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Abstract

Wave energy has enormous potential as a renewable energy resource, but characterizing device and mooring line
behavior in deep-water regimes is difficult due to the size constraints in traditional laboratory testing. A real-time
hybrid simulation (RTHS) framework is proposed to emulate deep-water mooring lines in reduced-scale experiments.
RTHS couples physical experiments with numerical models to virtually deepen existing hydrodynamic facilities. In
the proposed framework, a small-scale wave energy converter (Sub-WEC) will be physically tested in the Large Wave
Flume at Oregon State University. The mooring line will be numerically simulated using MoorDyn, which will send
commands to a motor to emulate tensions on the line, representative of the device placed in deep-water regimes.
Sensor measurements of Sub-WEC will then serve as inputs to update the next iterative state of the numerical model.
To validate the feasibility of the hybrid approach prior to flume testing, the study herein examines a virtual-RTHS
framework using numerical proxies to virtually rehearse the communication and data exchange between the numerical
and physical sub-assemblies. The communication architecture uses a modular, three-loop architecture for improved
synchronization. A numerical model represents the actuation motor, derived from governing equations of motion and
system identification. An estimation procedure of the parameters in the equations of motion as well as discrepancies
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in the numerical model and experimental data are discussed. This virtual framework provides a means of testing the
communication architecture prior to flume testing, with future work involving fine tuning the actuator model to obtain
a more realistic virtual simulation.

Keywords: wave energy converters; virtual real-time hybrid simulation; deep-water mooring; system identification

1 Introduction

Offshore wave energy, particularly in deep waters, has tremendous potential to contribute to the clean energy transi-
tion due to its high predictability, consistency and energy density [[1]. However, validating deep-water wave energy
converters in marine operating environments is challenging due to financial constraints and risk factors in open-water
testing [2]. Moreover, traditional laboratory-based testing methods, such as wave basin or flume testing, do not have
the depths to test devices along with the full-length of their mooring lines at a reasonable scale. These limitations
emphasize a need for alternative approaches to test and validate deep-water devices.

Real-time hybrid simulations (RTHS) are a promising approach to enable enhanced testing of deep-water devices
and their mooring lines in the maritime industry [3| |4]. Originating in earthquake engineering, RTHS is an exper-
imental testing technique that combines physical modeling informed by a numerical model [5]. When applied to
experiments of WECs with deep-water mooring lines, a physical floating structure experiencing wave loading is stud-
ied in a hydrodynamic facility, while actuators impose forces onto the floating structure to represent contributions
from a numerically simulated mooring line extending to greater depths. Sensors on the floater then measure positional
information to update the next iterative state of the numerical mooring model, completing one timestep of the hybrid
simulation. Here, the numerical mooring system can virtually extend the depth of a wave facility, enhancing existing
laboratory capabilities [6}|7]].

Various numerical studies and virtual real-time hybrid simulations have been conducted to assess the feasibility
of a hybrid test prior to wave basin/flume testing [8} |9]]. In a virtual real-time hybrid simulation (virtual-RTHS), the
physical sub-assembly and actuation system are replaced with numerical proxies, allowing for early evaluation of the
hybrid framework in a virtual environment [[10]. However, much of the prior work in virtual real-time simulations
rely on application-specific architectures and do not explore modular frameworks needed for testing offshore hybrid
simulations, particularly for ensuring minimal transmission delay and timing synchronization between the physical
and numerical sub-assemblies.

The research herein demonstrates a virtual-RTHS setup that implements a modular, three-loop hardware archi-
tecture [11]] to examine the response of a deep-water wave energy converter (WEC) subjected to wave loading. The
system was partitioned into two sub-assemblies: a "physical" subassembly consisting of the wave loading and lab-
scale specimen for the device, as well as a full-scale numerical subassembly representing the mooring line computed
using MoorDyn [12]. The wave energy converter modeling software WEC-Sim [13]] was used to virtually simulate
the lab-scale specimen, while numerical proxies were developed to model the actuation system, thereby realizing the
entire "physical” sub-assembly. The virtual framework will provide a means to rehearse a complete RTHS experiment
prior to tank testing, allowing for flexibility and rapid testing iterations.

2 Proposed RTHS Framework

The device of interest is Sub-WEC, a simple, cylindrical wave energy converter that can be moored in a single
tether configuration [14]. To construct the hybrid model, the system is partitioned into physical and numerical sub-
assemblies, as shown in Figure[I(a). The physical sub-assembly contains the scaled test specimen in the wave flume,
which consists of a 1:12-scale Sub-WEC (i.e. 4; = 12) and physical wave loading conditions. The numerical sub-
assembly consists of the numerically simulated full-scale mooring line, modeled using the mooring dynamics solver
MoorDyn [12]]. MoorDyn is a computationally efficient, lumped-mass mooring line dynamics model that can be
coupled with WEC-Sim to analyze structural and mooring interactions [15]].

Figure [T[b) shows a schematic of the RTHS experiment. The sub-assemblies interface at the fairlead, where
the mooring line connects to Sub-WEC; in this fashion, the entire mooring line is numerical. At a given timestep,
Sub-WEC’s six degree-of-freedom position and velocity measurements, denoted as x and X, are sent to MoorDyn
to compute the corresponding six degree-of-freedom mooring forces f acting on the body. The magnitude of the
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Figure 1: (a) Partitioning in the RTHS experiment. x and X denote the six degree-of-freedom position and velocity
measurements of SUbWEC, while f denote the six degree-of-freedom mooring forces on the body; (b) Physical ex-
perimental setup showing actuation system. f,., denotes the magnitude of the force vector computed with MoorDyn,
while f,,,1, denotes the commanded force to the motor to achieve f,,; at the load cell.

translational mooring forces f,.; are then imposed on the physical sub-assembly via commands to a winched motor,
Jmotor, mounted to the side of the wave flume. For simplicity, the research herein considers the single degree-of-
freedom magnitude of the total mooring force. Thus, the actuation line is routed through a series of pulleys (fixed at
the bottom of the wave basin) to ensure that tensions are primarily applied in the vertical heave direction (Figure[T(b)).
Note that due to significant pretension in the system, it is assumed that SubWEC will mainly displace in the heave
direction, with minimal displacements in the x-direction. Because of this, any angular deviation of force application
from wave loading is considered negligible for our application. In the proposed experiment, the actuation line is made
of Dyneema, a strong fiber commonly used in offshore applications for mooring lines and subsea tethers for its low
stretch and high strength [[16]. A Sensing Systems submersible load cell with a 4000 N rated capacity is also placed
on the actuation line to measure in-line tensions [17]]. The actuation motor herein uses an Akiribis B-series iron core
rotary motor [[18]], an Altra Industrial Motion E-Brake, and a Beckhoff control system. A 0.3 m diameter pulley was
attached to connect the actuation line.

3 Virtual-RTHS Implementation

A virtual-RTHS was developed to simulate the hybrid simulation prior to wave flume testing. The virtual system
herein implements a modified modular software scheme via a three-loop architecture [[19] consisting of two indepen-
dent machines, namely a simulation “host" machine and a real-time “target" machine (See Fig. [J). By parallelizing
and separating tasks across different processors, increased execution speeds and modularity of individual subsystems
can be achieved [11]]. Note that the typical three-loop architecture employs three machines via a third controller ma-
chine, but was simplified here into two machines by housing the controller algorithms into the "target" machine. The
host machine uses Intel’s Core i9-14900KS for its CPU and the Windows operating system. The target machine, a
Speedgoat, facilitates real-time data exchange to realize the full real-time hybrid model.

The “host" machine houses the numerical model, MoorDyn, as well as a middleware software, OpenFresco [[19].
OpenFresco is a software package that serves to facilitate data exchange between numerical, finite-element models
with control and data acquisition systems in physical testing facilities. In the virtual loop, the target machine houses
WEC-Sim to simulate output from data acquisition in a laboratory, as well as facilitates time synchronization between
the two machines. The machines communicate through fiber optic cables using SCRAMNetGT, a shared memory
network, for its high-speed, ultra-low-latency transfer of data.

In a given timestep, WEC-Sim solves its governing equations of motion every Az.,, = 0.002 s to output Sub-WEC’s
six degree-of-freedom position and velocity (x, X), representative of Sub-WEC’s motion measurements obtained from
a motion tracking camera in a wave flume test. As needed to account for potential noise in the signal readings,
moving average and low pass filters are subsequently applied to smooth the input motions. Since typical hardware
sensors operate at a deterministic time-step At,,,, while numerical solvers operate at a non-deterministic time-step At
(Ateon < Ating), a timing algorithm is necessary to provide a buffer time, allowing the numerical model sufficient time
to compute the next mooring forces. The time synchronization algorithm uses an internal counter N that accumulates
to N = 5, thereby introducing a rate-transition timestep At;,, before sending a signal to the host computer. For
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Figure 2: Schematic of virtual hybrid simulation communications architecture. x, X and X, X = feedback positions and
velocities of lab-scale and full-scale SUbWEC, respectively; f, F = three degree-of-freedom lab-scale and full-scale
mooring forces computed using MoorDyn, respectively; f;,, = magnitude of the lab-scale mooring force vector; 7;, =
input command torque at the motor; f;,, = force in the cable as read by the load cell; fp,q4, = resultant six degree-of-
freedom forces on SubWEC’s center of mass; f7uirea = feedback magnitude of the force at the fairlead.

additional resolution and improved synchronization, the controller timestep is further upsampled by a factor of 5. The
use of three separate time-steps constitute the three-loop architecture, where

Atint = \//l_LAtsim = \//l_LNAtcon (1)

After the timing algorithm, the signal is then scaled to full-scale according to Froude’s similitude law to preserve
length and time ratios, maintaining the small-scale open-channel flow of the experiment. These full-scale displace-
ments and velocities (X, X) are passed to the host machine, where OpenFresco facilitates data exchange between data
acquisition machine and the numerical model. OpenFresco sends the full-scale data to the numerical model MoorDyn,
which solves its own governing equations of motion at At;,, = 0.0346 s and returns full-scale target fairlead forces F
in three-degrees-of-freedom to the target machine. The forces are then scaled down using Froude similitude to obtain
lab-scale mooring forces, f. The magnitude of the three translational forces, f;,, are then computed to be applied on
the physical specimen.

Since WEC-Sim operates on a deterministic time-step of Af.,,, an extrapolation-interpolation algorithm is em-
ployed to continuously predict and send forces to be applied on the WEC-Sim body. Once the fairlead force is finished
calculating via the numerical model, the extrapolation-interpolation algorithm corrects for force inputs to achieve the
target force at the end of the numerical time-step At;,,. Note, At.,, is assumed to be small enough such that both the
virtual proxy and numerical sub-assembly are synchronized without iterations.

To ensure accuracy of force being applied, a controller algorithm for the motor can be implemented with a feedback
force term fy4iricaq from WEC-Sim, where ffiyeqq s the magnitude of the current fairlead force vector. Since the
motor typically operates in torque-control, the force at the motor is scaled with the radius of the pulley to obtain
command torque, 7;,. This command torque 7;, is input into a numerical proxy of the motor and cable system to
obtain the resulting force at the end of the cable f,,,, with derivation of the model explained in Section @ To ensure
compatibility with WEC-Sim, the applied fairlead force is then transformed into six degree-of-freedom body forces
Jboay to complete the current timestep.

3.1 Motor Model Derivation

To construct a numerical model of the motor and cable system, a simplified experimental setup was developed at the
Wallace Energy Systems and Renewables Facility at Oregon State University. The actuation motor to be used in the
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Figure 3: (a) Experimental setup of the motor; (b) Schematic for derivation of the numerical model

flume test was mounted to the base of the Ocean Wave Linear Test Bed (LTB), with a pulley connected to its shaft.
The motor operated in torque control, receiving input torque commands 7;, to apply force to an actuation line that is
fixed to the carriage on the LTB. A load cell at the top of the rail measured corresponding force readings in the cable
Fout-

To model the dynamic behavior of the system, Newton’s second law for rotation was used to derive a second order
differential equation relating the system’s inertia / to the net torque T experienced.

Ia'=ZT (@)

At a given time, the system receives command input torque 7; and experiences resistive torques opposing the
motion via the cable 7.4, the motor’s internal stiffness 7,u10rx, and friction 7 fyiion. The cable can be modeled as
a spring element k..., Where the spring constant relates to F.4. via deformation of the cable x and displacement
of the LTB z. Similarly, the motor’s resistance to rotation can also be modeled as a spring element k.-, Which
relates to the resistive force in the motor F,q,rk to the rotation of the motor, 6. Friction 7 ¢,icrion can also be decoupled
into constant and velocity-dependent damping terms, notably 7. for constant Coulomb friction and b for the viscous
damping friction coefficient. Note that the constant Coulomb term opposes the motion of the object, and thus depends
on the sign of the motor velocity term, i.e. sgn(f).

From the above, the following equation can be derived to obtain a numerical model that describes the rotational
dynamics of the motor:

16 = Tin — Tcable — TmotorK — T friction
=Tin =1+ Feapte = 1+ Frotork — (Tc - Sgn(é) + be)
=Tip—T" kcable(Z + -x) —-r: kmotorg - (TC : Sgl”l(@) + b@) (3)

where [ describes the total inertia of the motor and drum; @ describes the rotation of the motor; r is the radius of the
drum; x and z is the vertical displacement of the cable and LTB, respectively.

In the above experimental setup, the carriage on the LTB is fixed and stationary, so displacements of the LTB
would be O (i.e. z = 0). Thus, the above equation is simplified into:

16 = Tin = T * KeapleX = 1+ kinororf — (t¢ sgn(H) + bg) (4)

The parameter I can be obtained from the sum of rotor inertia based on the motor’s datasheet and pulley inertia as
estimated in CAD. k... can be estimated using experimental data from linear torque ramp tests. The deformation of
the cable is assumed to be related to the rotation of the motor, as x = r - 8, and incorporates pretension in the system.
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Figure 4: Figure of force-deformation relationship in the cable after applying pretension. Experimental data from the
load cell reading is shown in black while the approximated linear fit is shown in red.

4 Results

To estimate the cable stiffness term, a linear ramp torque of 30 Nm was applied at the motor over a duration of 60s to
measure the corresponding force in the cable , f,,, against displacement of the cable, x. Since pretension is applied in
the system, a linear stiffness model was implemented for only the region after applying pretension [20]. Using a linear
fit, the experimental data from the load cell can be best approximated as the line f,,, = 2.501e4 - (x — x¢). The root
mean square error (RMSE) between the linear fit and experimental data was found to be 0.271 N.

To estimate the other parameters (i.e., friction), the second-order differential equation (Eqn[) is reduced to a first-
order system of differential equations and simulated across time. Using the Nonlinear Grey-Box Model under Matlab’s
System Identification Toolboxﬂ the coefficients of the differential equations are estimated based on nonlinear least-
squares optimization by fitting the model to the experimental data. To provide an initial estimate of the parameters
in the model, a grid search was performed with a wide range of parameters to compute the associated RMSE against
the validation data. The set of parameters that yielded the lowest RMSE created the initial guess. Following this,
new estimation bounds of +20% of these initial values were created to fine tune precise values using Matlab’s System
Identification Toolbox. This process repeated until the final values converged, and the stiffness of the cable was within
reasonable range given preliminary estimates from the linear ramp tests. It should be noted that the stiffness measured
during dynamic loading is expected to be higher than the static loading case [21]]. The input to the model is the input
torque 7;, with the numerical estimate of the force at the load cell, f,.s, compared against the experimental data output
Jfour- Note that the command input torque can be transformed to input command force f;, via f;, = 7, /7.

Multisine excitation signals spanning 0.2-1.25 Hz in frequency and 24-28 Nm in amplitude were input into the
motor to assess system behavior across the operating range of frequencies. Each signal included three distinct phase
realizations and three repeating periods to enhance the signal-to-noise ratio. The RMSE between the numerical model
estimates and the actual load cell reading is 1.55 N, with a normalized L2 error of 0.73%. A sample time trajectory
is provided to compare the numerical estimate against the input command force and output experimental load cell
readings (see Fig[3).

The parameter estimates of the numerical model are presented in the table below. The initial guess of the total
inertia of the motor and drum were obtained based on specifications from the datasheet and estimates from CAD,
respectively.

Table 1: Summary of parameters estimated through system identification

Parameter Value Units
Total inertia 1 0.0403 kg m?
Viscous damping coefficient b 20.033 Nms/rad
Coulomb friction 7, 0.401 Nm
Cable effective stiffness k.qps. 369282.43 N/m
Motor rotational stiffness k,;,o0r 0.974 N/rad
Pulley radius r 0.1143 m

2https ://www.mathworks.com/help/ident/ug/estimating-nonlinear-grey-box-models.html
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. Command force f;,

Numerical model
estimate fyeq

Force, fou: [N] Force, fou: [N] Force, fou [N]

Time [s]

Figure 5: Comparison of command force f;,, and numerical model prediction of force estimates f,,.; against actual
force readings from load cell f,,,. The command force is shown in black, numerical model predictions are shown in
the blue dashed line, while the load cell readings are shown in red.

5 Discussion

The linear approximation for the force-deformation relationship in the cable provides an accurate fit, while the nu-
merically simulated model of the motor and cable system exhibits strong predictive capabilities. The numerical model
is able to capture approximately correct amplitudes of the force in the load cell and the delay in force transmission
due to the cable. The parameters in the numerical model influence the results with varying sensitivities. The con-
stant Coulomb friction term serves to reduce peak amplitudes, while the inertia term models the delay between the
command and output force. The velocity-proportional damping term had little effect on the results, likely because the
motor velocities were small. The stiffness terms model the amplitude of the force during dynamic loading.

In comparing the numerical model estimates and the experimental data, the discrepancy, particularly at peak ampli-
tudes, can arise due to several reasons (Fig. [5)). The current model only accounts for the force-deformation relationship,
yet for higher loading rates, the cable force may also have additional rate-dependencies. This may explain the differ-
ence between the numerical model and experimental data at higher amplitudes and frequencies, where the stiffness of
the cable may be less well approximated. This can be further examined by introducing varying loading rates into the
system and using a spring-damper model to approximate the velocity-dependent forces in the cable. Additionally, the
experimental setup could have loose connections between the load cell and the cable, resulting in slack conditions dur-
ing the ramp period and potential geometric nonlinearities. Lastly, a certain amount of friction may have a quadratic
dependency with velocity, which is not modeled. The above analysis contributes to strengthening the accuracy of the
virtual model, aiding in preliminary analysis and troubleshooting prior to flume testing.

6 Conclusion

This work illustrates the development of a virtual hybrid simulation with a modular, three-loop architecture to analyze
the response of deep-water wave energy converters. Experimental data obtained from a simplified bench-test setup at
Oregon State University was used to derive a numerical model of the actuation motor and cable system. Nonlinearities
in the system were accounted for via constant and damping friction, and springs were used to approximate the force-
deformation relationship in the cable and motor after pretension loading. While the numerical model exhibits strong
predictive capabilities, discrepancies in higher amplitude/frequency regions highlight the importance of characteriza-
tion tests to capture system behavior under higher loading rates. The model was more sensitive to the constant friction,
which served to reduce peak amplitudes, while the velocity-dependent damping term affected the approximations less.
The cable stiffness under dynamic loading were also estimated to be higher than under static loading. Some limita-
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tions of this study include using simplified stiffness models of the cable and motor. To address this, future work will
involve fine tuning the numerical model of the motor and cable to incorporate geometric nonlinearities and strain-rate
dependencies, as well as independent studies to analyze the cable behavior under loading. With the complete virtual
model, parametric studies of varying wave loading cases and water depths will also be applied to assess device behav-
ior as a means of early troubleshooting prior to flume testing. The virtual framework presented herein can contribute
to designing hybrid simulations that virtually extend the depths of existing wave basins or flumes, facilitating more
efficient testing and validation of offshore structures and devices.
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