙∇ ∇∇∙ ∇

∇  (2)

where   is the velocity vector, p is the pressure,  is the kinematic 

viscosity, and   is the turbulent kinematic viscosity. The k-w SST 

turbulence model was used for the turbulence closure (Menter, 1993). 

We captured the free surface using OpenFOAM’s multiphase solver 

with the volume of fluid (VOF) method and interFoam.

3.2 Numerical Methods

The Reynolds-averaged Navier Stokes (RANS) equations were 

discretized using the finite volume method (FVM). A second-order- 

accurate transient bounded-time-derivative Crank Nicolson scheme 

was used. The gradient schemes were discretized using the total 

variation diminishing (TVD) schemes with the van Leer limiter (van 

Leer, 1979). The second-order limited approach has been used to solve 

for the Laplacian term and the convection terms were solved using 

second-order schemes. The diffusion terms were solved using the 

central differencing schemes. The PIMPLE algorithm was used to 

couple the velocities and the pressure fields. The algorithm combines 

the “pressure implicit with splitting of operator” (PISO) method and 

semi-implicit method for pressure-linked equations (SIMPLE) 

(Gaggero et al., 2015).

(a) Front and side view of duct (b) Duct location at stern (c) Duct cross section

Fig. 1 Equalizing duct-type ESD
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4. Results and Discussion

4.1 Resistance

For the bare hull resistance of the KCS model, a computation was 

carried out at the design speed with a Froude number (Fn) of 0.26. Fig. 

2 shows the grid and domain used for the resistance and propulsion. 

The domain extent was set to 1.0LPP in the forward direction, 3LPP in 

the stern direction, 1.0LPP in the width direction, and 0.5LPP and 1.5LPP 

above and below the free surface, respectively. LPP is the length 

between perpendiculars of the KCS model. 

The Dirichlet conditions were applied for the velocity, turbulence, 

and volume fraction at the inlet boundary and the pressure at the outlet 

boundary. The Neumann conditions were applied for the pressure at 

the inlet boundary and the velocity, turbulence, and volume fraction at 

the outlet boundary. During forward ship motion in calm water, a wave 

is generated from the bow area, while in the stern region, flow 

separation occurs. Therefore, during mesh preparation, a high mesh 

resolution was given around the bow and stern region to capture the 

flow effects. In addition, the fluid interface region was also given high 

mesh resolution to accurately predict the ship resistance in calm water.

Table 1 shows the total resistance coefficient ( 

) 

for three grids. The difference (%D) is the percentage difference from 

the experimental data. The difference between the experimental 

Table 1 Resistance results

Grid sets
Background

mesh 
Number of 

grids
CT (×10-3)

Difference
(%)

1 45 × 11 × 28 4,023,280 3.840 3.457

2 32 × 9 × 20 2,157,269 3.878 4.511

3 25 × 6 × 15 1,362,365 3.957 6.638

resistance coefficient (CT) and computed data was 3.457% for the fine 

mesh and 6.638% for the coarse mesh. The computed results for the 

resistance have been overestimated. During the simulation, it was 

observed that the result improved with the use of a finer mesh.

4.2 Propeller Open Water (POW)

A steady-state solver with a moving reference frame (MRF) 

approach was used for computations of the complete propeller 

geometry. In the MRF approach, the simulation of the propeller is 

divided into two cell zones. The zone with the propeller is set as the 

rotating cell zone as shown in Fig. 3. The flow is inversely rotated 

instead of the actual propeller, so there is no actual relative propeller 

rotation. The MRF approach is fast, steady, and takes a short time to 

attain convergence. When using the MRF approach to solve the 

governing equations, the effects of centrifugal and Coriolis forces 

resulting from the angular velocity are considered as body terms in the 

Fig. 2 Computation domain and grid for resistance

Fig. 3 Computational domain for POW
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momentum equations (Seb, 2017).

The number of cells in the open-water simulation was limited when 

considering self-propulsion. Fig. 4 shows the three grids. The meshes 

around the leading and trailing edges and tip were resolved. Fig. 5 

shows the pressure contours at the pressure and suction sides of the 

propeller blades for three grids at an advance ratio (J) of 0.6. In the 

(a) Coarse mesh (b) Medium mesh (c) Fine mesh

Fig. 4 Propeller surface meshes 

        

(a) Fine mesh (b) Medium mesh

    

(c) Coarse mesh

Fig. 5 Pressure distribution on the propeller blades at J = 0.6.

Fig. 6 Propeller open-water results 
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coarse mesh, low pressure at the tip was observed. Fig. 6 shows the 

POW results. The present data were compared with experimental data. 

The computational results agree with the experimental data, meaning 

the approach works well for open-water cases, and the propeller 

experiences a uniform inflow field. The error found between the 

present computation and experiment is generally low apart from the 

data at high advance coefficients.

4.3 Self-propulsion

For the computations of self-propulsion, an unsteady VOF solver 

was used with dynamic mesh motions and a sliding mesh to enable 

propeller rotation using the arbitrary mesh interface (AMI) method. 

Revolutions (rps) RT (N) T (N) Balance (T - RT(SP) + SFC) Torque (N·m)

Computation
9.5 95.3 50.00 -13.100 2.535

10 99.250 67.110 0.060 2.725

Interpolation 9.998 99.232 67.032 0 2.724

Table 3 Validation data for KCS model without ESD

Item EFD (NMRI) KRISO HSVA SVA Present %D1)

KT 0.170 - - 0.172 0.588%

10KQ 0.288 - - - 0.279 -3.125%

1-t 0.835 0.846 0.865 0.910 0.835 0.0 %

J 0.728 0.729 0.725 0.708 0.72 1.098%

 0.682 0.671 0.667 0.614 0.673 -1.173%

 1.011 1.023 0.981 1.007 1.035 2.374%

1-w 0.792 0.779 0.789 0.765 0.819 3.409%

n 9.500 9.380 9.560 9.500 9.998 5.242%

 0.740 0.746 0.717 0.618 0.710 -4.054%

1) %D = 


(a) Crossflow vectors (EFD) (b) Crossflow vectors (Present)

(c) Axial flow contours (EFD) (d) Axial flow contours (Present)

Fig. 7 Wakes of propeller plane (x/LPP = 0.9911)

Table 2 Self-propulsion without ESD



252 Joseph Mwangi Ng’aru, Sunho Park and Beom-soo Hyun

The revolution speeds (n) were 9.5 rps and 10 rps. From the simulation 

values obtained for each revolution, balance is obtained, and linear 

interpolation is done to obtain the ship propulsion. To obtain the skin 

friction coefficient (SFC), a series of double body resistance 

computations was done at slow speed for a range of     using 

Prohaska’s method (Birk, 2019). The SFC was obtained as 32.2 N.

Table 2 shows the results for two revolutions at 9.5 rps, 10 rps, and 

the interpolation point. From the interpolation data in Table 2, 

revolution n = 9.998 was found to be the revolution at which the 

equilibrium point was obtained. The related thrust (T) of 67.032 and 

torque (Q) of 2.724 N·m are the parameters associated with the 

equilibrium point.  

The result obtained from the KCS model without ESD can be 

compared with the experimental data and simulations (Larsson et al., 

2015), and the results are shown in Table 3. At 9.5 rps, the 

computation overestimated the resistance by 4.2%. In the experimental 

data, the self-propulsion point was obtained at 9.5 rps, while in the 

present case, the self-propulsion point was obtained at 9.998. This 

variation can be attributed to a few factors, such as the number of grids 

due to the limitation of the number of cells used after considering the 

available computation resources. Also, the overestimation of the 

resistance could have contributed to this variance. 

At the self-propulsion point, the value of KT was approximately 

equal to the experimental value of KT. Conversely, the value of KQ was 

underpredicted by around 3.125%.   is the ultimate goal for the 

self-propulsion computation in the present case and was 

underestimated by 3.784%, as shown in Table 3. Even though the 

thrust deduction shows some agreement with the experimental data, 

the effective wake coefficient shows a little discrepancy of about 

3.535%. 

The cross-vector flows and axial flow contours were plotted for the 

KCS model during self-propulsion, as shown in Fig. 7. Wake contours 

were compared at x/LPP = 0.9911. For the overall wake shape, the 

results without ESD agree well with EFD data (Hino, 2005). The swirl 

in the present case seems to be overestimated.

4.4 Self-Propulsion with Equalizing Duct-Type ESD

This section presents data for a model with the equalizing duct-type 

ESD installed upstream of the propeller. The results were compared 

with the KCS model results without the ESD to analyze its 

effectiveness. Table 4 shows the results of self-propulsion with the 

equalizing duct-type ESD at DESD = 0.55DP. Revolution n = 9.89 was 

found to be the approximate revolution at which self-propulsion point 

was obtained. The thrust T = 66.855 N and torque Q = 2.600 N·m are 

the parameters associated with the self-propulsion point. 

Table 5 compares the propulsive coefficients for the cases with and 

without the ESD. Considering the two scenarios for these cases, the 

thrust coefficient shows an increase when the ESD is used on the KCS 

model. The improvement of thrust delivered at the self-propulsion 

point represents a 2.35% increase when the two cases are compared. 

From the interpolation results, the KCS model with the ESD was 

Table 4 Interpolation data for KCS model with ESD

Revolution
(rps)

RT (N) T (N) Balance
Torque
(N·m)

Computation
9.5 95.767 51.502 12.067 2.105

10 99.850 70.401 -2.750 2.712

Interpolation 9.89 99.035 66.855 0 2.600

Table 5 Comparison of KCS model data with and without ESD

Item
Present 

w/o ESD
Present 
w/ ESD

KT 0.172 0.175

10KQ 0.279 0.271

1-t 0.835 0.837

J 0.720 0.715

 0.673 0.67

 1.035 1.058

1-w 0.819 0.805

n 9.998 9.89

 0.710 0.7379

observed to reach self-propulsion earlier at 9.89 rps as compared to the 

model without ESD at n = 9.998 rps. 

Comparing the thrust for the two cases while on the same number of 

revolutions, the thrust for the KCS model with the ESD is greater than 

for the case without the ESD, as shown in Tables 2 and 4. This can be 

related to the flow that is directed to the propeller by the duct. The 

change in resistance values for both cases is insignificant. Comparing 

the quasi-propulsive efficiency of the ship model with and without the 

ESD, the performance shows improvement of about 3.929%, which is 

attributed by the improved upstream flow to the propeller. 

Different locations were considered to compare the effects of flow 

with and without the ESD at various points in the stern region around 

the propeller, as shown in Fig. 8. Flow-through points 1, 2, 3, and 4 

represent x/LPP = 0.96, 0.97, 0.98, and 0.99, respectively, and are 

presented in Fig. 9. The axial flow distribution for the case with the 

Fig. 8 Flow measurement planes around stern
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duct is distinct in that fast flow induced by the duct is concentrated. 

Downstream of the duct, the duct' effects are evident. There are 

distinct variations along the circumferential direction on the duct as 

the axial velocity near the outer side of the duct becomes weaker due to 

the duct's angle of attack. On the stern side, the wake of the ship can be 

seen to influence the propeller, and the propeller also influences the 

ship flow.

4.5 Effect of the Outlet Diameter for Equalizing Duct type ESD

Three outlet diameter sizes for the duct were considered and 

compared at 9.5 and 10 rps. The ducts had equal length and angle of 

attack with only a change in the diameter of the duct. The diameter of 

the baseline duct was 0.7DP. A bigger one (0.8DP) and a smaller one 

(0.6DP) were considered. 0.8DP was the maximum duct size that could 

have been used since a larger size would have extended below the keel. 

In comparison to the duct with an outlet diameter of 0.55DP, the ducts 

with larger diameters of 0.6DP, 0.7DP, and 0.8DP showed improvement 

in the propulsive performance at the self-propulsion point, as shown in 

Table 6. When the duct’s outlet diameter was 0.8DP, the results 

showed the highest thrust output compared to the other ducts sizes. 

With the increased diameter size, the thrust of the propeller was 

observed to improve. 

In this type of hull design, the stern of the ship is well designed, so 

the difference of the resistance forces was insignificant for all cases 

with and without a duct. Therefore, the propeller performance became 

the focal point. In the performance comparison to the model without 

the ESD, all the cases with the ESD showed improved propulsive 

performance. This is shown in both Tables 5 and 6. Both the propeller 

thrust and torque increase with the size of the duct. With the increased 

size of the duct, Fig. 10 shows that the wake fraction (w) was 

increased, while the thrust ratio (t) was reduced, thereby increasing the 

hull efficiency performance. 

Fig. 9 x-velocity contours for KCS model without and with ESD

Item 0.55DP 0.6DP 0.7DP 0.8DP

KT 0.175 0.176 0.180 0.187

10KQ 0.271 0.276 0.290 0.318

1-t 0.837 0.8474 0.862 0.879

J 0.715 0.71 0.700 0.685

 0.67 0.655 0.640 0.63

 1.053 1.106 1.085 1.0367

1-w 0.805 0.7931 0.766 0.726

n 9.89 9.813 9.609 9.329

 0.7378 0.7736 0.7812 0.789

Table 6 Performance of KCS model with ESD and various DESD
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Fig. 10(d) shows that the self-propulsion point was achieved earlier 

as the thrust generated by the propeller was higher than in the case 

without the ESD. The self-propulsion point was obtained with less 

revolution as the duct size increased, which was due to the increased 

thrust generated by the propeller. As the size of the duct increased, the 

overall efficiency   also increased. 

The relative rotative efficiency is highest between 0.6DP and 

0.65DP. At 0.8 DP, which is the highest size of the duct in this case, the 

relative rotative efficiency is almost equivalent to the case without a 

duct. In Fig. 10(f), the propulsive performance steeply increases until 

0.7DP, and between 0.7DP and 0.8DP, the propulsive efficiency change 

is small, which may be a result of reduced relative rotative efficiency 

and open-water propeller efficiency. Despite the largest duct giving 

the highest propulsion efficiency, its relative rotative efficiency is 

almost equivalent to the case without a duct Fig. 10(e). It is insufficient 

to say that it is the most effective duct because this case requires a 

different angle of attack for comparison and other aspects of the design 

of the duct. The improvement in the performance of the propulsive 

(a) Thrust deduction (b) Wake fraction

(c) Hull efficiency (d) Self-propulsion point

(e) Relative rotative efficiency (f) Propulsive efficiency 

Fig. 10 Propulsion performance for different duct sizes
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system using the duct maybe attributed to enhancement of the mass 

flow rate passing through the propeller disk and the reduction of the 

drag force on the blades of the propeller.

Fig. 11 shows the pressure contours of the propeller blades for 

different outlet diameters of the ESD. The pressure of the suction side 

decreases with the increased diameter of the duct outlet. The pressure 

distribution on the propeller blade varies with the size of the duct, 

especially on the suction side. On the pressure side, higher pressure is 

observed on the tip of the propeller when a larger duct is used. This 

may lead to undesirable pressure loading on the propeller. The 

pressure loading on the tips shifted with the duct size, with a large 

diameter resulting in higher loading at the propeller tip than a smaller 

diameter.

5. Conclusions

This study presented a computational analysis for a KCS model with 

an ESD. The computations were done for cases with and without an 

ESD, and results were compared to study its effectiveness. For the 

propeller open-water test, the MRF approach was considered, and 

results were compared with experimental data. The data showed good 

agreement with the experimental data for the KCS model without the 

(a) Suction side DP = 0.6 (b) Pressure side DP = 0.6

(c) Suction side DP = 0.7 (d) Pressure side DP = 0.7

(e) Suction side DP = 0.8 (f) Pressure side DP = 0.8

Fig. 11 Pressure coefficient contours on the propeller blades
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ESD. In the self-propulsion of KCS, non-dimensionless propulsive 

factors such as the thrust coefficient, wake fraction, and relative 

rotative efficiency with and without the ESD were compared. 

The performance of the ESD showed some significant improvement 

in the propulsion. With increased size of the duct, the propeller thrust 

increased. The pressure loading shifted to the propeller blade tips as 

the duct size increased. However, there are many points to improve for 

further development in this case, such as coupling of the ship dynamic 

motion with the sliding mesh motion. Even though the comparison 

seems qualitatively promising, there is a need for further study to 

obtain more consistency, insights, and understanding in the future. In 

the future, more parameters such as the angle of attack and 

incorporation of fins should be considered.
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1. Introduction

Much research has been performed continuously to fit a stress-range 

distribution and to predict fatigue damage for a Gaussian wide-band 

stress response. As a result, approximation models based on an 

empirical correction factor or numerical simulation have been 

proposed to solve wide-band spectrum issues. However, they still 

yield overestimated or underestimated fatigue damages when 

compared to time-domain rain-flow counting analysis.

The DNV rule (DNV, 2010) recommends cycle counting, an 

empirical model, and an analytic model for the Gaussian wide-band 

stress spectrum to carry out spectral fatigue analysis. The rain-flow 

counting method is mainly used for cycle counting. The Wirsching- 

Light correction method (Wirsching and Light, 1980), Dirlik model 

(Dirlik, 1985), and Single Moment method (Larsen and Lutes, 1991) 

were suggested as empirical models. The analytic model presents the 

Jiao-Moan model (Jiao and Moan, 1990) whichcan be applied to a 

narrow-band bi-modal distribution. Lloyd's rule (LR, 2018) 

recommends a multi-peak short-term spectral calculation method 

proposed by Park et al. (2014) and Dirlik (1985) in fatigue analysis for 

dynamic responses such as springing or whipping. 

A probability density function (PDF) for the Gaussian wide-band 

stress spectrum has not been defined theoretically. Instead, several 

efforts to develop an approximation formula that follows a numerical 

simulation-based rain-flow counting stress distribution have been 

carried out (Rychlik, 1987; Zhao and Baker, 1992). Larsen and Lutes 

(1991) developed The Single Moment model that is applicable to a 

wide-band spectrum. This model considers the generalized -order 

spectral moment using the slope  of the S-N curve. However, since it 

cannot reflect the interaction between low-frequency and high- 

frequency modes, the accuracy of fatigue damage is low.

Recently, a mathematical re-interpretation of a Single Moment 

model was attempted using a projection by projection (PbP) approach, 

which is called a nonlinear coupling rule (Benasciutti et al., 2013). 

This method discretizes a wide-band stress response spectrum into a 

myriad of small bands. Assuming that each small band is an 

independent narrow band for the frequency domain, it estimates 

cumulative fatigue damage using the spectral discretization method 
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and Rayleigh PDF. Gao and Zheng (2019) derived a quadratic 

coupling method with three variables through numerical simulation 

and rain-flow counting to solve the inaccuracy of a bi-modal spectrum 

sincethe Single Moment model overlooks the interaction between 

low-frequency and high-frequency modes. Zheng et al. (2020) 

extended the bi-modal process to a tri-modal process based on a 

discrete spectral method and coupling coefficient equation.

Research results have recently shown that the accuracy of fatigue 

damage prediction for a numerical simulation-based approximate 

empirical model is relatively low. Research works for bi-modal or 

tri-modal spectra have been actively carried out for the development of 

a new method. For the Dirlik, Benasciutti, and Park models, associated 

research for numerical simulation-based approximations has been 

sluggish for a long time. For this reason, we attempted to develop 

empirical formulas by adopting new approximate spectral moments to 

improve the accuracy of prediction of the stress-range distribution and 

fatigue damages for a wide-band spectrum through analysis of other 

research, which can be easily applied to actual project engineering.

Fig. 1 shows an example of the rain-flow counting stress-range 

distribution for a Gaussian wide-band spectrum. As shown in the 

figure, the stress range is categorized into a low range, medium range, 

and high range. To enhance the accuracy of fatigue damage 

assessment, it is necessary to reflect the characteristics of the rain-flow 

counting distribution very well. First of all, it is necessary to determine 

the approximate spectral moment that is close to the simulation-based 

rain-flow counting moment. The new approximate spectral moment is 

highly important because it is considered as the input variable in the 

constitutive equation of the fatigue model. So far, no research has been 

published that defines the rain-flow counting moment as a theoretical 

solution. From the results of recent research, the rain-flow counting 

moment is defined as the spectral moment or bandwidth parameter, but 

it can be seen that there is a limit to increasing the accuracy of fatigue 

damage.

We developed an empirical formula for an approximate spectral 

Generation of response spectrum 
(Bimodal & Benasciutti type)

Data extraction of  stress time 
series using IFFT method

Rain-flow counting process
(stress range & number of cycle)

Calculation of Rain-flow counting  
spectral moments ( )

Step study: Various combination 
of bandwidth parameter and 

special parameter

Empirical formulas for 
approximate spectral moments

Fig. 2 Flowchart to develop empirical formulas for the approximate 

spectral moments

moment that is close to the rain-flow counting stress range (∆σ) 

distribution. This paper describes the detailed development process 

and calculation procedure of the step-by-step study and comparison of 

several candidate formulas. In addition, a special parameter or 

exponential special parameter and two exponential bandwidth 

parameters are introduced and are combined to develop approximate 

spectral moments. Fig. 2 shows the development flowchart of 

empirical formulas for the approximate spectral moments proposed in 

this study.

2. Data Processing

2.1 Generation of Response Spectrum

Data processing follows the same spectrum models and numerical 

calculation method as those specified by Park et al. (2014) as the 

Low range Medium range High range

Fig. 1 Stress-range categories in the rain-flow counting distribution



Development of Empirical Formulas for Approximate Spectral Moment Based on Rain-Flow Counting 259

Fig. 3 Bi-modal spectrum for response generation

resultant outputs should be compared under the same input data 

conditions. Two representative spectra are selected to implement the 

stress response generation. Fig. 3 shows an ideal bi-modal spectrum 

proposed by Lutes and Larsen (1990). This spectrum has two peaks 

with low and high frequencies. Assuming that each spectrum is 

distributed in a narrow band, the variance is made to be 1,000 and 500 

(Park et al., 2014). The spectrum area ratio Ar  and frequency ratio Fr  

are: 

 


 

   ,   


 

  (1)

Fig. 4 shows the five spectra proposed by Benasciutti (2004) (i.e., 

constant, linear, double symmetrical, and two kinds of anti-symmetric 

parabolic). Several assumptions are required to generate a stress 

response spectrum. The 0-order spectral moment (or variance) of all 

spectra is 1,000, and two bandwidth parameters   and   are within 

the range of 0.2–0.9 and 0.1–0.8, respectively (Park et al., 2014). The 

spectral bandwidth parameter   and the nth order spectral moment 

  are defined as follows.

 

 (2)

 ∫
∞ (3)

where ω = Wave frequency

ω = Response spectrum of stress amplitude 

Since the stress response spectrum is assumed to be a dimensionless 

quantity, the resulting stresses become a dimensionless quantity.

2.2 Data Extraction of Stress Time History

Time history data from the stress response is extracted using the 

Inverse fast Fourier transform (IFFT) method as follows: 

 ∑  
  ∆    (4)

where, ∆     ,  
    

where   is the response spectrum, ω  is the angular frequency,   

is the phase angle,  is time, and  is the number of frequencies. The 

angular frequency and phase angle are generated by a random number 

giving an equal distribution within the allowable range. In the process 

of extracting the time history of stress data, the stresses with the 

shortest period should be taken into account so as not to miss them. 

Therefore, it is important to select a reasonable and appropriate time 

increment in order to accurately capture the maximum and minimum 

of the stress during the IFFT process. 

Fig. 5 shows the numerical procedure for extracting time history 

data as described in Park et al., (2014). Through this process, it is 

possible to obtain random time history data with a sufficiently long 

Fig. 4 Benasciutti spectrum for response generation
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Fig. 5 Numerical simulation flowchart for time history data 

generation

period in the time domain. In the simulation, 10 blocks are repeatedly 

considered, and 20 sub-blocks are iteratively processed in one block. 

The duration period is 3 hours, and the phase angle and frequency 

interval are set randomly as the sub-block changes. 

2.3 Rain-Flow Counting Process

To calculate the stress range and number of cycles from the time 

history data, we considered the rain-flow counting process according 

to the standard procedure described in ASTM E1049-85 (ASME, 

2005). The PDF can be obtained by performing a rain-flow counting 

process for the stress range and number of cycles calculated from each 

block, as shown in Fig. 5. Finally, the PDF is obtained by taking the 

average of the PDF of 10 blocks. 

3. Step Study of Approximate Spectral Moment

3.1 Definition of Rain-Flow Counting Moment

To increase the accuracy of fatigue damage calculation, an 

approximate PDF with the same distribution as the rain-flow counting 

PDF must be obtained. For this purpose, it is preferable to obtain the 

rain-flow counting moment ( ) through numerical simulation 

and then to obtain an approximate spectral moment that is close to the 

rain-flow counting moment. For the response spectrum, the rain-flow 

counting moment is defined as follows (Dirlik, 1985):

 
∫
∞∆∆exp

∆ ∆
∫
∞∆ ∆∆

(5)

As can be seen from the equation above, the rain-flow counting 

moment is a non-dimensional value of the rain-flow counting PDF 

from a standard Rayleigh PDF. ExistingFatigue models define the 

rain-flow counting moment using spectral moments or bandwidth 

parameters (Dirlik, 1985; Park et al., 2014). From the results of recent 

studies, it can be seen that there is a limit to increasing the accuracy of 

fatigue damage. In this regard, it is necessary to develop new empirical 

formulas for approximate spectral moments. If approximate spectral 

moments can be accurately and efficiently obtained, a stress-range 

distribution close to the exact value can be obtained, and the accuracy 

of the fatigue damage prediction can be dramatically improved.

3.2 Existing Approximate Spectral Moment

Dirlik (1985) and Park et al. (2014) presented approximate spectral 

moments as a combination of bandwidth parameters through a 

parametric study based on numerical simulation. The first and 

second-order approximate spectral moments presented by Dirlik 

(1985) are as follows.


   (6)


  (7)

where,  

 ,  



The approximate spectral moment suggested by Park et al. (2014) is 

as follows.


  (8)


   (9)


    (10)

where  

 ,  



 

 ,  



Approximate spectral moments have been presented up to the 

third-order term, and no research has been published for fourth-order 

or higher terms. Increasing the order of the approximate spectral 

moment greatly contributes to the accuracy of the stress distribution in 

the high stress range where the Vanmarcke parameter (Vanmarcke, 

1972) is close to 1.0, and eventually, the accuracy of the fatigue 

damage estimation can be increased. Therefore, several step-by-step 

studies need to be carried out to develop approximate spectral 

moments that are close to the rain-flow counting moment. 

3.3 Step 1: Combination of Bandwidth Parameter

For the purpose of simply defining the approximate spectral moment 

so that it can be applied to the actual design, a combination with the 

constants  and  in the bandwidth parameter is assumed as follows.


  

 
 (11)
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To find the optimal values of  and  using the bandwidth parameter, 

the range of exponents is determined while excluding the range of low 

accuracy of the R-squared values through parametric studies:

b = 0.4 to 1.1, interval of 0.1 (12)

c = 0.7 to 1.1, interval of 0.1 (13)

Regression analysis is performed for 40 cases using  

obtained from numerical simulation. To show the difference between 

 and 
 , the R-squared values are calculated, 

and the result is shown in Fig. 6. The case where the R-squared values 

between two moments are close to 1.0 is case no. 38, and the 

corresponding exponent values are determined as 1.1 and 0.9, 

respectively. Therefore, 
  is determined as follows.


  

 
 (14)

From the R-squared values in Fig. 6, the accuracy of the remaining 

spectral moments except for both the first and fifth-order spectral 

moments is above 99%. As the constants  and  increase, the 

R-squared values of the first spectral moment gradually decrease. On 

the other hand, the R-squared values of the remaining spectral moment 

increase until  is 1.1 and  is 0.9. However, it decreases after that. As 

for the first-order spectral moment, it can be seen that the R-squared 

value is maximized when  is 0.4 and  is 0.9.

3.4 Step 2: Combination of Special Parameter

Since there is a limit to obtaining the moment equivalent to the 

 by combining only the bandwidth parameters, a special 

parameter was used (Jun and Park, 2020):

  

  (15)

where, m = spectral moment 

k = 0.01 to 2.5, 0.01 interval

The range of coefficient k is considered the same as the range of 

bandwidth parameter  . An iterative numerical calculation is 

performed in consideration of the following three conditions, and the 

R-squared values are confirmed through regression analysis between 

the special parameter and  using the rain-flow counting 

moment obtained from the numerical simulation. In this study, the 

moment 
 up to the fourth-order term is defined using a 

linear combination of special parameters as follows: 


   (16)


   (17)


    (18)


     (19)

Table 1 shows the R-squared distribution between 
 and 

. As shown in the table, excluding the fifth spectral 

moment, the accuracy of the remaining spectral moments is 99.7% or 

more. From this result, it is confirmed that the consideration of the 

special parameter is very appropriate to obtain the approximate 

spectral moment. However, as the order of the spectral moment is 

increased, the simple combination formula of the special parameter 

becomes complicated, so it is difficult to apply it to the actual design.

Table 1 R-squared values between 
 and 


 

 
 

 


1.0000 0.9997 0.9990 0.9970 0.9940

3.5 Step 3: Combination of a Special Parameter and Exponential 

Bandwidth Parameters

The approximate moment 
 is determined by combining 

a special parameter   and spectral moment 
  from Eq. (14) 

as follows. 

Fig. 6 R-squared value distribution between  and 
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 (20)

Using  obtained from the numerical simulation, the 

R-squared values between  and 
 are calculated 

through regression analysis for 24 cases, and the results are shown in 

Fig. 7.

In the case of the 1st and 2nd-order spectral moment, the maximum 

R-squared values are shown when the coefficient  is 0.01. As the 

coefficient k increases, the R-squared values of the spectral moment 

decrease. This means that it is more advantageous not to consider the 

special parameter for the 1st and 2nd-order spectral moments. When the 

coefficient  is 0.6, the R-squared values of the remaining spectral 

moments show the maximum values and give more accurate results 

than the approximate spectral moment 
  of step 1. When  

is greater than 0.6, the R-squared values tend to decrease. From the 

results of step 3, the approximate spectral moments are summarized 

below:


 

 
  for  = 1 – 2 (21)


  

 
  for  = 3 – 5 (22)

3.6 Step 4: Combination of an Exponential Special Parameter 

and Exponential Bandwidth Parameters

The approximate moment 
 is determined by combining 

an exponential special parameter 
  and approximate spectral moment 


  of step 1 as follows.


 

 
 

 (23)

where,   



For the purpose of finding the optimal value of the exponent  of the 

special parameter, the final range below is determined while excluding 

Fig. 7 R-squared value distribution between  and 


Fig. 8 R-squared value distribution between  and 
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the range with low accuracy of the R-squared values through a 

parametric study:

 = -1.1 to 1.1, 0.1 interval (24)

Using the  obtained from the numerical simulation, the 

R-squared values that show the difference between  and 


 are calculated through regression analysis for 23 cases. 

The results are shown in Fig. 8 and are summarized below:


 

  
 

 (25)


 

  
 

 (26)


 

 
 

 (27)


 

 
 

 (28)


 

 
 

 (29)

From the R-squared values in Fig. 8, it can be found that the 

accuracy of the remaining spectral moments except for both the 

fourth-order and the fifth-order spectral moments is above 99.7%. As 

the exponent  increases, the R-squared values of the first spectral 

moment decrease. On the other hand, the R-squared values of the 

remaining spectral moment show a tendency of increasing as the 

exponent  increases and then decreasing as it passes a specific value. 

As for the spectral moments from the first-order to the fifth-order, it 

can be seen that the R-squared value is maximized when the exponent 

 is -1.0, -0.2, 0.4, and 0.7.

4. Comparison

4.1 Four Candidate Formulas

Based on the results obtained from the step-by-step study in the 

previous section, the rain-flow counting moment  and the 

Table 2 Four candidate formulas for approximate spectral moments
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highest equivalent approximate moment 
  are calculated. 

Several parametric studies were carried out using the best data fitting 

method and regression analysis. As a result, four final candidate 

empirical formulas were chosen, as illustrated in Table 2.

4.2 Comparison of Candidate Formulas

The rain-flow counting response distribution calculated from the 

numerical simulation is regarded as the real value. Several comparison 

studies were carried out using four empirical equations. Table 3 shows 

the comparison results of R-squared values between the rain-flow 

counting moment and approximate spectral moment using four 

formulas. Fig. 9 shows a comparison of the PDF between empirical 

formula #2 and the rain-flow counting spectral moment for two 

representative spectra mentioned in section 2.1.

Fig. 10 shows the comparison of the relative distance from rain-flow 

counting distribution of four formulas compared with two models 

(Dirlik model and Park model) to confirm the suitability and accuracy. 

Table 3 Comparison of R-squared values using four formulas

Candidate 
Formula

MRR(1) MRR(2) MRR(3) MRR(4)

Formula #1 0.9995 0.9997 0.9984 0.9967

Formula #2 0.9992 0.9995 0.9988 0.9966

Formula #3 0.9996 0.9997 0.9988 0.9966

Formula #4 0.9993 0.9995 0.9988 0.9966
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To evaluate the error rates for relative distance, the root mean square 

(RMS) method was used as shown in Eq. (30).

RMS average = 




∑ (30)

where,   = Relative distance error of ith spectrum

 = Total number of spectra

Table 4 shows a quantitative comparison of distance between the two 

models and four formulas using the RMS method. As a result, it was 

confirmed that formula #2 gives the closest distribution to the 

rain-flow counting distribution.

Table 5 summarizes the comparison results based on the PDF 

distribution and relative distance error rate between the rain-flow 

Table 4 Comparison of RMS values for relative distance error 

between existing models and four formulas

　
Dirlik 
model

Park 
model

Formula 
#1

Formula 
#2

Formula 
#3

Formula 
#4

RMS 
value

16.92 12.01 12.88 11.60 12.61 16.01

Table 5 Comparison of four formulas using eight spectra

Spectrum　 Formula #1 Formula #2 Formula #3 Formula #4

Type1-02-01 Good Good Good Good

Type1-05-01 Good Good Good Good

Type1-06-05 Bad Better Bad Good

Type1-07-06 Good Better Good Good

Type1-09-05 Good Good Good Good

Type1-09-08 Good Good Good Good

Type2-04-03 Bad Good Bad Good

Type5-09-08 Good Good Good Good

counting distribution and four formulas using eight spectra. By 

extending to the fourth-order spectral moment that the other model did 

not consider, the contribution to the rain-flow counting (RFC) 

distribution in the high range is large, and the fatigue damage accuracy 

can be improved. The approximate spectral moments obtained from 

this study can be applied as significant input variables in the 

constitutive equation of the fatigue model. 

5. Conclusions

From the results of previous studies, when increasing the order of 

the spectral moment, the PDF distribution in the Gaussian wide-band 

range close to a Vanmarcke parameter of 1.0 approaches the rain-flow 

counting distribution, so the accuracy of the fatigue damage 

assessment can be improved. In this study, we developed a new 

approximate spectral moment 
  that is close to the 

rain-flow counting distribution by combining special parameters, 

exponential special parameters, and exponential bandwidth parameters 

through step-by-step studies using regression analysis. In addition, this 

paper deals with the full explanation on the basis of study, i.e. detailed 

development process and calculation procedure of the step-by-step 

study and comparison study of several candidate formulas, of the 

approximate spectral moment. Using two representative spectrums 

such as Benasciutti spectrum and bi-modal spectrum, preliminary data 

processes, i.e. response spectrum generation, time history data 

extraction and rain-flow counting execution, were performed to make 

necessary input data for the development of new approximate spectral 

moments. The main characteristics of this study that differentiate it 

from other studies are as follows.

(1) Whereas other studies considered only the 2nd or 3rd-order 

approximate spectral moments, this study contributed to increasing the 

accuracy of fatigue damage assessment by extending them to 4th–order 

terms or higher.

Fig. 10 Comparison of distance from RFC distribution of four formulas compared and two other models
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(2) The previous models considered the approximate spectral 

moment with the spectral moment  –   or the linear combination 

of the bandwidth parameters   and  . In this study, a special 

parameter or exponential special parameter was combined with the 

bandwidth parameter through a step-by-step study to develop several 

empirical formulas. 

(3) In addition, simplicity and convenience were considered for an 

actual engineering application, and stability and accuracy of the 

fatigue analysis solution can be enhanced by applying approximate 

spectral moments with the R-squared values of more than 97% 

comparing with rain-flow counting moments. 

Funding

This research was supported by the BB21 plus funded by Busan 

Metropolitan City and Busan Institute for Talent & Lifelong Education 

(BIT) 

References

American Society for Testing and Materials (ASTM). (2005). 

Standard Practices for Cycle Counting in Fatigue Analysis 

(ASTM E1049-85).

Benasciutti, D. (2004). Fatigue Analysis of Random Loadings (PhD 

Thesis). University of Ferrara.

Benasciutti, D., Cristofori, A., & Tovo, R. (2013). Analogies Between 

Spectral Methods and Multiaxial Criteria in Fatigue Damage 

Evaluation. Probabilistic Engineering Mechanics, 31, 39–45. 

https://doi.org/10.1016/j.probengmech.2012.12.002

Det Norske Veritas (DNV). (2010). Recommended Practice for Riser 

Fatigue (DNV-RP-F204: DNV).

Dirlik, T. (1985). Application of Computers in Fatigue (PhD Thesis). 

University of Warwick.

Gao, S., & Zheng, X.Y. (2019). An Improved Spectral Discretization 

Method for Fatigue Damage Assessment of Bimodal Gaussian 

Processes. International Journal of Fatigue, 119, 268–280. 

https://doi.org/10.1016/j.ijfatigue.2018.09.027

Jiao, G., & Moan, T. (1990). Probabilistic Analysis of Fatigue Due to 

Gaussian Load Processes. Probabilistic Engineering Mechanics, 

5(2), 76–83. https://doi.org/10.1016/0266-8920(90)90010-H

Jun, S.H., & Park, J.B. (2020). Development of a Novel Fatigue 

Damage Model for Gaussian Wide Band Stress Responses Using 

Numerical Approximation Methods. International Journal of 

Naval Architecture and Ocean Engineering, 12, 755–767. 

https://doi.org/10.1016/j.ijnaoe.2020.09.005

Larsen, C.E., & Lutes, L.D. (1991). Predicting the Fatigue Life of 

Offshore Structures by the Single-Moment Spectral Method. 

Stochastic Structural Dynamics 2, 91–120. https://doi.org/10. 

1007/978-3-642-84534-5_7

Lloyd’s Register (LR). (2018). Fatigue Assessment Including Hull 

Girder Springing. Global Design Loads of Container Ships and 

Other Ships Prone to Whipping and Springing, 45-51. 

Lutes, L.D., & Larsen, C.E. (1990). Improved Spectral Method for 

Variable Amplitude Fatigue Prediction. Journal of Structural 

Engineering, 116(4), 1149–1164. https://doi.org/10.1061/(ASCE) 

0733-9445(1990)116:4(1149)

Park, J.B., Choung, J.M., & Kim, K.S. (2014). A New Fatigue 

Prediction Model for Marine Structures Subject to Wide Band 

Stress Process. Ocean Eng. 76, 144–151. https://doi.org/10.1016/ 

j.oceaneng.2013.11.002

Rychlik, I. (1987). A New Definition of the Rainflow Cycle Counting 

Method. International Journal of Fatigue, 9(2), 119–121. 

https://doi.org/10.1016/0142-1123(87)90054-5

Vanmarcke, E.H. (1972). Properties of Spectral Moments with 

Applications to Random Vibration. Journal of the Engineering 

Mechanics Division, 98(2), 425–446. https://doi.org/10.1061/ 

JMCEA3.0001593

Wirsching, P.H., & Light, M.C. (1980). Fatigue Under Wide Band 

Random Stresses. Journal of the Structural Division, 106(7), 

1593–1607. https://doi.org/10.1061/JSDEAG.0005477

Zhao, W., & Baker, M.J. (1992). On the Probability Density Function 

of Rainflow Stress Range for Stationary Gaussian Processes 

International Journal of Fatigu, 14(2), 121–135. https://doi.org/ 

10.1016/0142-1123(92)90088-T

Zheng, X.Y., Gao, S., & Huang, Y. (2020). Cross-mode Coupling for 

the Fatigue Damage Evaluation of Trimodal Gaussian Processes. 

Ocean Engineering, 202, 107177. https://doi.org/10.1016/ 

j.oceaneng.2020.107177

Author ORCIDs

Author name ORCID

Jun, Seockhee 0000-0001-6104-9973

Park, Jun-bum 0000-0003-1030-9338



1. Introduction

A ship mooring system is a device that secures a vessel at a berth or 

during mooring operations to minimize the impact of waves. Offshore 

mooring lines secure an offshore floating structure during mooring 

operations, and they are capable of withstanding additional loads from 

movements due to wind, waves, and currents, with guaranteed 

durability over long-term use, thus serving as an essential component 

in offshore operations. Mooring lines are used not only for floating 

offshore wind turbines, but also for offshore plant equipment, as well 

as for securing offshore structures such as semi-submersibles, tension 

leg platforms (TLPs), and floating production storage and offloading 

(FPSO). With the broad range of potential applications, there has been 

continuous research on the development of mooring methods 

worldwide, including in Korea. The main functions for achieving load 

control of the mooring rope for securing offshore structures include 

pay out/heave in, auto tension, securing/braking, and in the case of 

auto-tension, pay out/heave in operations are repeatedly performed to 

maintain constant tension of the mooring rope (Lee et al., 2012).

According to these operational characteristics, there have been both 

large- and small-scale incidents and casualties, and there is a pressing 

need to ensure the safety of equipment as countermeasures against the 

incidents. To this end, a commonly used method that is employed for 

the protection of the mooring rope and equipment is to monitor and 

manage the load using load cells that measure torque and tension such 

that the tension is kept below a certain level. In the case of a mooring 

rope, operational problems that may affect safety are mainly known to 

arise in the areas of the eye and splice, which are the parts that serve 
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the important function of making a joint for successive ropes, and 

which are processed manually. In general, when mooring forces are 

measured using a load cell that measures tension, the load cell is 

mounted on the top or end of a mooring line to measure the average 

value; in this way, it is not possible to detect a load that has a 

concentrated distribution in the center, eye and splice parts of the 

mooring line. 

In terms of the method employed to measure the rope tension using a 

load cell, the linear stress response characteristics can be used as much 

as possible in the case of chains and wires made of metals. However, in 

the case of synthetic mooring ropes, there are changes in stiffness due 

to the creep phenomenon that occurs when the ropes are used. 

Therefore, in the conventional load cell method that performs 

measurements using the linear stress response characteristics, there is a 

technical limitation in terms of determining the durability. For this 

reason, in the case of synthetic mooring ropes, they are used by 

significantly increasing the safety factor, or are discarded after a 

certain period regardless of the in-service history. Therefore, various 

approaches in research and development have been made for mooring 

ropes that allow load detection, and in recent years, there have been 

new technologies that incorporate mooring ropes/chains using sensor 

and smart IT technologies for monitoring methods with a load 

detection function composed of steel wires and chains. In addition, 

there have been demands for this type of function in the area of 

offshore wind turbines. 

There has been mounting interest in the development of technology 

that is capable of integrating a number of sensors with smaller sizes, 

and which perform measurements of physical properties by connecting 

many sensors to continuous cables that enable the transmission of 

signals over a long distance between the sections where the sensors are 

installed. In this study, the use of the proposed sensor enables 

measurements of most of the physical quantities that need to be 

measured, as well as a simplification of the system constituting the 

sensor. For a comprehensive review of the general characteristics of 

fiber optic sensors, please refer to the (Culshaw et al., 2008). In this 

case, measuring equipment with sensors was designed, fabricated, and 

validated in various forms depending on the type of application. The 

widespread application of fiber optic sensors began after research on 

fiber Bragg grating (FBG) sensors started in the late 1990s (Meltz et 

al., 1989; Hill and Meltz, 1997).

In the theory of FBG, the reflected wavelength is determined by the 

refractive index modulation and of the core and the grating period. Eq. 

(1) represents this relationship as follows

  Λ (1)

where B : the reflected wavelength (called the Bragg wavelength)

 : effective refractive index of the grating in the fiber core

Λ: grating period with modulation of the refractive index

When the grating period expressed in Eq. (1) is subject to an 

external force, linear length changes occur. Accordingly, the Bragg 

wavelength changes and the applied force are analyzed using the 

measurement of the changes in the wavelength. External forces are 

physical quantities composed of various factors such as temperature, 

pressure, strain, noise (sound), vibration, acceleration, and the slope. 

The sensor is made in the form of a probe to measure physical 

quantities with increased sensitivity to show linear changes of the 

grating period. For the sensor used in this study, a grating was 

designed by selecting the reflectance and reflected wavelength of a 

single-mode fiber optic, and the measurement equipment was 

implemented (Lee and Kim, 2011).

2. Materials and Methods

In previous studies, the applicable range of a mooring line is set by 

measuring the minimum breaking load (MBL) through a tensile load 

test by fabricating an actual mooring line after analyzing the material 

properties. With respect to the form of the mooring line for application 

in theoretical analysis, different forms of the mooring line are used in 

actual applications and for theoretical analyses, and it is difficult to 

apply the result of theoretical analysis to real-life outcomes, indicating 

a considerable difference between the theoretical analysis and the 

practical applicability. The mooring lines are often regarded as having 

a simple structure with several threads twisted, but in practice, the 

axial stiffness, coupling stiffness, and torsional stiffness of the 

mooring line exhibit different behaviors depending on the 

characteristics of the materials or changes in the type and degree of the 

twisting. The mooring lines are made using processes in the order of 

yarns-twisted threads-strands-ropes, and the final strength and wear 

resistance of the mooring line are significantly affected by the method 

and degree of the twisting in each process (Kim et al., 2018).

In practical applications, when the synthetic mooring ropes made 

from polymer materials are used to secure a vessel, the above 

characteristics lead to breaking of the rope; this is not observed in steel 

wires and chains, and the MBL is gradually reduced owing to 

non-linear changes in stiffness. The breaking of synthetic mooring 

ropes significantly affects the service life of the rope, and the main 

reason for the breaking is fatigue failure. The breaking appears in 

different patterns depending on the materials of the synthetic mooring 

rope. The A-type synthetic mooring rope is vulnerable to humidity, the 

B-type rope is vulnerable to creep, and the C-type rope is vulnerable to 

compressive fatigue failure; these are the main causes of breakages of 

ropes, and these factors determine the design and service life of the 

mooring lines. Creep is a phenomenon in which molecules gradually 

elongate when a synthetic mooring rope is used for a long time with a 

constant load applied to the rope made of combinations of polymers. In 

mooring lines exhibiting the creep phenomenon, it is very important to 

observe and monitor whether the creep occurs continuously owing to 

the applied loads, and it can lead to the breaking of the rope. The creep 

phenomenon leads to the permanent elongation of the synthetic 

mooring rope owing to temperature, time, and loads, and may occur in 
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all synthetic mooring ropes. It has been reported that the pattern of 

creep occurrence and corresponding result values differ depending on 

the type of the synthetic mooring ropes (Park et al., 2017). 

In order to understand the characteristics of a Smart Mooring and 

Riser Truncation (SMART) mooring line with fiber optic sensors, 

basic properties were examined by manufacturing the mooring line 

with a diameter of about 3 mm. Using the multi-core fiber twisting 

device manufactured by CyTroniQ, fiber materials of A, B, and C 

types were integrated with the sensor of CyTroniQ Co., Ltd., which 

was introduced in the Introduction. The mooring line, which is 

integrated with the fiber optic sensor, was equipped with a sensor that 

responds to the external load, and is defined as a SMART mooring  

line. The developed system is characterized by arranging sensors in 

series so that the sensors can respond to a load that is applied partially 

to the mooring line. A strain test was performed on a mooring line with 

a diameter of 3 mm and a test length of 124 mm, and the following 

results were obtained. Fig. 1 shows the experimental results that 

examine the sensor response according to the change in the length of 

SMART mooring. The polymer materials used for the rope are 

A-Type, B-Type, and C-Type.

As shown in Fig. 1, with changes in the length of the mooring line, 

SMART mooring composed of A-Type material exhibited a 

wavelength shift of 8 nm with changes in length of up to 0.8%. 

SMART mooring composed of B-Type and C-Type materials 

exhibited a wavelength shift of 5 nm with a length change of 0.5%. In 

addition, the variation in the linear response characteristics of 

thesensors with the given changes in length were confirmed regardless 

of the materials, and according to the results obtained, the performance 

of the sensor was sufficient to conduct the breaking load test. Fig. 2 

below shows the relationship between the universal test machine 

(UTM) and SMART mooring made of C-Type material to conduct the 

breaking load test. The tensile strength test was performed according 

to the standard of KS K 0412, and according to the change in length at 

a constant rate, the load was measured and recorded. The result of the 

tensile breaking load is shown in Fig. 3. From the results in Fig. 3, the 

increased length was 23.7 mm, exhibiting an elongation of 9.48%, and 

at this time, the maximum load was 3,145 N.

The SMART mooring fabricated as above was applied after 

Fig. 2 Load test setup for UTM and SMART mooring (C-Type, 

Length 250 mm)

deformation and length design for use in the water basin test under the 

application of the scaling law. The results obtained from a scaled 

model experiment for the determination of parameters such as 

diameter ratio, stiffness, and length for the application of the scaling 

law to conduct the water basin test at 1/100 scale are discussed in a 

separate reference. (Bergdahl et al., 2016).

After confirming the potential applicability of the SMART mooring 

through a preliminary study with designs including smaller diameters 

as above, the main test was designed by fabricating the SMART 

mooring on an actual scale. For the B-type synthetic mooring rope, a 

product made by manufacturer D was used. For use in the mooring 

system of the offshore plants, Manufacturer D developed a B-type 

synthetic mooring rope for a mobile offshore drilling unit (MODU) 

and one for permanent mooring in sequence, with improvement in 

creep occurrence in the B-type synthetic mooring rope. In this study, 

because both a temporary mooring system and a permanent mooring 

(a) SMART mooring (A-Type) (b) SMART mooring (B-Type) (c) SMART mooring (C-Type)

Fig. 1 Displacement test result for SMART mooring
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system are used, the products above were selected accordingly, and the 

variations in the creep characteristics of the B-type synthetic mooring 

rope with the experiment are presented in another study (Park et al., 

2017).

After implementing the SMART mooring, a red light source was 

connected to the fiber optic inside the mooring line, and it was possible 

to examine the characteristics of light transmission to the opposite 

side. In order to implement the real-world SMART mooring, mooring 

rope with a diameter of around 54 mm (2-1/8 inch) and MBL at 186 t 

(411,000 lbs) was used, and the length of the fabricated SMART 

mooring was 6.33 m. Sensors were installed in key areas to make 

joints between ropes, namely the eye, splice, and center, to enable us to 

investigate the characteristics of the developed system. As shown in 

the picture in Fig. 4, the fiber optic sensors were integrated into the 

mooring rope, and a dedicated UTM was used for the tensile load test 

of the mooring rope. A tensile load of up to 100 t was applied, and the 

results were obtained at this point for analysis. The static tensile load 

and dynamic fatigue tensile load tests of the mooring rope were 

conducted according to the test method specified by ISO 2307, and the 

longitudinal tension and load were controlled using UTM. The test 

was conducted in the presence of Lloyd's Register. The changes in the 

wavelength of the SMART mooring connected to the load testing 

equipment were monitored during the tensile load test using a fiber 

optic sensor measurement unit (interrogator) (Lee and Kim, 2011).

Fig. 5(a) shows that with the SMART mooring, the longitudinal 

tension is changed to divide the tensile load into 10 levels, and the 

tensile load test was conducted with a maximum tensile load at 100 t. 

The response of the sensor in the mooring rope showed a linear change 

according to the load, and the linear response of the sensor was also 

measured in the maintained load state. In addition, it was confirmed 

that the sensor response changed in the same way with the increase in 

the load. As the load increased up to 100 t, the wavelength increased by 

14 nm according to the sensor response, confirming that the response in 

the sensor changed in the same way according to the tensile load. Next, 

the variation of the strain according to the tensile load for the sensor 

connected to the eye position is depicted in Fig. 5(b). 

Next, we present the result of the dynamic tensile load test obtained 

by measurements with a sensor connected to the eye position. The 

Fig. 3 Breaking load test result of SMART mooring (C-Type)

Fig. 4 Load test setup for UTM and SMART mooring (B-type)
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cyclic tensile load was applied 100 times from 30 to 100 t, and the 

wavelength shift generated at this time was measured by the sensor. 

The results are shown in Fig. 6, which confirmed that with the 

application of the cyclic tensile load, the initial wavelength value 

showed a gradual increase. This is a typical characteristic of a mooring 

rope made of polymer materials, and by reflecting this characteristic, 

the sensor shows the same typical characteristic. Based on these 

results, it is expected that the findings of this study are utilized as 

instrumental data to determine the durability of SMART mooring 

according to cyclic loading. After the mooring rope is actually 

installed on-site, it is considered that the load data can be continuously 

measured to monitor the response of the mooring rope, and with the 

accumulation of the associated data, the developed technology can be 

used to determine the remaining service life.

Fig. 7 shows the results of measuring the wavelength shift, that is, 

the strain, in the eye, center, and splice positions of the SMART 

mooring during the cyclic tensile load test when a load of 30–100 t is 

applied 100 times in the time domain. From the results, it was 

confirmed that sensors show responses according to the cycling 

loading in the eye, center, and splice positions, respectively. From the 

results of the measured strain, the magnitude of the strain differed 

depending on the sensor position. The center position showed the 

largest strain, followed by the splice position and the eye position with 

the smallest strain. This is believed to be related to the cross-sectional 

area of   the SMART mooring structure subject to the tensile load. The 

strain at the center position, which is the position with the smallest 

cross-sectional area of the SMART mooring subject to the tensile load, 

was about twice as large as the strain at the eye position, whether the 

material in the center position was used to make a ring in the eye 

position, leading to the cross-sectional area for the longitudinal tension 

being twice as large as that of the center position. Further, in the splice 

position, the strain slightly smaller than that in the center position was 

measured. From the values of the strain measured in the eye, center, 

and splice positions, a gradual wavelength shift to the larger values 

was observed, and it was possible to differentiate between the loads for 

each position. It was confirmed that the elongation of the final 

SMART mooring increased from the initial 6.33 m to 7.08 m, which is 

an increase of 0.75 m, according to the cyclic tensile load of 30–100 t. 

The result showed a clear difference from the characteristics of 

restoring force in general metals.

(a) Time history result at center position (b) Tensile load vs strain at eye position

Fig. 5 Static tensile load response of SMART mooring (B-Type)

Fig. 6 Dynamic tensile load histogram of SMART mooring (B-Type) at eye position
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3. Summary and Conclusion

This study focused on an area of research that is different from 

previous studies, and SMART mooring was designed and 

implemented. The results of the tests conducted in this study are 

outlined in Table 1 below.

In the case of mooring lines, operational problems mainly occur in 

the eye and splice regions, which are the parts that serve an important 

function of making a joint for successive ropes, and which are 

processed manually. In a structure characterized by a continuous 

connection with a single material without interruption, when the local 

cross-sectional area encounters a change, the suitable load detection in 

the mooring line was not possible in terms of technology employed to 

measure the local tension. In order to address this limitation, this study 

used sensors that are integrated into the mooring line to detect the load 

transmitted to the eye, splice, and center positions of the mooring line 

without a separate protective device, unlike in the case of load 

cell-type sensors used with an electric method. In addition, with the 

developed system, it is possible to utilize the excellent characteristics 

of the fiber optic sensor, which is not influenced by external 

high-power electromagnetic interference. When synthetic mooring 

ropes are subjected to a tensile load for a long time, a creep 

phenomenon, which is an increase in permanent elongation, occurs, 

leading to stress stiffening. Consequently, the stress stiffening affects 

the mooring line analysis. 

For an effective method to determine the service life and the 

remaining service life according to the service history of the mooring 

line, the real-time measurement of in-service history plays an 

important role. By using these measurements to develop a database, it 

is possible to utilize them as essential elements in a strategic manner, 

and to realize the analysis and control of realistic problems with 

enormous potential for the cyber physical system that performs the 

modeling of realistic values, and which provides the realistic physics 

value to the computer-based virtual world for prediction and control. 

SMART mooring for model test SMART mooring for real size Note

SMART mooring Diameter 
dimension

3 mm 54 mm (2-1/8 inch)

Mooring material type A, B, C-Type B-Type

Measurement speed 100 Hz 100 Hz
Static/Dynamic tensile 

load testing

Testing condition Displacement/Breaking load test Static load / Dynamic fatigue

Testing tensile load 3,500 N @ C-Type
0.5–100 t (10 step),

30–100 t, 100 cycle test

Wavelength shift (strain) of 
static testing result

Displacement: 5 nm, 8.5 nm
Breaking load test: over 50 nm

Center position:14 nm

Wavelength shift (strain) of 
cycle testing result

-
Eye position: 3.6–6 nm

Center position: 7.5–11.2 nm
Splice position: 6.1–8.2 m

Table 1 Summary of test results  for tensile load test of SMART mooring using sensor

Fig. 7 Dynamic tensile load of SMART mooring (B-Type) at eye/center/splice position
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Through this study, it is expected that the developed SMART mooring 

will be extensively utilized for applications with fiber optic sensors as 

a useful sensing method in the digital twin system and cyber physical 

system, advancing beyond the concept of the Internet of Things (IoT).
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1. Introduction

Ocean wave predictions are made using numerical wave models that 

calculate the spectrum changes caused by the growth and dissipation 

of wave energy, mainly using spatial-temporal wind data as input. 

Numerical wave models can be divided into first-generation, 

second-generation, and third-generation models according to the 

number of source terms in their governing equations. Studies on 

predicting or simulating waves have mainly used third-generation 

numerical wave models, such as Simulating Waves Nearshore 

(SWAN), Wave Watch III, and Wave Model (WAM), which solve an 

action density balance equation to calculate the wave spectrum. 

Previous studies have developed more accurate simulations of 

parameters, such as significant wave height and peak period, and have 

improved modeling performance. Regarding studies on wave 

prediction in the waters around Korea, Kang et al. (2015) and Eum et 

al. (2016) employed the SWAN third-generation numerical wave 

model to simulate waves in the waters around the Korean peninsula 

using weather forecasting data provided by the European Centre for 

Medium Range Weather Forecasts (EMCWF) and Japanese 

Meteorological Agency (JMA) as input data.

Lee et al. (2010) used SWAN to simulate storm waves occurring on 

the east coast of Korea during winter, and Chun et al. (2014) developed 

a modified version of WAM for use in shallow waters and simulate 

storm waves occurring on the east coast. Do and Kim (2018) and 

Caires et al. (2018) simulated large-height swell-like waves on the east 

coast of Korea during winter using SWAN and the energy dissipation 

term coefficient calibration method for white-capping proposed by 
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Rogers et al. (2003). Large-height swell-like waves occur when strong 

extratropical cyclones develop in strong winds on the East Sea during 

winter. As the resulting storm waves approach the coast, they develop 

into waves with a long period (approximately 9–15 seconds) and large 

height (3 m or more) (Oh et al., 2010). The wind input data used for 

this include the spatial-temporal wind data from Weather Research and 

Forecasting (WRF) the ocean weather forecast system’s model (Park 

et al., 2015), Regional Data-Assimilation, and Prediction System 

(RDAPS) and Local Data-Assimilation and Prediction System 

(LDAPS) forecast models used for operational meteorological 

forecasting by Korean Meteorological Agency (KMA). Lee and Ahn 

(2018) simulated waves in the Yellow Sea and East China Sea using 

SWAN’s energy dissipation term coefficient calibration method for 

white-capping. Also, KMA is currently operating a wave forecast 

system (global, regional, and local coastal model), which was built 

based on Wave Watch III.

Recently, hazardous large-height swell-like waves have repeatedly 

struck the east coast of Korea in winter (October–February) and have 

caused many instances of human and property damage. Since 2005, 

the number of diseased and missing persons due to large-height 

swell-like waves has reached 70, and the scale of property damage has 

exceeded an annual average of 10 billion KRW (Lee et al., 2014; Oh et 

al., 2010). To improve the forecast accuracy for hazardous waves that 

occur on the east coast of Korea during winter, this study performed 

numerical simulation of waves using SWAN, a third-generation 

numerical wave model that is used worldwide, and the Source Term 6 

(ST6) developed by Rogers et al. (2012) by calculating physical 

coefficients based on recent field observations. The results of this 

study were compared to results obtained using the existing empirical 

formula created by Komen et al. (1984). As the input wind data for the 

numerical wave model, this study used data from RDAPS, which is 

KMA’s operational meteorological model, ECMWF’s latest 5th 

generation re-analysis model (ERA5), and the JMA meso-scale model 

(JMA-MSM). RDAPS data can be downloaded in real-time through 

KMA’s Open MET Data Portal (http://data.kma.go.kr), and the 

JMA-MSM data were procured from JMA’s database. The ERA5 data 

were obtained using Python and the application programming 

interface provided by ECMWF. In this study, the operational 

meteorological model’s results and wind data generated as re-analysis 

data were used as input to the SWAN to simulate the waves that 

occurred on the East Sea from November 2016 to February 2017. The 

model results were compared with wave observation data from 6 

locations on the open seas operated by KMA and the Korea 

Hydrographic and Oceanographic Agency (KHOA), and an 

optimization study was performed to improve the accuracy of the 

numerical model through error analysis.

2. Numerical Model

2.1 Simulating Waves Nearshore (SWAN) 

This study performed numerical simulation of wave on the East Sea 

during the winter from November 2016 to February 2017 using 

SWAN (Booij et al., 1999), a numerical wave model developed at 

Delft University of Technology in the Netherlands. With its numerical 

models, SWAN is capable of considering the wave propagation from 

wind-induced wave growth, refraction, shoaling, reflection, and 

diffraction. Simultaneously, it can also consider deformation caused 

by nonlinear wave actions (triad/quadruplet wave–wave interactions) 

as well as the wave energy dissipation caused by white-capping, 

breaking, and bottom friction. SWAN’s governing equation is a wave 

action balance equation that expresses waves in the form of a 

directional wave spectrum and calculates energy spectrum changes in 

a 2D horizontal space as follows:


















 (1)

where  is the direction, and  represents each frequency, expressed as 

.  is the wave action density spectrum, where the wave energy 

spectrum is divided by each frequency and is expressed as 

.   are the wave energy propagation speeds at 

each phase (). on the right side is a source term that shows the 

generation and reduction of wave energy density caused by wind, 

nonlinear wave actions, white-capping, bottom friction, and breaking 

as follows: 

         (2)

  is the growth in wave energy caused by the wind.   and   

are the terms for energy dissipation caused by triad/quadruplet 

wave-wave interactions, respectively.  , , and   are the 

terms for energy dissipation caused by white-capping, bottom friction, 

and depth-induced wave breaking, respectively. White-capping is a 

breaking phenomenon caused by wave steepness on the open ocean, 

and it is difficult to describe with an equation due to its strong 

nonlinear behavior and turbulence phenomena; as such, it is 

determined by an empirical equation. In SWAN, the term for energy 

dissipation caused by white-capping ( ) is expressed by 

Hasselmann’s (1973) pulse-based model, where the wave number () 

becomes a variable, as shown in Eq. (3) (WAMDI Group, 1988):

  



 (3)

where  and  are the mean of each frequency and mean wave 

number, respectively, and  is the coefficient resulting from the total 

wave steepness, as shown in Eq. (4): 

    





 (4)

where   is the energy dissipation coefficient,  is the white-capping 
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weight value with respect to the wave number,   is the total wave 

steepness,   is the total wave steepness of the Pierson–Moskowitz 

spectrum, which is  ×   , and  is the exponent of the value 

of   normalized by  . In SWAN, the  , , and  terms are tunable 

coefficients , and   ×
  ,    and   were used as 

default values. When these values were used, there was a problem with 

underestimating the wave periods by approximately 10–20%. To 

improve on this, Rogers et al. (2003) modified   from 0 to 1. Do and 

Kim (2018) used this to successfully simulate the large-height 

swell-like waves that occurred on the east coast of Korea in the winter 

of 2015. Since SWAN version 40.91A,   ×
  ,   , and 

  have been used as default values. ST6’s term for energy 

dissipation caused by white-capping is expressed as two phases, as 

shown in Eq. (5):

      (5)

   

∆
  (6)
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where   is the local dissipation term, and   is the cumulative 

dissipation term, as given by Eqs. (6) and (7), respectively. This 

study’s numerical wave model used a combination of 4 parameters 

(DL1M1, UL1M4, UL2M2, and UL4M4) that were verified by Rogers 

et al. (2012) through white-capping energy dissipation term coefficient 

calibration. The quantitative values for these parameters are listed in 

Table 1, where  is the total density spectrum,  and  are the 

exponents that modify energy dissipation, and   and   are constants 

that adjust the local and cumulative dissipation terms, respectively. 

Table 1 ST6 parameters (Rogers et al., 2012)

Parameter   L M  

DL1M1   1 1 ×  × 

UL1M4   2 2 ×  × 

UL2M2   1 4 ×  × 

UL4M4   4 4 ×  × 

For detailed information on the aforementioned equations and 

parameters, see Rogers et al. (2012) and Wave Watch III (The 

WAVEWATCH III Development Group, 2016). These are used in the 

same manner in SWAN.

2.2 Sea Surface Wind Data

Numerical wave models use spatial-temporal sea surface wind data 

as input. Because data for the entire scope of the ocean are required, 

the results of numerical weather forecast models are used. As input 

wind data for its numerical simulation of waves on the East Sea, this 

study used wind data from RDAPS, which is operated by KMA, 

JMA-MSM, and ERA5. The ERA-Interim data provided by ECMWF 

have a temporal resolution of 6 h, which is considered limited for 

simulating waves that occur during rapidly changing severe weather 

(Do and Kim, 2018). The ERA5 single-level sea surface wind data, 

which have a temporal resolution of 1 h, were used for the input 

conditions of the numerical simulation of waves. RDAPS uses four- 

dimensional variational data assimilation (4D-Var) and is operated 

alongside LDAPS. Although LDAPS has a higher spatial-temporal 

resolution than RDAPS at 1.5 km and 3 h, it has limitations regarding 

numerical simulation of waves on the East Sea because its modeling 

area is limited to the area around the Korean peninsula, and it does not 

include the entire East Sea. Also, according to Do and Kim (2018), 

there is no great difference between the wave simulation results 

obtained by combining the results of LDAPS and RDAPS and the 

wave simulation results obtained using results of RDAPS alone; 

therefore, this study used RDAPS. The JMA-MSM (Saito et al., 2006) 

wind data are the product of a meso-scale weather forecast model 

operated by JMA and have a high spatial-temporal resolution. As such, 

these data have been used as input data in previous studies on 

numerical simulation of waves in the waters around Korea (Kim et al., 

2020; Kwon et al., 2020; Yoon et al., 2020). Table 2 lists the 

spatial-temporal resolution, area, and data provision period for the 3 

models used as input wind data in this study. To summarize the 

characteristics of each set of wind data, the RDAPS data have better 

spatial resolution than ERA5; however, at 3 h, its temporal resolution 

is lower than that of ERA5 and JMA-MSM. ERA5 has fairly poor 

spatial resolution, but it has a temporal resolution of 1 h, which allows 

for the analysis of rapidly changing weather conditions during severe 

weather, making it highly useful. JSM-MSM has a higher spatial 

Table 2 Input wind data information

RDAPS ERA5 JMA-MSM

Provided by KMA ECMWF JMA

Type Forecasting data Re-Analysis data Forecasting data

Analysis period 2011–Present 1979–Present 2004–Present

Spatial resolution 12 km  31 km 5 km

Temporal resolution 3 Hourly-Data Hourly-Data Hourly-Data

Area
12.2 ˚N ~ (12 km × 491) 
101.5 ˚E ~ (12 km × 419)

Global
22.4–47.6 ˚N
120–150 ˚E
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resolution (5 km) than the other two models, and it has the advantage 

of providing the same 1 h temporal resolution as ERA5. Fig. 1 shows 

the operating range and grid numbers for the RDAPS and JMA-MSM 

input wind data used in this study. ERA5 is not shown as it is a global 

model.

2.3 Physical Coefficients, Grid, and Water Depth

The calculation area of the model constructed in this study was set 

as an equidistant grid with a 0.05° × 0.05° resolution containing the 

entire East Sea, including the Sea of Okhotsk, to model the 

development, propagation, and dissipation of storm waves caused by 

Fig. 1 Domain grids of RDAPS and JMA-MSM

(a) Bottom topography of model computational area (ETOPO1) (b) Domain grids of model’s computational area (white) and 
JMA-MSM (blue) 

Fig. 2 Computational domains of East Sea wave numerical modeling
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wind. The numerical model’s water depths are based on ETOPO1 

(https://www.ngdc.noaa.gov/mgg/global/), which are satellite bathymetry 

data provided by the United States’ National Oceanic and Atmosphere 

Administration (Fig. 2(a)). When the model’s grid was generated, the 

range of the weather data provided by JMA-MSM did not include the 

northern part of the Sea of Okhotsk, and the model grid for this area 

was modified as shown in Fig. 2(b).To closely model the periodic 

components of long-period waves, such as large-height swell-like 

waves, this study divided the wave energy spectrum frequency into 41 

parts from 0.03 to 1.5 Hz and divided the wave direction into 48 parts 

in 7.5° intervals to calculate the wave energy spectrum. Also, the 

additional physical parameters required to operate the SWAN model 

were set as listed in Table 3.

3. Numerical Wave Model Scenarios and 

Model Parameters

This study analyzed wave observation data with a focus on the 

winter season, in which large-height swell-like waves occur with great 

frequency. The numerical simulation period was set as November 

2016 to February 2017, a period when a large number of large-height 

swell-like waves occurred.

For the numerical simulation of waves method, the ST6 proposed by 

Rogers et al. (2012) was applied to the East Sea numerical wave 

model. For the parameters in the model, combinations of the 4 

parameters listed in Table 1 were used to simulate large-height 

swell-like waves, and these were compared with observation data for 

validation. Also, research was performed on optimizing the numerical 

wave model by comparing its results with the results of a simulation 

that uses an empirical equation by Komen et al. (1984), which is 

currently the default setting for SWAN. In this study, the model results 

were divided according to the parameter settings and the input wind 

data provided by each different organization (RDAPS, ERA5, and 

JMA-MSM). Table 4 gives an overview of the names, input wind data, 

model settings, and parameters of the simulation scenarios considered 

in this study.

As the wave observation data for validating and optimizing the 

numerical model, this study used data from the KHOA’s ocean 

observation buoys (Northeast of Ulleungdo, E01; Northwest of 

Ulleungdo, E02) and KMA’s open sea buoys (East Sea, DH; 

Ulleungdo, URD; Pohang, PH; Uljin, UJ), and Fig. 3 shows the 

locations and water depths of each observation buoy. In this study, the 

significant wave height and peak wave period data observed at each 

location were used to analyze the accuracy of the numerical wave 

model. To judge the model accuracy in detail, this study used wave 

observation data that had undergone primary data quality validation by 

Wave Information Network of Korea (Jeong et al., 2018).

Fig. 3 Locations of wave and wind observation sites from KMA 

& KHOA

Parameters Contents

Frequency space 41 bins from 0.03 to 1.5 Hz (33–0.67 s)

Directional space 48 bins with 7.5° intervals (48 × 7.5° = 360°)

Bottom friction 0.038 m2/s3 (Zijlema et al., 2012)

Water density 1,025 kg/m3

Gravitational acceleration 9.81 m/s2 

Accuracy criteria = 99% (maximum of 99 iterations per time step)

Integration time step 20 min (Fixed)

Table 3 Physical parameter settings of SWAN model

Input wind RDAPS ERA5 JMA-MSM

Physics

ST6
Rogers et al. (2012)

DL1M1 RDAPS-DL1M1 ERA5-DL1M1 JMA-DL1M1

UL1M4 RDAPS-UL1M4 ERA5-UL1M4 JMA-UL1M4

UL2M2 RDAPS-UL2M2 ERA5-UL2M2 JMA-UL2M2

UL4M4 RDAPS-UL4M4 ERA5-UL4M4 JMA-UL4M4

Komen et al. (1984) Komen RDAPS-Komen ERA5-Komen JMA-Komen

Table 4 Abbreviation of parameter settings of East Sea wave numerical modeling



278 Bongkyo Son and Kideok Do

4. Validation and Analysis of 

Numerical Model Results

In this study, the ST6 and parameter settings, which were developed 

to improve the numerical wave model proposed by Rogers et al. 

(2012), were used in simulation of winter waves occurring on the East 

Sea, and the forecast accuracy regarding significant wave height and 

peak wave period was evaluated. As mentioned previously, data 

provided from Korea, Japan, and Europe were used to verify the 

consistency of the model’s results according to the spatial-temporal 

input wind data. The results were compared with the results of 

simulations that use the empirical equation by Komen et al. (1984), 

which is the default setting of the SWAN model. In addition, the 

simulation results using the wind data provided by different 

organizations were compared to evaluate the simulation results 

regarding their input wind data. To quantitatively verify the simulation 

results, a statistical analysis of the difference between the model 

results and observation data was performed. The model evaluation 

items used for this analysis included the bias, root mean square error 

(RMSE), correlation coefficient (), and index of agreement (IOA), as 

given by Eqs. (8)–(11), respectively: 

Bias = 


  



   (8)

RMSE = 






  



  
 (9)
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IOA = 





 
    

 


  



  


(11)

where  is the number of observation data,  is the model’s result 

value,  is the observed value,  and   are the respective mean 

values of ,  . In the statistical analysis, a comparison was made 

between the observed values and model results over a 1 h interval only 

in cases where the values in the observed significant wave height time 

series data during the interval were ≥1.0 m. This was done to 

systematically evaluate the actual prediction accuracy by removing the 

observation data error that occurs when wave height is low.

First, to evaluate the accuracy of the weather forecast data used as 

input to the numerical wave model, the wind speed and wind direction 

observed at the locations in Fig. 3 were compared to the input wind 

data, and the RMSE values for each weather model were plotted in a 

bar graph (Fig. 4). In the comparison process, the 2017 wind data from 

the KHOA-operated ocean observation buoys E01 and E02 were 

missing, and the data from the KMA-operated weather observation 

buoys DH, PH, URD, and UJ were used. When the data were analyzed, 

the ERA5 wind speed and wind direction had high overall accuracy, 

but the RDAPS forecast model had the lowest error at the DH. In the 

case of wind direction, there was no great difference in accuracy 

between the wind data produced by JMA-MSM and ERA5. In the case 

of wind speed, the accuracy of JMA-MSM was found to be excellent 

considering that it is a forecast model (Fig. 4 shows that JMA-MSM’s 

wind speed had a higher RMSE of approximately 0.5 m/s than ERA5, 

which is re-analysis data.).

To find the input wind data and model composition that are most 

suitable for simulating large-height swell-like waves on the east coast 

of Korea in winter, significant wave height results for each simulation 

scenario were quantitatively analyzed, and the error statistics are listed 

in Table 5. It can be seen that the significant wave height simulation 

results from the ST6 configured with the UL4M4 parameter 

combination had the lowest error (RMSE of 0.02–0.18 m) and the 

highest correlation coefficient and IOA, regardless of the input wind 

data. In contrast, when the DL1M1 parameter combination was used 

with the ST6, the simulation accuracy was the lowest. Fig. 5 shows a 

time series of the observation data and the significant wave height 

simulation results for each location predicted using the UL4M4 

Fig. 4 Bar graphs of RMSE of input wind data (wind speed and direction) at 4 locations
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parameters, which had the highest accuracy of all parameter 

settings (RDAPS/ERA5/JMA-MSM-UL4M4). To evaluate the 

forecast accuracy for hazardous waves that occur during severe 

weather, the ST6’s significant wave height simulation results using 4 

parameter settings (DL1M1, UL1M4, UL2M2, UL4M4) were divided 

up according to the input wind data for December 19–31, 2016, which 

was a period when the significant wave height observed values were 4 

m or greater and the numerical model’s error was high, and this is 

shown in Fig. 6. Here, there was no great difference in the error values 

between the model and observation data for each of the observation 

locations; therefore, the E01 and DH were selected as representatives 

from among the KHOA and KMA observation locations, and their data 

are shown as time series. It can be seen that there was no great 

difference between the simulation results that used the 3 parameter 

combinations UL1M4, UL2M2, and UL4M4, excluding DL1M1. 

However, as Table 5 shows, the results using the UL4M4 parameters, 

which produced the best statistics, had the largest significant wave 

height estimates, and these results were close to the observed values. 

In contrast, the results obtained using the DL1M1 parameters, which 

showed the worst model results in Table 4, estimated the waves to be 

lower than for other settings. Looking at the significant wave height 

results for December 23 and 24 at E01 and December 28 at DH in Fig. 

6, the results obtained using the 3 parameter settings UL1M4, UL2M2, 

and UL4M4 all showed the significant wave heights to be 

approximately 0.1–0.2 m higher than when using DL1M1, regardless 

of the input wind data. However, looking at the results for December 

22, when the observed significant wave height rapidly increased, the 

wave height estimated by the DL1M1 settings was the largest, contrary 

to the previous results. It is believed that this is because the DL1M1 

parameter combination does not use the ST6, which employs the new 

Table 5 Skill assessment of East Sea wave model results for significant wave height

RDAPS ERA5 JMA-MSM

Location  Mean Physics Bias RMSE  IOA Bias RMSE  IOA Bias RMSE  IOA

E01 2314 2.27

DL1M1 0.25 0.60 0.85 0.90 0.41 0.57 0.92 0.91 0.19 0.50 0.89 0.94

UL1M4 0.10 0.53 0.86 0.92 0.25 0.44 0.93 0.94 0.03 0.42 0.90 0.95

UL2M2 0.10 0.52 0.86 0.92 0.24 0.44 0.93 0.94 0.02 0.42 0.90 0.95

UL4M4 0.06 0.50 0.87 0.93 0.20 0.41 0.93 0.95 -0.01 0.41 0.91 0.95

Komen 0.26 0.59 0.85 0.90 0.37 0.52 0.93 0.92 0.18 0.45 0.90 0.94

E02 2246 2.14

DL1M1 0.13 0.57 0.82 0.90 0.36 0.51 0.91 0.91 0.06 0.47 0.88 0.93

UL1M4 -0.01 0.51 0.84 0.91 0.21 0.39 0.92 0.94 -0.08 0.42 0.90 0.94

UL2M2 -0.01 0.50 0.84 0.91 0.20 0.39 0.93 0.94 -0.08 0.42 0.90 0.94

UL4M4 -0.03 0.49 0.84 0.92 0.16 0.37 0.93 0.95 -0.11 0.41 0.90 0.95

Komen 0.15 0.53 0.83 0.90 0.32 0.46 0.92 0.92 0.06 0.40 0.90 0.95

DH 2228 2.06

DL1M1 0.35 0.50 0.91 0.92 0.58 0.74 0.85 0.80 0.28 0.53 0.86 0.90

UL1M4 0.23 0.40 0.92 0.94 0.46 0.64 0.86 0.84 0.16 0.45 0.87 0.93

UL2M2 0.23 0.39 0.92 0.94 0.46 0.64 0.86 0.84 0.16 0.44 0.87 0.93

UL4M4 0.20 0.37 0.93 0.95 0.43 0.62 0.86 0.84 0.13 0.43 0.88 0.93

Komen 0.35 0.47 0.93 0.92 0.52 0.68 0.87 0.82 0.26 0.48 0.88 0.91

PH 2112 1.92

DL1M1 0.33 0.61 0.78 0.84 0.52 0.67 0.86 0.78 0.11 0.55 0.76 0.89

UL1M4 0.21 0.52 0.81 0.88 0.42 0.56 0.89 0.84 0.03 0.46 0.82 0.90

UL2M2 0.21 0.51 0.82 0.89 0.41 0.55 0.89 0.84 0.03 0.45 0.82 0.90

UL4M4 0.18 0.49 0.83 0.89 0.38 0.53 0.90 0.86 0.01 0.43 0.84 0.91

Komen 0.30 0.55 0.82 0.86 0.45 0.59 0.89 0.83 0.12 0.44 0.84 0.90

URD 2416 2.17

DL1M1 0.26 0.60 0.84 0.89 0.44 0.59 0.90 0.89 0.25 0.51 0.89 0.92

UL1M4 0.13 0.52 0.85 0.92 0.29 0.46 0.91 0.93 0.11 0.41 0.90 0.95

UL2M2 0.13 0.51 0.85 0.92 0.28 0.46 0.92 0.93 0.10 0.41 0.90 0.95

UL4M4 0.09 0.49 0.86 0.92 0.24 0.43 0.92 0.94 0.07 0.39 0.91 0.95

Komen 0.27 0.57 0.85 0.90 0.40 0.54 0.92 0.90 0.24 0.45 0.90 0.93

UJ 2250 2.01

DL1M1 0.27 0.68 0.75 0.84 0.58 0.72 0.89 0.80 0.23 0.57 0.82 0.88

UL1M4 0.16 0.58 0.79 0.87 0.45 0.60 0.91 0.86 0.11 0.48 0.85 0.91

UL2M2 0.15 0.57 0.79 0.88 0.44 0.59 0.91 0.86 0.10 0.48 0.85 0.92

UL4M4 0.13 0.55 0.80 0.89 0.41 0.56 0.92 0.87 0.08 0.46 0.86 0.92

Komen 0.27 0.61 0.79 0.86 0.51 0.65 0.91 0.83 0.21 0.50 0.86 0.90
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Fig. 5 Time series of observation data and ST6 (UL4M4) simulation results for significant wave height () using 3 input wind data

sources (RDAPS, ERA5, and JMA-MSM) at 6 locations

Fig. 6 Time series of observation data and ST6 simulation results for significant wave height () with 3 input wind data sources at 

E01 and DH (12.19.2016–12.31.2016)
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value for calculating the coefficient of energy dissipation due to 

white-capping, and therefore DL1M1 shows somewhat different 

characteristics in the predicted process of wave development.

To analyze the simulation accuracy regarding wave period, Table 6 

lists the statistics for error between the peak wave period results of this 

study’s numerical wave model and the observation data. From the 

simulation result statistics, it can be seen that there was poor 

consistency in the statistical comparative analysis results for the four 

ST6 models (DL1M1, UL1M4, UL2M2, UL4M4) for each 

combination of input data and observing locations used, and it is 

difficult to distinguish the model with the best results. All of the peak 

wave period model results for the KMA observing location UJ had 

very poor reproducibility, with a correlation coefficient of less than 

0.51. Fig. 7 shows the peak wave period simulation results at each 

observing location for the ST6 models that showed the best 

reproducibility for significant wave height (RDAPS/ERA5/JMA- 

MSM-UL4M4) along with the observation results in a time series. As 

can be seen in the figure, the model was not able to simulate the 

observed peak wave periods at UJ from December 20, 2016 to January 

18, 2017. It is believed that an observation error occurred because the 

peak wave period values observed at UJ at that time were somewhat 

smaller than at other observing locations, and in the future, it will be 

necessary to examine the wave data quality management and data 

analysis methods to identify the cause of the error. 

To examine the ST6’s wave prediction improvement effect, this 

study compared ST6’s simulation results to simulation results that use 

the empirical equation by Komen et al. (1984), which is the default 

setting for the SWAN model. Time series data for December 19 and 

Table 6 Skill assessment of East Sea wave model results for peak wave period

RDAPS ERA5 JMA-MSM

Location  Mean Physics Bias RMSE  IOA Bias RMSE  IOA Bias RMSE  IOA

E01 2314 2.27

DL1M1 -0.31 0.95 0.82 0.89 -0.03 0.65 0.89 0.94 -0.54 0.96 0.86 0.89

UL1M4 -0.42 0.97 0.82 0.88 -0.20 0.67 0.90 0.94 -0.67 1.02 0.87 0.88

UL2M2 -0.38 0.95 0.82 0.89 -0.18 0.67 0.90 0.94 -0.64 1.00 0.87 0.88

UL4M4 -0.40 0.94 0.83 0.89 -0.22 0.68 0.90 0.94 -0.67 1.01 0.87 0.88

Komen -0.45 0.97 0.83 0.88 -0.28 0.69 0.90 0.94 -0.73 1.06 0.87 0.87

E02 2246 2.14

DL1M1 -0.46 1.00 0.82 0.88 -0.22 0.72 0.89 0.93 -0.69 1.08 0.86 0.87

UL1M4 -0.56 1.04 0.83 0.86 -0.39 0.78 0.89 0.92 -0.82 1.14 0.87 0.86

UL2M2 -0.53 1.02 0.83 0.87 -0.36 0.77 0.88 0.92 -0.79 1.12 0.87 0.86

UL4M4 -0.55 1.01 0.83 0.87 -0.40 0.79 0.89 0.92 -0.82 1.13 0.87 0.86

Komen -0.59 1.08 0.82 0.86 -0.46 0.83 0.89 0.91 -0.87 1.18 0.87 0.85

DH 2228 2.06

DL1M1 -0.09 1.10 0.79 0.88 0.20 1.31 0.72 0.84 -0.27 1.30 0.73 0.85

UL1M4 -0.22 1.09 0.80 0.89 0.01 1.24 0.74 0.86 -0.44 1.31 0.74 0.85

UL2M2 -0.20 1.08 0.80 0.89 0.02 1.23 0.75 0.86 -0.42 1.30 0.74 0.85

UL4M4 -0.22 1.07 0.81 0.89 -0.02 1.22 0.75 0.86 -0.44 1.30 0.75 0.85

Komen -0.24 1.13 0.79 0.88 -0.03 1.26 0.75 0.86 -0.47 1.33 0.75 0.85

PH 2112 1.92

DL1M1 -0.13 1.45 0.68 0.81 0.21 1.24 0.78 0.88 -0.08 1.37 0.74 0.86

UL1M4 -0.26 1.44 0.68 0.82 -0.03 1.23 0.78 0.88 -0.33 1.32 0.76 0.86

UL2M2 -0.24 1.43 0.69 0.82 -0.02 1.22 0.78 0.88 -0.29 1.33 0.76 0.86

UL4M4 -0.27 1.43 0.69 0.82 -0.06 1.23 0.77 0.87 -0.36 1.34 0.75 0.86

Komen -0.31 1.50 0.67 0.81 -0.07 1.24 0.78 0.88 -0.34 1.42 0.73 0.85

URD 2416 2.17

DL1M1 0.05 1.20 0.72 0.85 0.32 1.00 0.81 0.89 -0.18 1.11 0.77 0.87

UL1M4 -0.06 1.17 0.73 0.86 0.15 0.95 0.82 0.90 -0.33 1.12 0.78 0.87

UL2M2 -0.03 1.16 0.73 0.86 0.18 0.96 0.82 0.90 -0.29 1.11 0.78 0.87

UL4M4 -0.05 1.15 0.74 0.86 0.14 0.94 0.82 0.90 -0.32 1.11 0.78 0.87

Komen -0.10 1.18 0.73 0.85 0.06 0.93 0.83 0.90 -0.39 1.13 0.79 0.88

UJ 2250 2.01

DL1M1 -0.72 2.23 0.36 0.61 -0.59 1.95 0.50 0.69 -0.98 2.24 0.42 0.64

UL1M4 -0.85 2.25 0.37 0.61 -0.76 2.02 0.49 0.68 -1.11 2.29 0.43 0.63

UL2M2 -0.83 2.24 0.37 0.61 -0.74 2.00 0.49 0.68 -1.09 2.28 0.43 0.63

UL4M4 -0.86 2.23 0.38 0.61 -0.79 2.03 0.49 0.67 -1.12 2.29 0.43 0.63

Komen -0.87 2.26 0.38 0.61 -0.85 2.05 0.51 0.69 -1.16 2.30 0.45 0.64
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31, 2016 at E01 and DH are shown in Fig. 8. It can be seen that the two 

simulation results show no great difference in terms of peak wave 

period; however, in the case of significant wave height, ST6 predicted 

the wave height to be somewhat higher overall compared to the results 

obtained using the empirical equation by Komen et al. (1984). The 

difference between the two methods’ results is clear between 

December 22 and 24, when a large significant wave height occurred 

and temporal variability was high. Looking at the statistical analysis 

values listed in Table 4, it can be seen that RDAPS/ERA5/ 

JMA-UL4M4 had an RSME that was lower by a maximum of 0.1 m 

and a lower deviation than RDAPS/ERA5/JMA-Komen, and the IOA 

and correlation coefficient were the same, or slightly higher for 

UL4M4. Thus, the simulation results using the empirical equation by 

Komen et al. (1984) were more accurate than the results of the ST6 

using the DL1M1 setting; still, they were less accurate than when 

using the other settings, i.e., UL1M4, UL2M2, and UL4M4. This 

shows that, depending on the settings, the ST6 can predict significant 

wave height more accurately than the empirical equation by Komen et 

al. (1984). However, this study targeted only some periods when 

swell-like waves occurred. As such, it will be necessary to examine the 

numerical wave model’s suitability for waves that occur in various 

weather conditions (large-height swell-like waves, storm waves, etc.), 

and it is believed that the wave prediction accuracy can be improved 

further by providing optimal parameters based on such an 

examination.

This study used various numerical simulation scenarios to find that 

the ST6’s UL4M4 parameter setting had the highest reproducibility for 

large-height swell-like waves that occur on the East Sea. Ultimately, 

this study evaluated the accuracy of numerical wave models according 

to the input wind data provided different organizations. Fig. 9 shows 

Fig. 7 Time series of observation data and ST6 (UL4M4) simulation results for peak wave period () using 3 input wind data sources

(RDAPS, ERA5, and JMA-MSM) at 6 locations
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bar graphs of the RMSEs and correlation coefficients of the significant 

wave height and peak wave period simulation results of the model with 

UL4M4 settings using the wind data provided by RDAPS, ERA5, and 

JMA-MSM. These graphs examine the accuracy of the numerical 

simulation of waves according to the input wind data. It can be seen 

that the simulation results for significant wave height using the ERA5 

wind data as input had the highest correlation coefficient, except in the 

case of the location DH. This is because the ERA5 wind data were 

created through later re-analysis, unlike the other wind data, which 

shows that the accuracy of the input wind data plays an important role 

in the simulation of significant wave height. However, the ERA5 

simulation results had a higher RMSE than the simulation results from 

JMA-MSM at all other locations except for E01 and E02, and they had 

a higher RMSE than the simulation results from RDAPS at the DH, 

PH, and UJ. It can be said that when the ERA5 wind data were used as 

the input wind data, the overall significant wave height reproducibility 

was excellent, but accuracy was poor when simulating large-height 

waves with great temporal variability. This can be seen in Fig. 6, 

which shows Fig. 5’s simulation results in detail around both February 

22 and December 24 at E01 and DH. The wind data provided by the 

ERA5 model are based on a global model, and while their temporal 

resolution is excellent compared to the RDAPS and JMA-MSM data, 

their spatial resolution is poor. Therefore, it is believed that the spatial 

resolution of the input wind data plays an important role in simulating 

hazardous large-height waves that rapidly increase and change during 

severe weather. Looking at the simulation results for peak wave 

period, except at the UJ, which had a correlation coefficient of less 

than 0.5, it can be seen that the lowest RMSE and highest correlation 

coefficient were obtained when using the ERA5 wind data, which had 

a high overall accuracy. Also, the RMSE for the peak wave period 

simulation results appears to be similar to the wind speed and wind 

direction RMSEs in Fig. 4, and it is believed that the accuracy of the 

wind speed and wind direction prediction has a large effect on 

predicting the periodic components of waves.

Fig. 8 Time series of observation data, ST6 (UL4M4) simulation results, and Komen et al. (1984) formula-based model prediction

for significant wave height () and peak wave period () at E01 and DH (12.19.2016–12.31.2016)
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5. Conclusions

This study used SWAN, a third-generation numerical wave model 

that is the most widely-used model in the field of coastal engineering, 

and ST6, which incorporates physical coefficients created based on 

observational research, to build and optimize a numerical wave model 

that can be applied to the East Sea during winter. To evaluate the 

reproducibility of the ST6, the numerical wave model was run using 4 

different parameter combinations (DL1M1, UL1M4, UL2M2, and 

UL4M4) that were verified by Rogers et al. (2012) and spatial- 

temporal wind data (RDAPS, ERA5, and JMA-MSM) provided by 

various organizations as input, and the parameter settings with the best 

reproducibility were found. The results were compared to those 

obtained using the empirical equation by Komen et al. (1984), which is 

the default option in the SWAN model. In addition, a comparison was 

made between the simulation results obtained using the spatial- 

temporal wind data provided by each organization, and the 

reproducibility of the simulation results was evaluated according to the 

input wind data.

Looking at the ST6 models with the 4 different parameter settings, it 

was found that the significant wave height reproducibility was best 

when using the UL4M4 parameters, and it was possible to obtain 

higher reproducibility by adjusting the parameters compared to using 

the empirical equation by Komen et al. (1984). In the case of peak 

wave period, there was poor consistency in the results according to 

each model, observing locations, and evaluation item, and it was 

difficult to evaluate reproducibility. When looking at the simulation 

results obtained by using each organization’s wind data, which had 

different characteristic, it was found that the best simulation results for 

significant wave height and peak wave period were obtained by using 

the ERA5 wind data. However, when predicting hazardous waves with 

great temporal variability, large wave heights were better simulated by 

(a) (b)

Fig. 9 Bar graphs of (a) RMSE and (b) correlation coefficient of wave simulation results for significant wave height () and peak 

wave period () during the simulation period (11.01.2016–02.28.2017)
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RDAPS and JMA-MSM wind data, which are forecast models with 

worse wind speed accuracy but better spatial resolution than ERA5. 

This confirmed that the input wind data’s spatial resolution quality has 

a greater effect on wave prediction than wind speed accuracy when 

predicting large-height waves great temporal variability.

Ultimately, it was confirmed that ST6 can simulate the waves that 

occur in the East Sea to a certain extent by using various parameter 

settings instead of the empirical equation by Komen et al. (1984) used 

in existing numerical wave models. Also, it is believed that wind data 

with excellent spatial resolution quality are required to predict 

hazardous waves, which are characterized by large heights and 

occurrence during severe weather. Therefore, it will be possible to 

build a numerical wave model that can be applied to the entire East Sea 

by using a nesting method on the coastal areas. However, this study 

was not able to properly simulate significant wave heights that rapidly 

increased by more than 4 m and which occurred on December 19–31, 

2016, January 8–18, 2017, or around February 21, 2017. There was an 

error of approximately 1 m in the simulation results for the location 

URD around January 20 and at locations DH, PH, and UJ around 

January 30. This means that third-generation numerical models, which 

calculate the wave energy spectrum using a wave action density 

equilibrium equation, are limited in predicting hazardous waves, such 

as storm waves and large-height swell-like waves that occur during 

typhoons and periods of severe weather. As such, it will be necessary 

to continue studying simulations for waves that occur in various 

environments, including severe weather conditions, and it will be 

necessary for data assimilation, which are used to increase prediction 

accuracy in the field of meteorology, to be applied to wave predictions 

to overcome the limitations of hazardous wave prediction.
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1. Introduction

Offshore wind turbines are prone to unexpected faults as they are 

often operated in a harsher environments compared to turbines on land. 

Accordingly, there has been a growing interest toward developing 

technologies for detecting and diagnosing faults in advance for the 

effective maintenance and operation of these turbines. Unexpected 

faults influence system components, actuators, sensors, and 

controllers, which may result in the inoperability of a turbine in case of 

serious failures. Moreover, faults can lead to economic losses by 

inducing changes in the system characteristics, operation safety, and 

power efficiency of a wind turbine. Maintenance costs account for 

approximately 25%–30% of the life-cycle cost of an offshore wind 

power plant (Dinwoodie et al., 2013), and therefore, the reliability of 

such a wind turbine is critical.

Among the components of an offshore turbine, the blade pitch 

system has the highest downtime and failure rate (Gayo, 2011; Carroll 

et al., 2016; NordzeeWind, 2010). A system fault affects the 

aerodynamic loads of a blade, the power generation output, and the 

behavior of substructures. Therefore, it is crucial to diagnose faults at 

the early stage in a blade pitch system to protect a turbine and prevent 

downtime of the entire system (Cho et al., 2018). Early fault diagnosis 

can reduce risks and prevent accidents by raising alarms at appropriate 

times, thus enabling wind power plant operators to effectively operate 

and maintain a turbine (Isermann, 2006). It can also prevent long-term 

damage to turbines and provide a reliable technological guarantee for 

the further development of the wind power generation industry. 

Up to recently, classical fault diagnosis methods with statistical 

classification, approximation methods, and density-based methods has 

been used. Deep learning methods, which are a type of machine 

learning algorithm, have emerged in recent years; they have been used 

for learning or training the complex structures of an actual large-scale 

dataset continuously collected by sensors in various applications 

including computer vision, object classification, voice recognition, 
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natural language processing, and robots (Wason, 2018).

A method for diagnosing faults through a series of measurement 

data can be learned by applying a deep learning algorithm. When 

diagnosing faults in the components of a wind turbine, a machine 

learning-based method can detect state changes of a system. Such 

machine learning methods include wavelet analysis, Support vector 

machines (SVN), Bayesian networks, and artificial neural networks 

(ANNs) (Blanke et al., 2006). Faults have been detected and diagnosed 

using support vector machines (Santos et al., 2015; Zeng et al., 2013; 

Laouti et al., 2011) and fuzzy clustering methods (Badihi et al., 2014; 

Simani et al., 2014) based on data collected by various sensors such as 

force sensors, accelerometers, speed sensors, and tower tops located 

on the blade route as well as the generator of wind turbine control 

systems. 

In particular, researchers have used use neural network theories 

based on multilayer perceptron (MLP) (Kusiak and Li, 2011; Wang et 

al., 2016; Zaher et al., 2009; Kusiak and Verma, 2012; Cho et al., 

2021), convolutional neural networks (CNNs) (Bach-Andersen et al., 

2015; Bach-Andersen et al., 2018), and autoencoders (AEs) (Dervilis 

et al., 2014; Jiang et al., 2017) in order to develop reliable fault 

diagnosis systems for the components of wind turbines including the 

main bearing, gearbox, and generator. In particular, Cho et al. (2021) 

used an MLP-based ANN technique to perform fault diagnosis of a 

blade pitch system. This technique is, however, unsuitable for 

processing time-series data during training, and therefore, a recurrent 

neural network (RNN) that is apt for processing time-series data is 

required. Among various RNNs that have been proposed, long-short 

term memory (LSTM) and gated recurrent unit (GRU) (Cho et al., 

2014) techniques are considered to be suitable for processing 

time-series data as they are capable of linking previous information 

with the current task during training. The GRU used in this paper 

exhibits a level of performance similar to that of LSTM networks but 

can be trained at a faster speed owing to its simple architecture.

For the effective fault diagnosis of a blade pitch system in a floating 

wind turbine, this paper proposes a fault classification model that 

employs a GRU-based ANN, which is suitable for processing 

time-series data. The modeling and control techniques for a wind 

turbine are detailed in Section 2; the data collection procedure as well 

as the steps and structure of the proposed method are described in 

Section 3. In Section 4, the performance of the proposed algorithm is 

compared with that of conventional MLP models. Future research 

directions are discussed in the last section.

2. Modeling and Control Method of a 

Wind Turbine

2.1 Floating Wind Turbine Model

The floating wind turbine model in this paper is designed based on 

an NREL 5 MW offshore wind turbine, OC3–Hywind floater 

(spar-type), and three catenary mooring cables, as illustrated in Fig. 1 

(Jonkman et al., 2009; Jonkman, 2010). 

Fig. 1 Schematic view of a spar‐type floating wind turbine (Cho 

et al., 2020) 

2.2 Hydraulic Blade Pitch System

The hydraulic pitch system has a pump, fluid control valve, fluid 

reservoir, and a hydraulic cylinder (Cho et al., 2020). The hydraulic 

cylinder positioned in a turbine hub controls the blade pitch angle. The 

pump directly operates the cylinder using fluid pressure. The 

directional control valve effectively adjusts the flow rate and direction 

of the fluid into the cylinder, thus controlling the blade pitch angle. 

Fig. 2 shows the blade pitch system that consists of a pump with a 

certain level of pressure, a hydraulic cylinder, a directional control 

valve, an accumulator, and a fluid reservoir. In addition, an encoder 

and a linear variable differential transformer (LVDT) measure the 

blade pitch angle and valve spool position that are used as input 

variables of the controller.

Fig. 2 Schematic view of a hydraulic blade pitch system (Cho et 

al., 2020)
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2.3 Baseline Control System

The baseline control system comprises a generator torque and blade 

pitch controller (Cho et al., 2020). In the below-rated wind region, the 

torque controller regulates the generator torque in order to keep the 

optimal tip-speed ratio, thus generating the maximum power. The 

blade pitch controller controls the angle of the blade pitch to lower the 

aerodynamic forces applied on the blade while generating rated power 

in the above-rated wind region. A floating wind turbine can improve 

system response and reduce the motion of a floater by using a wind 

turbine controller.

The blade pitch angle  is determined by the position of the piston in 

the hydraulic cylinder  , based on the geometrical relationship 

explained in Eq. (1). Fig. 3 shows the geometrical relationship of the 

blade pitch system. 

  



 cos  (1)

The position of the piston in the cylinder   is determined by the 

valve spool position  , which is controlled by the control input 

voltage   in Eq. (2). A proportional-integral controller (PI controller) 

is used in this case, wherein the directional control valve is effectively 

controlled by calculating the control input voltage   after providing 

feedback on the piston position error , which is expressed using 

Eq. (3).

    

 




 (2)

   (3)

Here,   is the proportional gain and   is the integral time. The 

valve spool position error  is determined by the function of the 

blade pitch angle  and the blade pitch command  of the pitch 

controller, as shown in Fig. 3. Detailed equations of the blade pitch 

system have been provided in a study by Cho et al. (2020).

β = 0°

β = 90°

(a) (b)

Fig. 3 Geometry of the blade pitch actuator: (a)  = 0° and (b)  

= 90° (Cho et al., 2020)

2.4 Fully Coupled Numerical Simulation

For the analysis of the dynamic response of a floating wind turbine, 

Simo-Riflex (SINTEF Ocean, 2018a; SINTEF Ocean, 2018b), an 

aero-hydro-servo-elastic simulation tool, was used to perform 

numerical simulations. Simo calculates the fluid dynamic force and 

moment applied to the substructures based on the potential flow theory 

and a Morison-type viscous drag force. Riflex performs an structural 

analysis of the blade, shaft, tower, and mooring system based on the 

finite element method (FEM). Moreover, Riflex also calculates the 

aerodynamic force and moment applied to the blade using the blade 

element momentum (BEM) theory. Thus, Simo-Riflex performs a 

numerical analysis linking the baseline control system based on 

structural dynamic, fluid dynamic, and aerodynamic models. Fig. 4 

shows the data transmission between Simo-Riflex and the control 

algorithm.

Six ocean environmental load cases with related wind and wave 

conditions for simulations of dynamic responses of a floating wind 

turbine are presented in Table 1. In terms of wind loads, turbulence 

modeling was performed using TurbSim (Jonkman and Kilcher, 2012) 

based on the Kaimal turbulence model according to IEC 61400-1 (IEC, 

2005a) and 3 (IEC, 2005b). For irregular wave loads, the JONSWAP 

spectrum was used (Hasselmann et al., 1973). Peak wave period () 

and significant wave height ( ) were determined based on their 

correlation with the wind speed of the Statfjord field in the North Sea 

(Johannessen et al., 2002). 

Fig. 4 Data transmission between Simo-Riflex and controller (Cho 

et al., 2020)

Table 1 Ocean environmental load cases based on winds and waves 

(Cho et al., 2021)

Load 
cases

  (m/s) Turbulence 
model

  (m)   (s)

1 14

IEC class C

3.58 10.27

2 16 3.97 10.44

3 17 4.17 10.53

4 19 4.58 10.72

5 20 4.8 10.82

6 22 5.23 11.02
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3. Fault Classification Method

The first step of fault diagnosis is to discern the actual occurrence of 

a fault. In general, a model-based or signal-based detection method is 

used to discern the occurrence of a fault in a system. In particular, a 

model-based method can detect faults in real time by assessing the 

system status using a mathematical model. A typical model-based 

method involves using the Kalman filter often used in various fields 

such as global positioning systems, computer vision, and computer 

games. In a study by Cho et al. (2018), the Kalman filter was used to 

detect sensor and actuator faults of a blade pitch system in a floating 

wind turbine. If faults are successfully detected, a fault classification 

technique is required to classify the types of faults. In this paper, fault 

classification is performed under the assumption that faults are 

properly detected.

An ANN is used in this paper for classifying the faults of a floating 

wind turbine. The ANN extracts the features of each fault from the 

training data and learns their patterns to generate a prediction model, 

thus accurately classifying six types of faults. The forms of feature 

extraction for each type of fault are presented in a study by Cho et al. 

(2021). The proposed ANN consists of an encoder and a decoder and 

has the structure shown in Fig. 5. The encoder consists of an RNN; it is 

used to reduce data dimensionality while maintaining the features 

contained in the information of the input data. The decoder consists of 

MLPs; it is used to classify faults based on the processed data received 

from the encoder. More details on the encoder and the decoder are 

provided in Sections 3.3 and 3.4.

Fig. 5 Encoding-decoding process

3.1 Fault description of a Hydraulic Blade Pitch System

Faults in a blade pitch system can be classified into sensor and 

actuator faults. Faults in a sensor or an actuator cause a rotor 

imbalance and blade asymmetry. With respect to the faults in a pitch 

actuator, faults related to oil, valve, and sludge constitute a high 

percent (37.3%) of the total faults of a hydraulic pitch system (Carroll 

et al., 2016). Furthermore, a fault in the valve of a pitch actuator 

changes the system characteristics and affect the dynamic responses of 

a wind turbine in a transient or steady state conditions.

In this paper, six types of faults that occur in a pitch sensor and an 

actuator of a hydraulic blade pitch system are considered (Cho et al., 

2021). Table 2 presents these different types of faults. 

Faults in a blade pitch system can be classified into those occurring 

in a sensor and those occurring in a control valve in an actuator. 

Among pitch sensor faults, fault 1 refers to the case in which a 

consistent bias value is observed in a pitch sensor, while fault 2 refers 

to the case in which one value of a sensor is consistently repeated. 

Table 2 Description of faults (Cho et al., 2021)

Fault 
number

Fault name Fault occurrence location

1 Bias value
Pitch sensor

2 Fixed output

3 Excessive friction

Directional control valve
4 Slit lock on spool

5 Wrong voltage

6 Short circuit

A control valve fault is commonly caused by fluid contamination in 

a hydraulic actuator or problems in the filter. When excessive sludge is 

found in a valve spool, the clearance between the valve and spool is 

reduced, which results in increased frictional force. This is referred to 

as fault 3. Fault 4 occurs when the valve is locked due to the hardened 

sludge from fault 3. 

Moreover, fault 5 occurs when excessive current is introduced due 

to a problem in the magnetic field of the valve solenoid, which leads to 

an incorrect voltage being applied to the solenoid. Fault 6 occurs when 

the solenoid is burned due to the excessive current. The fault 

phenomena are explained in detail by Cho et al. (2018) and Cho et al. 

(2020) using mathematical modeling and figures. The specific 

characteristics of fault phenomena are reflected in a simulation 

through mathematical modeling to obtain relevant data, which are then 

used to train the ANN.

3.2 Data

Fault data are required for training the ANN prior to performing 

fault classification. Fault data were generated using the Simo-Riflex 

(SINTEF Ocean, 2018a; SINTEF Ocean, 2018b) simulator. Different 

fault types (six types as presented in Table 2), ocean environmental 

load cases (six cases as presented in Table 1), and fault occurrence 

times (10 values) were combined to perform 360 times of simulations; 

multiple data were collected during one simulation session by varying 

the data collection starting time. The fault occurrence time was 

categorized into 10 values ranging from 75 s to 300 s at intervals of 25 

s. A total of 116,330 data points were collected, which were then 

classified into training data (80,000), validation data (20,000), and test 

data (16,330). The validation data were used to evaluate the final 

model recording during training. The test data were used to evaluate 

the final performance check of the final model. One piece of data 

consists of data collected during 17 s from a randomly selected 

observation starting point as shown in Fig. 6. The time step of the 

simulation   was 0.1 s. Four pieces of data were collected per time 

step; these included including the blade pitch sensor, blade pitch 

command, valve spool position sensor, and valve control input values, 

as shown in Fig. 6.

The data were normalized as four different units were included in 

the data. In this paper, min–max normalization was performed as 

described in Eq. (4) in which outliers were excluded when determining 



Fault Classification of a Blade Pitch System in a Floating Wind Turbine Based on a Recurrent Neural Network 291

the minimum and maximum values.

 max   min 
  min  (4)

A label was represented with one-hot encoding, where one value is 1 

and the remaining values are 0. Considering the labels used in this 

paper as an example, the data label related to fault type 1 has a vector 

value of [1 0 0 0 0 0].

One piece of data has a total of 686 values including 680 values 

collected from four data types ((1) blade pitch sensor value, (2) pitch 

command value, (3) valve spool position sensor value, and (4) valve 

control input value) for 17 s at intervals of 0.1 s, and six label values. 

Fig. 7 shows the constitution of 80,000 pieces of training data set. A 

(a) (b)

(c) (d)

Fig. 6 Data sampling processes from simulations: (a) blade pitch sensor value, (b) blade pitch command value, (c) valve spool position,

and (d) control input voltage (Cho et al., 2021)

Fig. 7 Dimensions of training data according to blade pitch sensor value (data 1), blade pitch command value (data 2), valve spool 

position (data 3), and control input voltage (data 4)
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GRU was employed by rearranging 680 pieces of data into 4 × 170 

arrays.

3.3 Encoder

An encoder uses a GRU having a recursive connection structure and 

plays a role in reducing data dimensionality while maintaining the 

major features of time-series data. The GRU responds to the external 

input value of every time step and gradually updates a hidden state, 

which is an internal variable. The final hidden state generated 

preserves only the major features of the continuously input values in a 

compressed form, thus being capable of representing time-series data 

effectively. Effective data representation using a GRU reduces the size 

of the ANN and increases the efficiency of training the model. Eqs. (5)

–(8) show the process of updating a hidden state.

            (5)

           (6)

  tanh            (7)

           (8)

Here,   is the hidden state at time , whereas   is the external input 

value at time .     is the initial hidden state when time   is 0, or the 

hidden state at time . Moreover,   and   are the reset, update, 

and new gates, respectively.  is the sigmoid function, while  

represents the Hadamard product. The above equation can be 

graphically represented as shown in Fig. 8.

If the number of data used for training is referred to as batch_size, 

the dimension of the input value for a decoder is batch_size × 170 × 4. 

If the size of the hidden state is referred to as hidden_size, the 

dimension of the output value, which is the set of hidden states 

generated during 170 time steps, is batch_size × 170 × hidden_size. In 

general, only the final hidden state, which is the last updated hidden 

state that best represents the features of all the values, is used. When 

the batch size is batch_size, the dimension of the final hidden state is 

batch_size × 1 × hidden_size. 

Fig. 8 Structure of a gated recurrent unit (Cho et al., 2014)

Considering one piece of data, the dimension of the input value for 

the encoder is 1 × 680 while the dimension of the output value is 1 × 80 

if the hidden_size is 80. Specifically, the data size is reduced from 680 

to 80. A comparison of the performance with respect to the reduction 

in dimensions is presented in Section 4.

3.4 Decoder

A decoder classifies faults when the final hidden state is input using 

an MLP. An MLP consists of an input layer, a hidden layer, and an 

output layer in that order, and output values are deduced through the 

matrix operations between each layer. In this study, the numbers of 

hidden layers and neurons (nodes in the hidden layer) were set to 1 and 

100, respectively. The MLP used in this study is configured as shown 

in Fig. 9.

The ANN has a non-linear form between each layer of the MLP, and 

a rectified linear activation function (ReLU) is used to improve 

training efficiency. The ReLU returns 0 if the value is 0 or returns the 

value itself if greater than 0.

The output layer consists of six values, and the softmax function is 

used as the activation function. The softmax function creates all values 

to be between 0 and 1 and expresses the probability of their sum being 

1. The decoder determines that a fault has occurred in the turn with the 

highest probability. For example, if the output values are 0.001, 0, 

0.997, 0.0005, 0.001, and 0.0005, fault type 3, or excessive friction, is 

judged to have occurred because the third output is the largest. 

The softmax cross-entropy function, often used in classification 

problems, was used as the loss function. Cross-entropy returns the 

loss value according to the difference between the predicted value 

and the answer, based on the value derived by the softmax function. 

The model was evaluated through the loss function and improved 

through optimization. The Adam optimizer based on a gradient 

descent was used as the optimization technique, and the learning rate 

was set to 0.01.

Fig. 9 Structure of the multilayer perceptron
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4. Comparative Test

To determine the optimal hyperparameters of the ANN, its 

performance was compared by combining different hyperparameter 

values into sets as shown in Table 3. Overfitting occurred when the 

number of epochs exceeded 100; therefore, the final number of epochs 

was set to 100 in this study.

A total of nine hyperparameter sets were considered, and each set 

was trained 10 times for a total of 90 times. The performance of the 

ANN considering validation and test data with respect to each 

hyperparameter set is illustrated in Figs. 10 and 11, respectively. Its 

overall performance was fairly consistent, but the changes in its 

performance varied significantly depending on the learning rate and 

batch size.

Based on the results in Figs. 10–11, the average performance of the 

network using validation data and test data is presented in Figs. 12–13, 

respectively. The bar marked with slashes exhibits the best 

performance among the nine hyperparameter sets. The average success 

rate using validation data and test data in the second hyperparameter 

set is 99.927% and 99.612%, respectively; these values are the highest. 

Thus, the second hyperparameter set was adopted in this study.

Table 3 Hyper parameter sets

Set
No.

Batch
size

Hidden layer 
size

Hidden state 
size

Learning 
Rate

1 4000 100 80 0.01

2 2000 100 80 0.01

3 2000 100 80  0.001

4 2000 150 80 0.01

5 2000 250 80 0.01

6 2000 100 100  0.005

7 2000 100 80 0.01

8 1000 100 80 0.01

9 2000 100 60 0.01

Fig. 10 Performance on validation data using different sets of 

hyperparameters 

Fig. 11 Performance on test data using different sets of hyperparameters

Fig. 12 Average performance on validation data using different 

sets of hyperparameters 

Fig. 13 Average performance on test data using different sets of 

hyperparameters

The proposed model could reduce the dimension of the input value 

from 680 to 80 as it used a GRU that could reflect the features of 

time-series data. Reducing the dimension of the input data facilitates 
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training by reducing the complexity of the ANN. The performance of 

the proposed model improved by approximately 1.4% in compared to 

the model proposed by Cho et al. (2021), which consisted only of 

MLPs using the same test data. The fault classification success rate is 

directly related to maintenance cost from the perspective of operating 

wind turbines and thus should be near 100%. Therefore, an increase of 

1.4% in the success rate of fault classification using the GRU proposed 

in this paper implies almost 100% fault classification performance 

from the perspective of wind turbine operation, which is a significant 

improvement in fault classification.

5. Conclusion

This paper proposed a GRU based fault classification scheme of a 

blade pitch system in a floating wind turbine. GRU can quickly train a 

mathematical model based on previous training models and it 

processes time-series data by updating new information in real time. 

Based on various sets of hyperparameters, the proposed model 

achieved 99.927% and 99.612% successful classification on 

validation data and test data, respectively. The model also achieved a 

1.4% improvement in its classification performance compared to other 

models that used MLP.

The proposed method only considered one type of fault that occurs 

independently in a system. In the future, the algorithm needs to be 

improved to be able to classify multiple faults occurring 

simultaneously. In addition, the proposed method should be applied to 

other components such as the generator, gearbox, and yaw system of a 

wind turbine.
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1. Introduction

Climate change has triggered the increase in the global temperature 

and subsequent sea level rise, causing significant damage, including 

drought, flood, and cold-weather damages. As part of multilateral 

cooperation and efforts to address the aforementioned problems, active 

international responses against climate change have materialized into 

the United Nations Framework Convention on Climate Change, Kyoto 

Protocol, and Paris Agreement. In line with the global trend, Korea has 

established a national target to reduce greenhouse gas (GHG) 

emissions by 2030, based on the principle of the nationally determined 

contribution (NDC) (Heo, 2016; Bae, 2021).

Accordingly, to reduce GHG emissions, there has been active 

research on new and renewable energy worldwide. Wave energy is an 

energy source with the highest energy density per unit area among 

marine energy sources, and is a highly promising resource that enables 

infinite sustainability with substantial potential. However, there are 

limitations to the utilization of wave energy: wave energy is subject to 

severe levels of seasonal and climatic variability, its various energy 

extraction methods and equipment are still under development, and a 

standardized power generation model for wave energy is yet to be 

established. The development of wave energy converters (WECs) has 

experienced steady advancements globally, and for some wave energy 

models, considerable progress has been made in commercialization, 

especially in the UK. Therefore, there is a significant demand for more 

active R&D, including more research ideas and technical progress, as 

well as the commercialization and development of maintenance and 

operation methods.

The European Marine Energy Center Limited (EMEC), a world- 

leading marine energy research and development center in the UK, 

categorized WECs into oscillating water column (OWC), movable 

body type, and overtopping/terminator type WECs, according to the 

type of their primary energy conversion (EMEC, 2018). Among the 

various types of WEC, OWC is a method in which incident waves 

trigger the movement of the water surface inside the air chamber, 

which then causes the resulting surface elevation to generate airflow; 
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then, the generated airflow rotates the air turbine to extract energy. 

This generation method may be less efficient compared to the methods 

of converting wave energy into primarily usable energy; however, it 

has the advantage of easy maintenance because the air turbine for 

energy extraction is located above the water surface.

The OWC WEC can be divided into fixed and floating types, 

depending on the motion constraints of the structure. Various studies 

have been conducted on the fixed OWC WEC discussed in this study, 

and the findings of recent existing works have been reviewed in brief.

Koo et al. (2010) simulated the flow inside the OWC chamber of a 

general vertical chamber WEC using the 2D fully nonlinear numerical 

wave tank method. In addition, they analyzed the wave energy 

conversion efficiency in the time domain. Through the 2D wave tank 

experiment, the research was conducted with varying shape parameters 

of the chamber (ratios of the chamber and duct sizes) (Koo et al., 2012). 

Liu et al. (2010) compared the numerical results of 2D OWC WEC 

based on Desingularized boundary integral equation method (DBIEM) 

using the mixed Eulerian-Lagrangian method and the analytic results 

obtained by Sarmento and Falcao (1985). Subsequently, they analyzed 

the energy extraction efficiency according to the skirt draft of the 

structure. A number of studies have also been reported to analyze OWC 

WEC via the higher-order boundary element method (HOBEM), which 

considers the nonlinearity of each boundary element (Ning et al., 2015; 

Ning et al., 2020). Ning et al. (2016) compared the results of numerical 

analysis using HOBEM and the results obtained from water tank 

experiments. Kim et al. (2021) calculated the energy extraction 

efficiency of OWC WEC by applying the air damping coefficient in the 

chamber obtained by the theoretical solution, and compared their 

results with the results of previous studies with the application of the air 

damping coefficient.

In recent years, studies have been conducted on a sloped chamber 

WEC that can be installed via the connection to a breakwater built in a 

port or coast, by modifying a general vertical wall-type OWC. The 

sloped OWC has an energy extraction performance similar to that of the 

vertical OWC device, and its installation on the slope of the 

bottom-mounted breakwater, the existing onshore structure, is 

advantageous. As a recent study on the sloped OWC chamber, Park, et 

al. (2018b) measured the relative wave elevation inside the chamber, 

according to the change in skirt and width of a sloped OWC chamber, 

via a 2D wave tank experiment. In addition, by performing 

computational fluid dynamics (CFD) analysis, the wave elevation was 

calculated in two OWC chamber conditions: one with the chamber 

open, where the chamber pneumatic pressure is equal to the 

atmospheric pressure, and the other where the duct is installed above 

the chamber, such that chamber pneumatic pressure exists. The results 

obtained from the calculations were compared with those of the 2D 

water tank experiment. Via CFD analysis (using FLUENT), Gaspar et 

al. (2020) compared wave shapes inside vertical and 40°-sloped 

chambers. In the sloped chamber, run-up/down and sloshing were more 

dominantly observed than in the vertical chamber, and it was verified 

that the energy extraction efficiency of the sloped chamber was higher 

than that of the vertical chamber in terms of the wave period with the 

highest energy source.

The backward bent duct buoy (BBDB) type WEC is well-known as 

the floating OWC WEC. To examine the validity of the numerical 

modeling pneumatic damping coefficient, Kim et al. (2006) conducted 

a model test and measured the motion responses of BBDB in waves. In 

addition, the improvement in energy extraction efficiency was 

investigated by proposing a BBDB with rounded corners, which can 

reduce the viscous effect, via 2D wave tank experiments and numerical 

wave tank calculations (Kim et al., 2012; Lee et al., 2013; Kim et al., 

2015).

In this study, a 2D fully nonlinear numerical wave tank method 

based on potential flow for a sloped-fixed OWC WEC was developed. 

Using the mixed Eulerian-Lagrangian method, numerical simulation 

was performed on the time domain for the nonlinear wave motion of 

the free surface inside and outside the sloped chamber. To consider the 

viscous effect in the analysis of potential flow based on non-viscous 

fluid, a viscous damping coefficient was added to the free surface 

boundary condition, and the flow change inside the chamber was 

calculated, considering the interactions with pneumatic pressure 

generated because of the free surface elevations in the OWC chamber, 

following the installation of a duct at the top of the chamber. The 

numerical results of this study were compared to the experimental 

results of previous studies (Park et al., 2018a, 2018b) to ensure 

reliability. The validated fully nonlinear numerical wave tank method 

can be calculated by selecting linear or nonlinear time domain 

analysis, and the proposed numerical method has the advantage of 

being relatively fast to obtain calculations, without having to conduct 

experiments for the investigation of wave steepness effect on the 

nonlinearity of the free surface. Using this study, each energy 

component of the sloped OWC WEC was calculated and compared 

with the incident wave energy, and it was verified that the energy of 

the entire WEC system was conserved. Finally, to elucidate the energy 

extraction and efficiency of the sloped OWC in the environment of real 

seas, the model size was increased by approximately 20 times, and the 

resulting changes in the viscous damping coefficient of the chamber 

were comparatively analyzed.

2. Mathematical Formulation

In this study, numerical modeling was performed for a sloped fixed 

OWC WEC, with the assumption that the fluid in the computational 

domain was an inviscid, incompressible, and irrotational potential 

fluid. The velocity potential representing the ideal fluid flow is defined 

as expressed in Eq. (1).

 ∇ (1)

where  and  denote the velocity of the fluid particle and velocity 

potential, respectively. The velocity potential can easily represent a 

complex fluid flow phenomenon as a scalar value, and when the fluid 
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flow satisfies the continuity equation and is an incompressible flow, 

the governing equation of the fluid domain can be represented using 

the Laplace equation:

∇    (2)

The Laplace equation can be expressed as a boundary integral 

equation using Green’s 2nd identity, as expressed in Eq. (3).

 








 (3)

where  denotes the fluid domain in which the calculation is 

performed. The solid angle  at the boundary is 0.5, and the 

two-dimensional Green’s function is  ln . Here,   

represents the distance between the source point and the field point at 

the boundary of the computation domain.

The free surface boundary condition is divided into two: kinematic 

and dynamic conditions, and it can be expressed as a nonlinear free 

surface boundary equation by taking the total derivative (). In 

addition, under the assumption that the node points located on the free 

surface move in the same manner as the water particles (Material node 

approach, ∇), they can be defined as expressed in Eqs. (4) and 

(5).







(4)







∇ 

 (5)

where , , , and   denote the free surface elevation, gravity, fluid 

density, and pneumatic pressure on the free surface, respectively. 

Outside the chamber, the pneumatic pressure is zero, based on 

atmospheric pressure, and when pneumatic pressure is present inside 

the chamber, its value changes in real time, according to the volume of 

the OWC chamber and the size of the nozzle (duct). 

For the boundary condition of the incident wave, the propagating 

wave was generated by substituting the incident wave component into 

the boundary surface at the left end of the numerical wave tank, and 

the impermeable rigid boundary condition of Eq. (6) was applied to the 

boundary conditions of the tank bottom, right wall, and fixed structure. 

This indicates that the fluid velocity in the direction perpendicular to 

the boundary is zero.




 (6)

When the incident wave enters inside the OWC chamber, energy 

loss occurs at the end of the chamber skirt owing to fluid viscosity. 

Considering this energy loss, in general, the equation for reduced 

pressure in the flow, which is proportional to the square of the fluid 

velocity, is expressed in Eq. (7).

∆

 (7)

where   and   represent the loss coefficient and flow velocity, 

respectively. This equation can be expressed as Eq. (8), under the 

assumption that the water particle velocity () is linearly 

proportional to the average vertical velocity of the water column (). 

The viscous damping effect, which can occur when the incident wave 

enters the chamber, can be represented using the viscous damping 

coefficient (). By applying Eq. (8) to the dynamic free surface 

boundary condition in the chamber (  ), the energy 

reduction of the incident wave owing to fluid viscosity can be 

expressed as a viscous damping pressure term (Yang et al., 2019).

  
   


(8)

where 
  and   represent the modified loss coefficient and average 

velocity of the surface elevation inside the OWC chamber, 

respectively. Inside the OWC chamber where the duct is installed, the 

pneumatic pressure is generated by the free surface elevation, and this 

is represented by assuming a linear relationship between the 

pneumatic pressure () in the OWC chamber and the velocity of the 

air flowing through the duct (Ning et al., 2015; Yang and Koo, 2020).

  (9)

where   denotes a linear pneumatic damping coefficient and 

 sin represents a relationship between air flow rate with 

time. The air flow rate through the duct is determined by the ratios of 

the chamber and duct sizes. Therefore, the pneumatic pressure inside 

the chamber is defined as:

 

 (10)

where   represents the area of   the duct,  is the rate of volume 

change inside the chamber, and the free surface boundary condition 

inside the OWC chamber, considering both the viscous damping effect 

and the pneumatic pressure effect (extractable by energy) owing to the 

duct, can be expressed by Eq. (11).

 







∇  

  
  (11)

The energy efficiency of the sloped OWC system was calculated 

using the boundary conditions described above; accordingly, the 
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validity of the WEC numerical modeling and calculation results was 

verified. The incident wave energy flux can be expressed as the 

product of the incident wave energy and propagation velocity (group 

velocity). The fixed OWC WEC can be divided into four energy flux 

components: incident wave energy, reflected wave energy, maximum 

extractable energy of the turbine due to pneumatic pressure, and 

energy loss due to viscosity. Each of the four energy flux components 

can be expressed as follows (Koo et al., 2010; Kim et al., 2021).

  



 (12)

  



  (13)

 



 (14)

 





(15)

 
where   and   denote the incident and reflected wave heights, 

respectively, and   represents the group velocity. The average energy 

extraction rate () is a value calculated per OWC chamber area and 

incident wave period, and it can be observed that the rate is 

proportional to the square of the air flow velocity in the nozzle (duct). 

The energy loss () owing to viscosity was also calculated similarly, 

and it was confirmed to be proportional to the square of the average 

vertical velocity () of the free surface in the chamber. Therefore, the 

sum of the reflected wave energy flux ( ), average energy 

extraction (), and energy loss () must be equal to the incident 

wave energy flux ( ) (  ). Using this 

equation, the validity of this numerical modeling was verified via the 

numerical analysis results, which indicate that the energy of the entire 

WEC system is conserved within the computation domain

3. Numerical Modeling and Results

The computational domain for the numerical modeling of the sloped 

chamber OWC WEC is illustrated in Fig. 1. Here,  and  denote the 

draft and thickness of the OWC chamber skirt, respectively,  

represents the width (gap) of the chamber, and  represents the water 

depth. In addition,  and  are 0.09 m and 0.5 m, respectively, and 

Fig. 1 Schematic diagram of a sloped OWC system with the open 

chamber condition

these values   were fixed in this study, and the slope angle of the skirt 

was set at 33.7°, which is similar to the angle of domestic sloped 

breakwaters, and would enable the installation of this model on a 

sloped breakwater in the future.

3.1 Open Chamber

To investigate the changes in the flow inside the chamber according 

to the OWC chamber conditions, a numerical model was applied under 

the condition that the pneumatic pressure inside the chamber is equal 

to atmospheric pressure, assuming the OWC chamber was open. For 

comparison with the experimental results of a previous study (Park et 

al., 2018b), the calculation was performed by applying the same 

incident wave conditions using a 1:20 scaled model. By setting the 

pneumatic pressure inside the chamber equal to atmospheric pressure, 

this model does not consider the power take-off (PTO). Tables 1 and 2 

present the specifications various chamber dimensions and incident 

wave conditions used in the numerical analysis, respectively.

In the numerical analysis of this study, the viscosity of the fluid was 

not considered because the calculation was based on the assumption 

that the fluid was an inviscid, incompressible, and irrotational fluid. 

However, in real-sea conditions, energy attenuations occur, owing to 

the fluid viscosity between the structure and incident wave, as well as 

the energy loss according to the shape of the chamber structure. 

Therefore, to reflect the energy loss onto the numerical wave tank of the 

potential flow, the viscous damping coefficient should be substituted to 

consider the energy loss of the OWC system. For all cases in Table 1, 

arbitrary viscous damping coefficients were substituted to the 

numerical model, and the results closest to the experimental data (Park 

Table 1 Specification of a numerical model of oscillating water 

column system ( = 0.09 m,  = 0.5 m)

Case  (m)  (m)

1 0.10 0.25

2 0.10 0.20

3 0.10 0.15

4 0.15 0.20

5 0.20 0.20

Table 2 Incident wave conditions

 (s)1)  (m)1) 1)

1.00 0.066 0.044

1.15 0.065 0.034

1.30 0.057 0.025

1.45 0.056 0.021

1.60 0.055 0.018

1.75 0.051 0.015

1.90 0.045 0.012

2.05 0.041 0.01
1)  = incident wave period,  = incident wave height,  = wavelength
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et al., 2018b) with the same conditions were found, then, the adequate 

viscous damping coefficient was finally determined.

In Fig. 2, the results of the fully nonlinear time-domain calculations 

for surface elevation in the open chamber of Case 1 were compared 

under the conditions of incident wave period, wave height, and viscous 

coefficients at 1.75 s, 0.051 m, and  = 0, 0.5, respectively. This 

corresponds to  = 13.8 in Fig. 3. The surface elevation is the value 

of the difference between the wave crest and wave trough divided by 

1/2. In this study, a ramp function twice the incident wave period () 

was applied to generate stable incident waves in the fully nonlinear 

numerical wave tank. In addition, because OWC WEC is located at a 

distance approximately 4 times the incident wavelength from the wave 

maker of the numerical wave tank, it can be inferred that the surface 

elevation in the chamber occurs after approximately 4 periods ( = 4

). Under the above calculation conditions, in the calculation of the 

pure potential flow without viscous damping, it can be deduced that 

the elevation of the free surface inside the chamber is approximately 5 

times higher than the incident wave, and when viscous damping effect 

is included, the elevation is approximately 3 times higher. Because the 

(a)  = 1.75 s,  = 0.051 m,  = 0

(b)  = 1.75 s,  = 0.051 m,  = 0.5

Fig. 2 Time series of incident wave and chamber surface elevation 

in Case 1 (Open chamber) 

Fig. 3 Comparison of calculated surface elevations in the chamber 

with the experimental data at Case 1

surface elevation is high, as obtained from the results of the nonlinear 

calculation, the heights of the wave crest and wave trough are 

different, which triggers the asymmetry between the upper and lower 

surface elevations.

In Fig. 3, the calculated surface elevations in the chamber when 

viscous damping coefficient ( = 0.5) was applied to the numerical 

model, and those obtained by pure potential flow analysis ( = 0) are 

compared with the experimental data from Case 1. It can be observed 

that the results of the fully nonlinear numerical analysis with 

appropriate viscous damping coefficients agree well with the results of 

the 2D water tank experiment. In addition, when viscous damping was 

applied, the wave elevation in the chamber was reduced by 

approximately 28%. In particular, it was verified that when the 

incident wavelength is longer than the chamber width (approximately 

12–15 times), the energy attenuation due to viscosity increases. In the 

conditions of this study, it can be observed that the viscous damping 

effect was the largest when the incident wavelength was 

approximately 14 times the chamber width.

In Fig. 4, similar to the case in Fig. 3, the viscous damping 

coefficients, which can derive the numerical results closest to the 

experimental results, were obtained under the conditions of Cases 2–5, 

by comparing the results obtained from the numerical analysis and the 

2D wave tank experiment (Park et al., 2018b). When  = 0.7 in Case 2, 

 = 0.8 in Case 3,  = 0.75 in Case 4, and  = 0.8 in Case 5 were 

applied to the numerical model, the results were closest to the 

experimental results. Therefore, the reliability of the OWC chamber 

numerical modeling (open chamber condition) was verified by 

calculating the appropriate viscous damping coefficient according to 

the chamber skirt draft and chamber width compared to the 

experimental values. 

3.2 Partial Open Chamber with Duct

The total computation domain of   the sloped fixed OWC WEC with a 

duct is illustrated in Fig. 5.
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Fig. 5 Schematic of a sloped oscillating water column system 

with duct

Because the duct is installed in the upper part of the OWC chamber, 

pneumatic pressure occurs in the chamber. The pneumatic pressure 

inside the chamber is expressed by Eq. (10), which is substituted into 

the free surface boundary condition. The pneumatic damping 

coefficient ( ) represents the maximum extractable wave energy 

that can be extracted from the air turbine installed in the duct, and it is 

related to the ratio of the chamber and duct sizes. The pneumatic 

damping coefficient value (  = 50) was obtained by comparing the 

numerical results with the experimental results reported in Park et al. 

(2018a). The ratio of the chamber cross-sectional area to the duct area 

was approximately 120. For the viscous damping coefficient, values   
obtained from a structure of the same size under the open chamber 

conditions were adopted.

Regarding Case 1 ( = 0.1 m,  = 0.25 m) conditions, with the 

incident wave period of 1.75 s and wave height of 0.051 m, the incident 

wave and free surface elevation in the chamber were compared in time 

series (Fig. 6). Unlike the open chamber condition, the free surface 

elevation in the chamber was reduced to approximately 1/2, compared 

to the incident wave height, and to approximately 1/4 compared to the 

open chamber results, as the wave energy was extracted owing to the 

presence of the duct. To verify the pneumatic pressure effect, the 

results were compared with the results of the water tank experiment 

conducted by Park et al. (2018a), under the same conditions (Fig. 7). In 

Fig. 6 Time series of incident wave and chamber elevation in Case 

1 ( = 1.75 s,  = 0.051 m,  = 0.5, Partial open chamber)

(a) Case 2 ( = 0.7) (b) Case 3 ( = 0.8)

(c) Case 4 ( = 0.75) (d) Case 5 ( = 0.8)

Fig. 4 Comparison of surface elevations in the chamber according to damping coefficients in various cases
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the open chamber (  = 0) case, i.e.,  when the pneumatic pressure 

was zero, as the incident wavelength increased, the water surface in the 

chamber was elevated up to approximately 2.5 times the incident wave 

height; however, when a duct was installed in the chamber, the surface 

elevation decreased. This is because the pressure in the air chamber 

increased, owing to the installed duct; hence, free surface elevation in 

the chamber was suppressed. In fact, this can be regarded as the same 

effect when the wave energy was extracted with the air turbine of 

OWC, which led to the decrease in the energy in the chamber, and 

reduced the surface elevation. The above calculation is a case in which 

the air in the chamber is smoothly discharged from the duct without 

excessive compression, assuming that an air turbine with a large 

diameter, such as a Wells or an impulse turbine, is mainly used in the 

OWC. Therefore, in the case in which the viscous damping term has 

already been considered, the difference between the surface elevation 

in the open chamber and that in the chamber with the duct installed can 

be ascertained as the maximum extractable wave energy by the air 

turbine.

Fig. 8 presents the value of each energy flux component according 

to incident wave period and wave height conditions in Table 2 under 

Case 1 ( = 0.1 m,  = 0.25 m). It can be observed that the sum of the 

reflected wave energy flux, viscous damping energy, and air energy in 

Fig. 7 Comparison of surface elevations in the chamber with a 

pneumatic damping coefficient
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Fig. 8 Energy conservation of each energy flux component in 

Case 1 ( = 0.1 m,  = 0.25 m)

the chamber is almost identical to the incident wave energy flux. This 

indicates that all energy flux components are accurately measured in 

the OWC WEC system. It can be observed that the energy (E-air) due 

to the air flow in the chamber increases as the incident wave period 

increases, which is approximately 20–40% of the incident wave 

energy. In addition, it can be observed that the reflected wave energy 

decreases with the increase in the period, which is at least 50% or more 

of the incident wave energy. In the future, it is necessary to develop a 

method that minimizes the reflected wave energy, such that more wave 

energy can be extracted. No significant change exists in the viscous 

damping energy relative to the change in the incident wave period.

3.3 Real Scale Model

In this study, numerical analysis was performed on a 1:20 scaled 

model compared to the real size model for comparative validation with 

existing experimental results (Park et al., 2018a, 2018b), and via this 

comparison, it was determined that the validity of the numerical model 

was verified. Based on this finding, an appropriate viscous damping 

coefficient was calculated while increasing the size of the numerical 

model to predict the energy extraction (power) of the sloped OWC 

WEC on a real scale.

Fig. 9 illustrates the comparison with experimental values by 

substituting appropriate viscous damping coefficients for the real scale 

model ( = 5 m,  = 2 m), which is enlarged by 20 times compared to 

the scale model ( = 0.25 m,  = 0.1 m) under Case 1( = 2.5). 

Accordingly, the changes in the viscous damping coefficient ( ,   

is the viscous coefficient of the scale model ( = 0.1 m) can be 

illustrated in Fig. 10 for various scale factors (2, 5, 10, 15, 20 times the 

initial scale model) of Cases 2, 4, and 5, with the same chamber width, 

and Cases 1–3 with the same draft of the chamber skirt. The obtained 

results confirmed that the viscous damping coefficient increased with 

a similar trend, according to the scale in all Cases.

To investigate the energy efficiency in actual sea environments, a 

calculation was performed under the wave conditions shown in Table 

3, considering the average wave period of the Korean coast. The 

Fig. 9 Comparison of surface elevation in the chamber at model 

and real scales (Model:  = 0.1 m,  = 0.25 m, ν= 0.5, 

Real:  = 2 m,  = 5 m, ν= 2.1)
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Fig. 10 Viscous damping coefficients with scale factor

viscous damping coefficient of the real scale model (20-times larger 

model, scale factor = 20) was obtained for each case. The maximum 

extractable energy was obtained by applying the calculated damping 

coefficient to the numerical analysis, and the obtained results are 

presented in Fig. 11. Because the pneumatic damping coefficient 

( ) is related to the volume ratio,   = 50 used in the scale model 

was adopted without alterations. When comparing the maximum 

extractable energy under the given incident wave conditions, the 

obtained value was the largest in Case 1. Table 3 presents the 

maximum extractable energy under the incident wave conditions, as 

Fig. 11 Comparison of E-air for Cases 1–5

Table 3 Real scale condition and E-air at Case 1 ( = 5 m,  = 2 m)

_real (s) _real (m)  (m) E-air (kW/m)

4.47 1.32 30.85 0.05

5.14 1.3 39.81 0.55

5.81 1.14 48.90 1.94

6.48 1.12 57.87 3.48

7.16 1.1 66.80 4.57

7.83 1.02 75.41 4.59

8.50 0.9 83.87 4.01

9.17 0.82 92.20 3.53

well as the shape of Case 1 for the conditions. Under the conditions of 

period ( = 7.83 s), wavelength ( = 75.41 m), and wave height ( = 

1.02 m), the value of the maximum extractable energy was up to 4.59 

kW/m, which is approximately 40% of the incident wave energy.

4. Conclusion

In this study, a sloped fixed OWC WEC was modeled using a 2D 

fully nonlinear numerical wave tank method based on potential flow. 

The viscous damping coefficients were calculated according to the 

chamber dimension, by comparing the numerical results obtained under 

the condition of an open OWC chamber with experimental results. 

Based on the obtained results, the wave elevation in the chamber was 

calculated relative to the chamber width and skirt draft. To consider the 

numerical model in which the pneumatic pressure is generated by the 

free surface elevations owing to the application of the duct in the OWC 

chamber, the pneumatic damping coefficient representing the 

maximum extractable energy from the air turbine installed in the duct. 

The viscous damping coefficient obtained from the open chamber 

condition were substituted to calculate the wave elevation in the 

chamber, which was compared to that of the experimental results under 

the same conditions, to verify the validity of the calculation results. In 

addition, energy conservation was verified in the system by calculating 

all energy flux components of the WEC system. The obtained results 

indicated that approximately 40% of the incident wave energy can be 

extracted under the conditions of Case 1. This value includes the energy 

loss due to turbine efficiency and viscous damping. Although the 

reflected wave energy gradually decreased in the long wave condition, 

the results indicated that the value was at least 50% or more of the 

incident wave energy. Therefore, a method for minimizing the reflected 

wave energy is required to extract the energy in further studies. In 

addition, a regular wave was adopted as an incident wave to accurately 

determine the energy extraction relationship, according to the shape of 

the OWC structure. The change in the viscous damping coefficient of 

the structure was predicted according to the scale factor, by expanding 

the numerical analysis scale model by approximately 20 times. By 

implementing the changes to the numerical analysis, the maximum 

extractable wave energy (approximately 4.59 kW/m) in the real scale 

structure (approximately 20 times that of the Case 1 model) was 

calculated, which was approximately 40% of the incident wave energy. 

In the future, for the accurate estimation of energy extraction in actual 

marine environmental conditions, follow-up studies with the 

applications of irregular wave conditions are required, and further 

studies on mutual verification should be conducted via a CFD 

simulation analysis based on viscous fluid.
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1. Introduction

In recent years, there have been increasing studies on technologies 

employed in the Fourth Industrial Revolution, including technologies 

related to the maritime industry. As a result, there have been extensive 

development and application of autonomous surface vessels, 

unmanned surface vessels, and surface/underwater robots (Kwon et 

al., 2017; Kang et al., 2014; Jeong et al., 2018; Yeu et al., 2019).

In addition, the International Maritime Organization (IMO) has 

enacted safety regulations on factors that contribute to the destruction 

of marine environments by vessels, so there is an increased need for 

the development of electric vessels (Clayton et al., 2000).

However, electric vessels and unmanned surface/underwater robots 

have finite power supply owing to their limited size. Because of this 

problem, small electric boats and electric ships may drift on the water 

when the battery is fully discharged. Currently, in South Korea, the 

Korea Coast Guard is dispatched to charge the battery of drifting 

electric boats or ships, or another vessel may tow drifting electric boats 

or ships to port. However, it takes a long time for the Korea Coast 

Guard to arrive at the location of the drifting boat or ship. Further, 

there may be collisions when drifting electric boats or ships encounter 

other vessels.

In order to solve these problems, there have been studies on the 

development of marine robots that can harvest marine energy, such as 

sail drones, wave gliders, and underwater gliders (Man et al., 2020). 

However, energy harvesting technologies cannot be applied uniformly 

because the shapes and characteristics of robots are diverse. In 

addition, energy harvesting technologies generally supply power in 

proportion to the size of the robot. Because marine robots that harvest 

energy are limited in their size, this method cannot be considered a 

realistic solution from an efficiency perspective. 

To solve this problem, there is the need for a system that is fixed to a 

specified position and that can charge batteries. A buoy was 

considered because it is fixed to a specified position in the ocean. A 

buoy is tethered to an anchor, so it can maintain its position. Buoys are 

used for various roles, such as showing a route or informing oncoming 

traffic about hazardous areas (Kim, 2015). However, anchors that 

secure buoys to fixed positions may be disconnected owing to 

inclement weather conditions in the ocean. In such a case, the buoy 

cannot maintain its specified position and may drift towards shore. 

Moreover, the different shapes of buoys make it difficult for docking 

by vessels, which may damage the buoy during docking. 

In order to solve these problems, research on marine charging light 

buoy robots was also conducted in South Korea. However, 

modularization for maintenance and optimization were not achieved 

during the design and manufacturing processes. In addition, there was 
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also a problem with respect to waterproofing (Park et al., 2019).

Therefore, in this study, the problem regarding waterproofing was 

factored in during the design and manufacturing processes, and the 

modularization of the robot was considered for maintenance. In 

addition, we proposed the development of a smart buoy robot 

mechanism that enables the buoy robot to maintain its specified 

position using underwater motors. Unlike the shapes of existing buoys, 

the proposed robot has four docking parts and is shaped like the letter 

X, making it easy for vessels to dock with it. 

The International Association of Marine Aids to Navigation and 

Lighthouse Authorities (IALA) and the Ministry of Oceans and 

Fisheries (MOF) recommend specific colors and light colors for 

standard buoys (IALA, 2017). However, because the proposed buoy is 

a non-standard buoy, we considered an arbitrary color and light color. 

We differentiated the color by combining the purple color with the 

yellow color of special aid to navigation, and we used purple light.

Section 2 describes the development of the buoy robot mechanism, 

and Section 3 focuses on the design of the buoy robot controller. 

Section 4 explains the experiment and considerations made when 

verifying the performance of the buoy robot mechanism and proposed 

controller. Finally, Section 5 summarizes the paper.

2. Development of Buoy Robot Mechanism

The operation concept shown in Fig. 1 was first considered for the 

development of the buoy robot

The body of the robot is formed in the shape of a buoy, and a 

manipulator is mounted on the robot so it can deliver a cable when a 

vessel that needs to be charged is docked with the robot. When the 

robot is moving, the manipulator is folded against the column to 

minimize the effect of disturbance. The camera is mounted on the 

robot so that it can check for ships.

The buoy robot was designed based on the operation concept using a 

three-dimensional (3D) tool called Computer Aided Three dimensional 

Fig. 1 Diagram of operation concept

Fig. 2 Mechanism of buoy robot

Interactive Application (CATIA). Fig. 2(a) shows the final design, and 

Fig. 2(b) illustrates the design that considers modularization, as 

mentioned previously. Each module was made such that it is easy to 

disassemble and assemble them. The buoy is made in the shape of the 

letter X, formed by four docking parts. This shape was considered to 

allow the bow and stern of a ship to dock with the robot, making it easy 

to secure the ship to the buoy. In addition, to reduce the maintenance 

cost, the buoy was designed such that the docking parts can be 

separated from it and replaced if they are damaged.

Moreover, because bird excrement is acidic, the bird spike performs 

the function of preventing corrosion, reducing the need for the 

maintenance of the buoy robot.

The radar reflector is a radio aid to navigation that amplifies and 

reflects the radar signals. The lighting is a visual aid to navigation that 

uses light to convey to ships the position guidance and the purpose of 

the buoy. This system uses purple light.

The camera was installed to visually check the ship that is docked or 

docking with the buoy robot. The charging part uses the robot arm to 

deliver the charging cable to the ship that is docking with the buoy 

robot.

Next, the placement of the solar panel was considered for energy 

harvesting. The sensor, motor drive, and battery are placed in the main 

body. The weight was considered to enhance the attitude stability by 

lowering the buoy robot's center of gravity. The anchor is connected to 

Table 1 Functions of buoy robot

Buoy robot

Rapidity Propulsion part

Charging
Docking part

Robot hand

Stability

Bird spike

Radar reflector

Light

Camera

Anchor
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Fig. 3 Propulsion and docking part

the DC motor placed inside the main body via the anchor rope, and the 

anchor is designed such that automatic anchoring and retraction are 

possible. Hence, the buoy robot can be anchored at a specified 

position, and the anchor is retracted when the buoy robot needs to 

move. Each function mentioned above is categorized and summarized 

in Table 1.

Fig. 3(a) shows the composition of the propulsion motor, which is 

used to control the position and movement of the buoy robot. A total of 

four motors were used: a, b, c, and d. Motors a and c form a set, and 

motors b and d form another set to control the buoy robot. Because the 

energy consumption is high when all four motors are used, sets of 

motors with parallel forces are used. Hence, the position of the buoy 

robot can be maintained even if one or two motors break down.

The dotted lines in Fig. 3(b) indicate the ropes between the docking 

parts and the ship. Here, the bow and stern of the ship are secured to 

two docking parts. As mentioned earlier, there are four docking parts, 

so it is easy to secure a ship. At most, two ships can dock with the buoy 

robot simultaneously.

Fig. 4 shows the shape of the completed prototype. The prototype 

was made as a miniaturized model to make it convenient for 

Fig. 4 Prototype of buoy robot

Table 2 Specification of prototype

Turning radius degree 0

Weight (on air) kg 3.5

Payload kg 1.25

Size

Length over all (L) mm 410

Moulded brdadth (B) mm 410

Depth (D) mm 365

Height (H) mm 490

Speed
Electric propulsion

(Max. speed)

m/s 0.07

knot 0.136

fabrication and experimentation, and the prototype was fabricated 

using a 3D printer based on 3D modeling. As mentioned previously, 

yellow and white colors were used for the body of the buoy robot, and 

purple color was used for the docking part, bird spike, and radar 

reflector. The part that covers the body of the buoy robot was 

fabricated using acrylic. Table 2 shows the specifications of the 

completed robot. 

3. Design of Buoy Robot Controller

The buoy robot performs positioning control by receiving the error 

value of the image coordinates using the camera that is connected to 

the host PC. Fig. 5 shows the flowchart of the control algorithm. First, 

the heading is controlled using the attitude heading reference system 

(AHRS). The position is then controlled by using the error value of the 

current position from the target position on the image coordinates. 

Fig. 5 Flow chart of control algorithm
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3.1 Position Accuracy, PA

The PA related to the performance index of the position control is 

defined by Eq. 1 when the reference position  ,   is determined. The 

PA denotes the maximum error position value of the buoy robot.

  
  

   


max 
(1)

Here,  ,   is the position value of the buoy robot at the -th sampling 

time, and max() is a function that calculates the maximum value.

3.2 Current Direction Prediction

In order to control the position of the buoy robot robustly in the 

presence of current disturbances, it is necessary to predict the direction 

of the current. In this study, we selected a method that utilizes the 

position information to predict the direction of the current. When a 

current occurs, the buoy is generally pushed in the direction the current 

flows, and its position information is changed. In order to predict the 

direction of the current using the change in the position information, 

Eq. 2 below is considered to first determine the effect of the current. 

The direction of the current is predicted by using the difference 

between the target position value and the position value at the moment 

this equation is satisfied.

   
   

 (2)

Here,   is the reference radius, and it is set empirically to determine 

whether the buoy robot was affected by the current (Park, 2021).

In Fig. 6, the solid lines intersecting at the center of the buoy robot 

are the x and y axes of the image reference coordinate system. The 

dotted arrows indicate the moving direction for each set of thrusters, as 

explained in Fig. 3. 

Here, the thrusters can propel the buoy robot uniformly at 45° with 

reference to the image reference coordinate system. Therefore, the area 

Fig. 6 Anaysis of current directions and areas

Fig. 7 Coordinate system of camera

of the image reference coordinate system can be subdivided using the 

dotted arrows. The dotted lines formed using the direction of motion 

are composed of straight-line regions. They can be divided into eight 

areas using the straight-line regions and the image reference 

coordinate system.

Because each of the eight regions has an area of 45°, the direction of 

the currents generated in all regions is equivalent to two cases--the 

direction is a minimum of 0° and a maximum of 45°. The solid arrow 

denotes the arrow for the direction of the current mentioned. 

Fig. 7 shows the actual display of the camera that was installed for 

the experiment as a substitute for GPS. Of the three red, green, blue 

(RGB) colors, the red color is tracked for ease of implementation. 

With regard to acquiring the buoy robot's position information, the red 

color is tracked to simplify camera image processing. The radar 

reflector was set to red color, and the radius of the circle related to Eq. 

(2) was formed based on the radar reflector. Using this setup, it is 

possible to know the region in which the buoy robot is located.

Fig. 8 shows a control block diagram. The P-Controller, which is a 

proportional controller using an error, was considered. In addition, the 

distributor is used to distribute the control values to the motors  , 

 ,  ,   which control  ,  . Here,  ,   is the target position 

and denotes (97, 42).   denotes the x-coordinate error, and   denotes 

the y-coordinate error.  ,   indicates the current x, y coordinates 

values. The P-Controller derives and using the x and y error values, 

respectively, and control values are input into each motor ( ,  , 

 , ) through the distributor.

Fig. 8 Block diagram of position control system
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4. Experimental Results

A test evaluation was performed to verify the performance of the 

developed robot. First, functional tests were performed to verify the 

mechanism of the buoy robot. The test evaluation was composed of 

four categories. Propulsion (T1) is a test evaluation category that is 

related to the propulsion of the robot, and mechanism (T2) is a 

category for the robot's lighting, charging, and anchoring functions.

Communication (T3) is a category that determines whether data 

transmission and control are possible by performing communication 

between the robot and the host PC to control the robot. Positioning 

control (T4) is a category that checks whether the control method 

proposed in Section 3 has been applied to the robot to enable the 

position control. 

The results of the requirements analysis are mobility (R1), 

manipulability (R2), observability (R3), stability (R4), and 

maintainability (R5). The functional categories are the forward/reverse 

rotation function of the underwater motor (F1), lighting function (F2), 

docking and charging function (F3), automatic anchoring and 

retraction function (F4), camera function (F5), attitude restoration 

function (F6), modularization function (F7), and program download 

function (F8). H/W and S/W categories are components of the H/W 

and S/W family tree. Table 3 shows the test evaluation results that 

determine whether each category maintains traceability.

Fig. 9 shows that the (a) docking and charging function, (b) lighting 

function, and (c) automatic anchoring function are working properly. 

The position control experiments were conducted for three cases 

(when current was not generated, when the current was generated from 

the oncoming direction, and when the current was generated from the 

45° direction), and the results were compared.

Fig. 10 shows the experimental environment, and a water tank was 

used for the indoor experiment. In addition, a camera was used in place 

of the GPS, and images were processed to distinguish and track the red 

color using the RGB.

Table 3 Traceability

Requir-
ement

Function
H/W

component
S/W

component
Test & 

Evaluation
Result

R1 F1
H2, H5, 
H6

S1, S4 T1, T4 ○

R2

F2
H33, H51, 
H71

S21 T2 ○

F3
H131, H2, 
H31, H4, 
H5, H6

S1, S22, 
S3, S4

T1, T2, T3, 
T4

○

F4 H32, H5 S23, S3 T2, T4 ○

R3 F5
H2, H42, 
H5, H6, 
H71

S1, S24, 
S3, S4

T1, T2, T3, 
T4

○

R4 F6 H13 - ○

R5
F7 H1 - ○

F8 H7 S4 ○

(a) Docking and charging function

(b) Light function

(c) Automatic anchoring funtion

Fig. 9 Functional tests of buoy robot

Fig. 10 Experimental enviroment

Figs. 11–13 illustrate the test evaluation scenarios. Here, the large 

arrow indicates the front, and the five small arrows represent the 

Fig. 11 Scenario for position control (no disturbance)
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Fig. 12 Scenario for position control (0° disturbance)

current. Fig. 11 shows the scenario where position control is 

performed at the target position when there is no current disturbance.

Fig. 12 shows the scenario where position control is performed at 

the target position when there is a current disturbance in the 0° 

direction.

Fig. 13 Scenario for position control (45°)

Fig. 13 shows the scenario where position control is performed at 

the target position when there is a current disturbance in the 45° 

direction.

The experiments were conducted for each scenario mentioned above 

after empirically setting the radius of the discriminant-related circle to 

10. The results of the experiments are as follows. 

The maximum X, Y coordinates of the camera images are (320, 

240), and the basic unit of the coordinates is measured to be about 1 

cm. The experimental results are shown on the area where the X-axis 

ranges from 50 to 140 and the Y-axis ranges from 20 to 65. The target 

position is (97, 42). In the legend, the diamond mark denotes the target 

position, and small circles denote the sampling positions of the buoy 

robot. In addition, the dotted line represents the PA-related circle, and 

the solid line represents the discriminant-related circle.

In Fig. 14, the PA is 7.1 cm, and there is no current disturbance. 

Therefore, position control was performed inside the discriminant- 

related circle. Because small circles are densely populated, it can be 

seen that position control is well performed.

In Fig. 15, the current was generated from the 0° direction. Because 

a large number of small circles are distributed in the upper right region 

of the graph, it can be seen that the current was generated in the 

direction of (70, 60). Even though a few small circles were pushed 

outside the discriminant-related circle owing to the effect of the 

current, position control was performed without performing direction 

control because the current was generated from the oncoming 

direction. Because small circles are distributed in similar positions, it 

can be seen that position control is well performed. The PA is 10.8 cm, 

Fig. 14 Performance of position control (no disturbance)

Fig. 15 Performance of position control (0° disturbance)



Mechanism Development and Position Control of Smart Buoy Robot 311

Table 4 Experimental results

Scenario
No 

disturbance
0-

disturbance 
45-degree

disturbance 

Heading initial value 0.0° 0.0° 0.0°

Heading change value × × 45.0°

Disturbance × ○ ○

PA 7.1 cm 10.8 cm 16.6 cm

 10.0 cm 10.0 cm 10.0 cm

so the PA value is increased by 3.7 cm compared to the case when 

there was no current.

In Fig. 16, the current was generated from the 45° direction. Because 

many of the small circles are distributed on the right side of the graph, 

it can be seen that the current was generated in the direction of (70, 

45). The small circles were pushed out of the discriminant-related 

circle owing to the effect of the current. Because the current was 

generated from the direction that is not directly in front of it, direction 

control was first performed, followed by position control. Because the 

position control was performed after the direction control, it can be 

seen that the position control has increased. In addition, the PA is 16.6 

cm. Compared to the case when there was no current, it can be seen 

that the PA value is increased by about 9.5 cm.

The experimental results for the three types of scenarios are 

summarized in Table 4. Direction control was performed to change the 

direction from 0° to 45° only for the scenario where the current was 

generated from the 45° direction. In addition, it can be seen that the 

error radius for each scenario is increased owing to the current.

5. Conclusion

This study investigated the mechanism and position control of a new 

smart buoy robot that considers the shape, colors, and light such that 

they are different from those of existing buoys. 

The developed smart buoy robot is shaped like the letter X,   

making it easy for docking, and this is different from existing buoys. 

A purple light was used, which is not in conflict with the IALA 

recommendations, and a yellow color was used to provide special aid 

for navigation purposes, and the buoy was made to have the color 

purple. Maintenance was considered through modularization, and 

various mechanisms, such as docking, charging, automatic anchoring, 

and retraction, can be verified from the perspective of functionality.

In addition, the proposed position controller used the P-Controller, 

and three experiment scenarios were modeled. Based on the 

experiment results, it was confirmed that the proposed position 

controller has outstanding performance. When the current was 

generated from the 45° direction, the buoy robot was pushed out of the 

reference radius. Therefore, direction control is performed, followed 

by position control, using the radius of the current direction 

discriminant-related circle. As a result, the buoy robot was pushed out 

by the current during the direction control process. However, after the 

direction control, it was seen that the buoy robot overcomes the current 

head-on.

This study has established a foundation for domestic research on 

smart buoy robots. However, there was no study on energy harvesting 

technologies and their efficiency, which have potential for application 

to smart buoy robots. In the future, we plan to continue our research on 

the efficiency of marine energy harvesting techniques that are suitable 

for smart buoy robots.
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2.5.1 Authoer’s checklist 

Authoer’s checklist and Transfer of copyright can be found in submission hompage (http:/www.joet.org).

3. Manuscript 

Manuscript must be edited in the following order: (1) Title, (2) Authors' names and affiliations, (3) Keywords, (4) Abstract, (5) Nomenclature 

(optional), (6) Introduction, (7) Main body (analyses, tests, results, and discussions), (8) Conclusions, (9) Conflict of interest (optional), (10) 

Funding (optional), (11) Acknowledgements (optional), (12) References, (13) Appendices (optional), (14) Author’s ORCIDs.

3.1 Unit

Use the international system units(SI). If other units are mentioned, please give their equivalent in SI.

3.2 Equations

All mathematical equations should be clearly printed/typed using well accepted explanation. Superscripts and subscripts should be typed clearly 

above or below the base line. Equation numbers should be given in Arabic numerals enclosed in parentheses on the right-hand margin. The 

parameters used in equation must be defined. They should be cited in the text as, for example, Eq. (1), or Eqs. (1)–(3).

   exp⁄  ≠
expexp⁄  

(1)

in which , ,
 
and  represent the location (“Shift” in figures), scale, and shape parameters, respectively.

3.3 Tables

Tables should be numbered consecutively with Arabic numerals. Each table should be typed on a separate sheet of paper and be fully titled. All 

tables should be referred to in the texts.
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Table 1 Tables should be placed in the main text near to the first time they are cited

Item Buoyancy riser

Segment length1) (m) 370

Outer diameter (m) 1.137

Inner diameter (m) 0.406

Dry weight (kg/m) 697

Bending rigidity (N·m2) 1.66E8

Axial stiffness (N) 7.098E9

Inner flow density (kg·m3) 881

Seabed stiffness (N/m/m2) 6,000
1)Tables may have a footer.

3.4 Figures

Figures should be numbered consecutively with Arabic numerals. Each figure should be fully titled. All the illustrations should be of high 

quality meeting with the publishing requirement with legible symbols and legends. All figures should be referred to in the texts. They should be 

referred to in the text as, for example, Fig. 1, or Figs. 1–3.

(a) Description of what is 
contained in the first panel

(b) Description of what is 
contained in the first panel

Fig. 1 Schemes follow the same formatting. If there are multiple panels, they should be listed as: (a) Description of what is contained in the first 

panel; (b) Description of what is contained in the second panel. Figures should be placed in the main text near to the first time they are cited

3.5 How to Describe the References in Main Texts

All references should be listed at the end of the manuscripts, arranged in order of Alphabet. References in texts follow the American 

Psychological Association (APA)  style. The exemplary form of listed references is as follows:

Single author: (Kim, 1998) or Kim (1998)

Two authors: (Kim and Lee, 2000) or Kim and Lee (2000)

Three or more authors: (Kim et al., 1997) or Kim et al. (1997)

Two or more papers: (Lee, 1995a; Lee, 1995b; Ryu et al., 1998)

Year unknown: (Kim, n.d.) or Kim (n.d.)

4. Results 

This section may be divided by subheadings. It should provide a concise and precise description of the experimental results, their interpretation 

as well as the experimental conclusions that can be drawn. Tables and figures are recommended to present the results more rapidly and easily. Do 

not duplicate the content of a table or a figure with in the Results section. Briefly describe the core results related to the conclusion in the text when 

data are provided in tables or in figures. Supplementary results can be placed in the Appendix.

5. Discussion

Authors should discuss the results and how they can be interpreted in perspective of previous studies and of the working hypotheses. The 

findings and their implications should be discussed in the broadest context possible. Future research directions may also be highlighted
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6. Conclusions

This section can be added to the manuscript.

Conflict of Interest  (Optional)

It should be disclosed here according to the statement in the Research and publication ethics regardless of existence of conflict of interest. If the 

authors have nothing to disclose, please state: “No potential conflict of interest relevant to this article was reported.”

Funding  (Optional)

Please add: “This research was funded by Name of Funder, grant number XXX” and “The OOO was funded by XXX”. Check carefully that the 

details given are accurate and use the standard spelling of funding agency names at https://search.crossref.org/funding

Acknowledgments (Optional)

In this section you can acknowledge any support given which is not covered by the author contribution or funding sections. This may include 

administrative and technical support, or donations in kind (e.g., materials used for experiments). For mentioning any persons or any organizations 

in this section, there should be a written permission from them. 
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